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Motivations

Satellite links don’t meet optical clocks comparisons requirements

International and national clocks comparisons below 10-16

Frequency standard dissemination (for research labs)
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BA

Frequency Transfer

Ultrastable
 Laser νA 

UltraStable
Laser νB

Frequency standard(s) Frequency standard(s)

Fibers pair

Ratio 1 = 
υLink / υA

Ratio 2 = 
υLink / υB

υLink

υA

Ratio 1/2 = 
υB / υA

υB

Frequency comb Frequency comb

Telecom wavelength Telecom wavelength
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Basics About Fiber Links

Transmitted frequency = carrier frequency, 194 THz

No modulation

Active noise compensation after one round-trip

Strong hypothesis : noise forth and back are the same 

2 ends at the same place (for link stability measurements)

Best results: optical frequency transfer 

L.-S. MA & AL., OPTICS LETTERS, 19 (21) 1994 

Ultra-stable
 1.542 µm laser

Primary standard

LOCAL

Accumulated
Phase noise

Noise 
correction

REMOTEΦP
2ΦP

Link instability
measurement
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Technical challenges

Attenuation

0,25 dB / km !

Stimulated Brillouin Scattering : input power < 5 mW

Coherent link : high stability laser 

Finite time of propagation

cCorrection 
BW < 1 kHz

Gain

+16 dB

Cascaded links

bi-directionnal EDFA

σy (1s) ≈ 10-15 ,  Δυ < 1 Hz
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Access existing R&E networks !

Regeneration technique  
compatible with parallel 
data traffic

Large integration time
Equipment and development 
costs...

Fiber availability : 
the dark channel approach

IT
U 44

ITU GRID : 100 GHz spacing

CW signalData traffic

Optics Express, 18 (16), 
16849-16857 (2010)
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Access existing R&E networks !
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Large integration time
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Large integration time
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Fiber availability : 
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Optics Express, 18 (16), 
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Clocks comparisons 

Braunschweig - Paris - London 
(PTB - SYRTE/LPL - NPL)

1st semester 2015 ?

Local comparisons
id. with transportable clocks

Remote comparisons with optical links
x :  done
o  : goalCs X

Rb X X

Al+ X X

Hg+ X X

Sr+ X X

Yb+ (E2) X O O X
Yb+ (E3) X O O O O

Sr X O O X X X

Yb X O

Hg X

SI second Cs Rb Al+ Hg+ Sr+ Yb+ 
(E2)

Yb+ 
(E3) Sr Yb Hg

Secondary representations

IT
FR

DE,FR,IT

DE
DE,UK

UK

DE
FR

FROM REPORT OF THE 19TH MEETING OF THE CCTF (2012)
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Clocks comparisons 

Braunschweig - Paris - London 
(PTB - SYRTE/LPL - NPL)

1st semester 2015 ?

Local comparisons
id. with transportable clocks

Remote comparisons with optical links
x :  done
o  : goalCs X

Rb X X

Al+ X X

Hg+ X X

Sr+ X X

Yb+ (E2) X O O X
Yb+ (E3) X O O O O

Sr X O O X X X

Yb X O

Hg X

SI second Cs Rb Al+ Hg+ Sr+ Yb+ 
(E2)

Yb+ 
(E3) Sr Yb Hg

Secondary representations

IT
FR

DE,FR,IT

DE
DE,UK

UK

DE
FR

FROM REPORT OF THE 19TH MEETING OF THE CCTF (2012)

Gravitational shift ∼ 10-16/m
Accurate frequency comparison at 10-17 or below

needs better knowledge of geodetic potential !
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Two-way time transfer

dBA

dAB

Time Interval
Counter

Time Interval
Counter

Time difference

Clock A

tA

Clock B

tB

Ca
lcu
lat
ed

Ca
lib
rat
ed

Ca
libr
ate
d/C
alc

R(A) = tA - tB +dBA R(B) = tB - tA +dAB

R(A)-R(B) = 2 (tA - tB) + (dBA - dAB)

FROM D. W. HANSON, 
43RD ANNUAL FREQUENCY 

CONTROL SYMPOSIUM, 
PP. 174-178, 1989
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Ultrastable
Laser νB

PD

FM

PD

AOM

FM

Ultrastable
 Laser νA 

Optical Phase  
Corrector

Optical frequency stability measurement

A

EOM 

Rx

540-km
link

EOM

RF Processing RF Processing 

RxTxTx

5MHz 
&1PPS

PC

2-way Time transfer over Optical Fiber

Frequency transfer with « round-trip » method for fiber noise 
compensation
Two-way time transfer using Satre modems

B

EOM : Electro-Optic Modulator
AOM : Acousto-Optic Modulator

FM : Faraday Mirror
PD : PhotoDiode

PC : Polarization controler
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Frequency and Time transfer stability

APPL. PHYS. B, 110 (1) , PP 3-6 (2013) 
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y(
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http://link.springer.com/journal/340/110/1/page/1
http://link.springer.com/journal/340/110/1/page/1
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Uncertainty budget

Delay calibration: Link’s length was varied from 10 m to [94; 400; 540] km 

Constant overall attenuation (±2 dB). 

Procedure repeated with [25; 50; 75; 100] km fiber spools

Differential delay variation < 50 ps

Power sensitivity < 15ps/dB

Fiber chromatic dispersion < 25 ps 

Polarisation mode dispersion (PMD) 

< 20 ps (network characteristics) 

< 50 ps (measurement)

Sagnac = 0

Total < 250 ps
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Time transfer through optical fiber links

AGH PTB SYRTE/LPL

Carrier RF + pps Optical Optical

Uncertainty (ps) 112 74 250

TDEV (ps) 
(@1day)

.9 20 20

Range (km) 421 73 540

Metrologia 50 (2013) 
133–145.

Metrologia 49 (2012)
772-778

Appl. Phys. B 110 (2013) 
Issue 1 , pp 3-6

http://link.springer.com/journal/340
http://link.springer.com/journal/340
http://link.springer.com/journal/340/110/1/page/1
http://link.springer.com/journal/340/110/1/page/1
http://link.springer.com/journal/340/110/1/page/1
http://link.springer.com/journal/340/110/1/page/1
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Outlook

Time and frequency transfer on a 540-km public fiber link

Frequency stability (1d) ~10-18

Time stability (1d) ~20ps 

Accuracy ~250ps

International clock frequency comparisons

Optical clocks

ACES 

MWL, T2L2

Geodesy 

Time scale with optical clocks

Radioastronomy, VLBI

250 km

500 km

1000 km
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Thank you for attention !
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cancellation has no effect on noise at frequencies f >
ð1=2!RÞ while for lower frequencies the noise reduction
is limited to # ð1=3Þð"f!RÞ2 even for a perfect Doppler
cancellation [22] at the sender.

Figure 1 shows a schematic of the fiber link. The line-
width (and thus the laser phase noise) of the cw fiber laser
is reduced to approximately 1 Hz by locking it to a high-
finesse optical reference cavity [23]. The light of this laser
is sent from MPQ to PTB in one of the fibers. At PTB, the
optical power of the transmitted light is boosted by ampli-
fiers after which it is sent back to MPQ through the second
fiber. Back at MPQ a fraction of the light is retroreflected

with orthogonal polarization by a Faraday mirror. When
the retroreflected light eventually reaches its origin it has
been amplified 40 times by EDFAs and 4 times by FBAs
and a beat signal is generated between the retroreflected
light and the sent light (PD 1 in Fig. 1). Mixing this signal
with a fixed frequency reference generates a phase error
signal that serves as an input for a servo loop that drives the
frequency of an acousto-optic modulator (AOM 1 in
Fig. 1). This Doppler cancellation compensates for fluctu-
ations of the optical path length due to acoustics and
temperature variations along the fiber [24]. The Doppler
cancellation setup can be understood as an interferometer
with a short (# 60 cm) reference arm and a long
(# 2$ 1840-km) arm. The short arm is not part of the
Doppler cancellation servo loop and needs to be well
isolated from the lab environment. At the receiver end of
the link another AOM (AOM 2 in Fig. 1) introduces a
constant frequency shift in order to distinguish the retro-
reflected light from spurious back reflections that occur at
connectors and splices along the link. The link perform-
ance is determined by characterizing a rf beat signal that
contains the relevant out of loop information and is gen-
erated from the nonreflected portion of the transferred light
and the sent light (PD 2 in Fig. 1).
The beat notes on PD 1 and PD 2 are tracked [25] and

recorded with dead time free frequency counters [26] with
a maximum sample rate of 1 kHz. To prevent cycle-slip
events (loss of phase coherence) from entering the data
analysis we use a redundant counting scheme [27]. For this
purpose the beat notes at PD 1 and PD 2 are each fed to two
frequency counters at the same time. With a gate time of
1 s, we discard all data points where the two counters
counting identical signals disagree by more than 0.2 Hz,
indicating a cycle slip. As the beat note on PD 1 is
stabilized by the Doppler cancellation to 20 MHz we
also discard data points where this in-loop signal deviates
by more than 5 Hz from the nominal value at a gate time of
1 s. This threshold was adapted to 25 times the standard
deviation of the frequency fluctuations.
In Fig. 2 the instability of the transferred frequency of

the free-running link as well as that of the stabilized link,
both expressed as the overlapping Allan deviation (ADEV)
[28], is shown. Data with gate times larger than the record-
ing gate time are obtained by computing an unweighted
average of nonoverlapping adjacent and dead time free
data points. This corresponds to the so called !-type
evaluation [29] by which we obtain a value for the
ADEV of 1:3$ 10%13 in 1 s for the stabilized link. This

agrees well with the L3=2-scaling law [22] for a link with
length L when we compare it with our previous results of
3$ 10%15 [24], 2$ 10%14 [20], and 4$ 10%14 [15] for
fiber links of lengths 146 km, 480 km, and 920 km,
respectively.
In addition, we use counters operating in the so called

overlapping " mode [29,30]. In contrast to the ! mode,

PD 1

PD 2

2 rebi
F

1
rebi

F

FM

PC PC

PCPC

PC PC

Servo Loop
Electronics

AOM 1

~ 90 km

920 km

ReceiverSender
1 m

AOM 2

1
AF

D
E

9
AF

D
E

11
AF

D
E

91
AF

D
E

0 2
AF

D
E

EDFA 10

1840 km

60 cm

FBAPTB

FBAMPQ

FIG. 1 (color online). Schematic of the optical fiber link. Light
of a commercial cw fiber laser locked to an optical cavity is
launched into an underground telecommunication fiber at MPQ.
After a 1840-km loop the light arrives back at MPQ where a
fraction of it is retroreflected. The round-trip light is used to
derive an error signal for a servo loop with AOM 1 as the
actuator. EDFA: erbium-doped fiber amplifier, FBA: fiber
Brillouin amplifier, AOM: acousto-optic modulator, PC: polar-
ization controller, FM: Faraday mirror, PD: photo diode.

PRL 111, 110801 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

13 SEPTEMBER 2013

110801-2

ITU GRID : 100 GHz spacing

Brillouin 
pump CW signal

Fiber availability : 
the dark fiber approach

A 920-Kilometer Optical Fiber Link for
Frequency Metrology at the 19th
Decimal Place
K. Predehl,1* G. Grosche,2,3† S. M. F. Raupach,2† S. Droste,1 O. Terra,2‡ J. Alnis,1 Th. Legero,2

T. W. Hänsch,1,4 Th. Udem,1 R. Holzwarth,1,5 H. Schnatz2,3

Optical clocks show unprecedented accuracy, surpassing that of previously available clock
systems by more than one order of magnitude. Precise intercomparisons will enable a variety
of experiments, including tests of fundamental quantum physics and cosmology and applications
in geodesy and navigation. Well-established, satellite-based techniques for microwave
dissemination are not adequate to compare optical clocks. Here, we present phase-stabilized
distribution of an optical frequency over 920 kilometers of telecommunication fiber. We used
two antiparallel fiber links to determine their fractional frequency instability (modified Allan
deviation) to 5 × 10−15 in a 1-second integration time, reaching 10−18 in less than 1000
seconds. For long integration times t, the deviation from the expected frequency value has been
constrained to within 4 × 10−19. The link may serve as part of a Europe-wide optical frequency
dissemination network.

With residual fractional uncertainties
at the 10−18 level (1), modern atomic
frequency standards constitute ex-

tremely precise measurement devices. Besides
frequency and time metrology, these standards
provide valuable tools to investigate the validity
of Einstein’s theory of general relativity, to test

the constancy of fundamental constants, and to
verify predictions of quantum electrodynamics
(2–5). Furthermore, geodesy, satellite navigation,
and very long baseline interferometry may benefit
from steadily improving precision of both micro-
wave and optical atomic clocks (6).

Clocks ticking at optical frequencies slice
time into much finer intervals than do micro-
wave clocks and thus provide increased resolu-
tion. Eventually, this will result in a redefinition
of the second in the International System of
Units (SI) (7).

Characterizing a clock requires its compari-
son with one or more (ideally more) precise
clocks. Unfortunately, the most precise optical
clocks cannot be readily transported for com-
parison with one another.

Hence, to link the increasing number of
worldwide precision laboratories, a suitable in-

frastructure is of crucial importance. The sta-
bilities of current satellite-based dissemination
techniques that use global satellite navigation
systems [such as Global Positioning System,
Global Navigation Satellite System (GLONASS),
and GALILEO] or two-way satellite time and
frequency transfer reach a fractional uncertain-
ty level of the frequency of 10−15 after 1 day of
comparison (8). Whereas this is sufficient for
the comparison of most microwave clock sys-
tems, the exploitation of the full potential of
optical clocks requires more advanced tech-
niques (fig. S1).

We demonstrate that optical fiber networks
can provide highly accurate means for long-
distance clock comparisons. Frequency dissem-
ination via fiber networks has so far been
investigated over regional distances with the use
of three different methods for transmission: (i)
stable microwave frequency transfer by means
of an amplitude-modulated laser (9), (ii) com-
bined transfer of radio frequency and optical
signals derived from an optical frequency comb
(10), and (iii) transmission of an optical carrier
wave of a stable continuous wave (cw) laser
system (11–13). The transmission of an optical
carrier wave provides the femtosecond resolu-
tion adapted to the accuracy of optical clocks. A
cw laser signal is best suited to be transmitted
over large distances, as it does not require dis-
persion compensation and is less sensitive to
polarization mode dispersion. The transmission
of optical carrier frequencies via stabilized urban
fiber links of up to 172 km has been shown to
have residual instabilities of a few parts in 1016

after 1-s linear decreasing with the inverse inte-
gration time t (14–16). The longest fiber link in-
vestigated thus far had a total length of 480 km
(17). The lowest fractional uncertainty of an op-
tical signal transmitted over 146 km has been
reported to be 1 × 10−19 (15). Real-time com-
parison of two strontium optical clocks has been
demonstrated over a distance of 120 km with the
use of optical telecommunication links (18).
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Fig. 1. Map of Germany with geo-
graphic locations of all access points,
distance between access points, at-
tenuation, and signal delay along the
~920-km fiber link connecting MPQ
and PTB.
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Modem stability
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