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Optical lattice clocks

Atoms loaded from a MOT to an optical lattice

formed by a 1D standing wave

Probing a narrow optical resonance with an

ultra-stable “clock” laser

Stabilize the clock laser on the narrow

resonance

Combine several advantages:

Optical clock

Lamb-Dicke regime

insensitive to motional effects

Large number of atoms

⇒ Record frequency stability

Record accuracy
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Optical lattice clock

experiments co-funded by nano-K

macroscopic oscillator
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Sr Optical lattice clock

Cold 87Sr trapped in optical lattice 
1S0-3P0 forbidden transition

Ultra stable laser @ 698 nm, 
     sub Hz linewidth

Resonance of the clock 
transition 
Fourier limited at 3 Hz 
(250 ms) 
Laser noise dominating

about 2 m
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Locking the clock laser to the atomic
transition
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Fourier limited at 3 Hz (250 ms)

Laser noise dominating

Atoms vs cavity

< 5 s : limited by the atoms

(Dick effect) 1× 10
−15/

√
τ

> 5 s : limited by the thermal

noise of the cavity 6.5× 10
−16

Sr vs Sr clock comparison

1.5× 10
−15/

√
τ

resolution in the low 10
−17
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Atoms vs cavity 

Sr vs Sr clock comparison 1.5 × 10−15/√τ 
resolution in the low 10−17

Locking the clock laser to the atomic transition

< 5 s : limited by the atoms (Dick effect) 1 × 10−15/√τ
 > 5 s : limited by the thermal noise of the cavity 6.5 × 10−16
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Satellite Link
10-11(1s)

2x10-16(1d)

Transportable 
clock (FOM)

10-13(1s)
4x10-16(1d)

Means to compare clocks

NMI
A

Stability(1s) <10-13

Accuracy <10-16

NMI
BAtomic 

clock 1
Atomic 
clock 2

 in Europe
800< distance <1500 km
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Satellite Link
10-11(1s)

2x10-16(1d)

Optical Fiber Link

Transportable 
clock (FOM)

10-13(1s)
4x10-16(1d)

Means to compare clocks

NMI
A

Stability(1s) <10-13

Accuracy <10-16

NMI
BAtomic 

clock 1
Atomic 
clock 2

 in Europe
800< distance <1500 km
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   Linking NMIs in Europe by Optical Fibers 
FSM - Potsdam, October 15, 2015 

Active noise compensated link 

Seminal works: Primas et al, Proc 20th PTTI, 1988, Ma et 
al., OL 1994 
Active noise compensation after one round-trip 
Strong hypothesis : noises forth and back are the same  
2 ends at the same place (for link stability measurement) 

Remote end 
 
 
 
 
 
 
 
 
 

Local end 

Accumulated 
Phase noise 

!"

Link instability 
measurement 
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Ultrastable 
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Atomic optical 
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Motivations (in a nutshell)
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Satellite links don’t meet 

optical optical clocks comparisons requirements

O. Lopez et al., «F&T transfer for metrology and beyond (...)», C. Rendus Physique, Comptes Rendus Physique 16 (5), 459-586 (2015)

International / national clocks comparisons below 10-16

Relativistic geodesy, fundamental physics
Frequency standard dissemination (for research labs: REFIMEVE+)

http://www.sciencedirect.com/science/journal/16310705
http://www.sciencedirect.com/science/journal/16310705
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www.refimeve.fr

Optical Frequency transfer projects in Europe

Only CW Optical frequency 
dissemination / comparison

represented

500 km

PTB/MPQ

LIFT

ICOF 
(GéANT)

MEDICINA
MODANE

2 «big» link projects in 2012 : REFIMEVE+, LIFT
target optical frequency dissemination > 4000 km

http://www.refimeve.fr
http://www.refimeve.fr
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Challenges for long haul fiber links
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Fiber availability !

Challenges for long haul fiber links



R e m o t e  c o m p a r i s o n s  S r - S r  O L C
 w i t h  a  l o n g  h a u l  o p t i c a l  f i b e r  l i n k 

G d R  A T F / N a n o - k  -  P a r i s ,  N o v e m b e r  5 ,  2 0 1 5

Fiber availability !

Challenges for long haul fiber links

Partnership with NRENs / Contract with private Cie
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Fiber availability !
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Fiber availability !
Attenuation

Challenges for long haul fiber links
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Fiber availability !
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Fiber availability !
Attenuation

Challenges for long haul fiber links
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.2 to .29 dB / km
1020 for 1000 km

Bi-directional amplification (10<G<20 dB)
Fiber Brillouin amplification (<60 dB)
Optical regeneration (repeater laser station) : 2dBm output

Fiber availability !
Attenuation

• Specific scientific equipment
• Knowledge transfer

Challenges for long haul fiber links
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Fiber availability !
Attenuation
Accumulated noise 

Noise scale as sqrt(Length of link)
More noise in urban area
20 to 45 dBc / Hz @ 1 Hz

Challenges for long haul fiber links
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BW < 1 kHz
for L>50 km

c

Fiber availability !
Attenuation
Accumulated noise 
Finite time of propagation

Noise scale as sqrt(Length of link)
More noise in urban area
20 to 45 dBc / Hz @ 1 Hz
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BW < 1 kHz
for L>50 km

c
Cascaded 
approach

Fiber availability !
Attenuation
Accumulated noise 
Finite time of propagation

Noise scale as sqrt(Length of link)
More noise in urban area
20 to 45 dBc / Hz @ 1 Hz
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Cascaded optical fiber links

Shorter delay and better noise 
rejection

Remote control and monitoring

 Automatic operation 

polarisation control

No stable RF oscillator

Input 
Station

Repeater
 Station 

N-1

Repeater
 Station 

N

Repeater
 Station 

N+1
Output 
StationLink

N-1
Link

N

 span-N-1  span-N

O. Lopez et al., Optics 
Express 18 16849-16857 
(2010)
O. Lopez et al, «Cascaded 
optical link(...), Proc. OPTO, 
Photonic West (2015)
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λm

Optical fiber links with ∥ data traffic 

French optical link is using a 
dedicated frequency channel of 
the academic network 

Parallel data traffic

Optical Add-Drop Multiplexer

Used to go on/off the 
network.

Additional optical losses of 
~1.6 dB/span

Cascaded optical link with 
repeater laser stations

Pin on the network <2 mW

High gain (up to 60 dB)

Narrow band, tunable

User output

Data Center

 span-1 
N km
-X dB

D
C
F

 span-2 
N km
-X dB

Shelter #1 Shelter #2

λm RLS

RLS



R e m o t e  c o m p a r i s o n s  S r - S r  O L C
 w i t h  a  l o n g  h a u l  o p t i c a l  f i b e r  l i n k 

G d R  A T F / N a n o - k  -  P a r i s ,  N o v e m b e r  5 ,  2 0 1 5
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Experimental results : raw trace

Raw data Sr(SYRTE) - Sr(PTB)
June 2015
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Experimental results : raw trace

Combination of Sr/Combs/
link at both side

two runs : 
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Experimental results : raw trace

Combination of Sr/Combs/
link at both side

two runs : 

3  days in March 2015
Raw data Sr(SYRTE) - Sr(PTB)

June 2015
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Experimental results : raw trace

Combination of Sr/Combs/
link at both side

two runs : 

3  days in March 2015

25 days in June 2015

up time : 20%

35 people involved

#520k data points

Raw data Sr(SYRTE) - Sr(PTB)
June 2015
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Sr-clocks comparison SYRTE-PTB

Run II : June 2015
Run I : March 2015

Combined link 
contribution
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Sr-clocks comparison SYRTE-PTB

Clock accuracy budget
Clock uncertainty

Effect ( x 10-17 )
Sr lattice clock ParisSr lattice clock Paris Sr lattice clock BraunschweigSr lattice clock Braunschweig

Correction Uncertainty Correction Uncertainty
Residual lattice light shift

Black-body radiation

Black-body radiation oven

Density shift

Quadratic Zeeman shift

Line pulling

Lock error

DC Stark shift

Tunneling

Probe light shift

Total clocks ( x 10-17 )

0 2.5 -1.1 1.0
515.5 1.8 492.9 1.3

0 1.0 0.9 0.9
0 0.8 0 0.1

134.8 1.2 3.6 0.15
0 2.0 0 << 0.1
0 0.3 0 0.2
0 0.5 0 << 0.1
0 << 0. 0 0.1
0 << 0. 0 << 0.1

650.3 4.1 496.4 1.9
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Sr-clocks comparison SYRTE-PTB

Ratio SrPTB/SrSYRTE Run I Run II

Uncertainty ( x 10-17 )Uncertainty ( x 10-17 )
Systematics SrSYRTE 4.1 4.1
Systematics SrPTB 2.1 1.9
Statistical uncertainty 3 2
fs combs 0.1 0.1
Link uncertainty <.1 <0.1
Counter synchronization 10 0.1
Gravity potential corr. 0.4 0.4

Total clock comparison 11.4 5.0

Clock comparison accuracy budget
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Sr-clocks comparison SYRTE-PTB

First run : 6000 s segments
Second run : 125 000 s segments
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Frequency instability SrPTB-SrSYRTE 

2x10-17 (5000 to 50000 s)

Accuracy : SrPTB-SrSYRTE agreement

(4.7±5)x10-17 

Sr-clocks comparison SYRTE-PTB
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Frequency instability SrPTB-SrSYRTE 

2x10-17 (5000 to 50000 s)

Accuracy : SrPTB-SrSYRTE agreement

(4.7±5)x10-17 

Sr-clocks comparison SYRTE-PTB

Two fully independent system in agreement within the statistical error bars. 
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Frequency instability SrPTB-SrSYRTE 

2x10-17 (5000 to 50000 s)

Accuracy : SrPTB-SrSYRTE agreement
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Sr-clocks comparison SYRTE-PTB

Two fully independent system in agreement within the statistical error bars. 

Black body shift, light shift, AC Stark shift and collisions well controled on 
two different setups
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Black body shift, light shift, AC Stark shift and collisions well controled on 
two different setups

Optical links demonstrates their ability to compare clock with superior abilities 
to any other methods
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Frequency instability SrPTB-SrSYRTE 

2x10-17 (5000 to 50000 s)

Accuracy : SrPTB-SrSYRTE agreement

(4.7±5)x10-17 

Sr-clocks comparison SYRTE-PTB

Two fully independent system in agreement within the statistical error bars. 

Black body shift, light shift, AC Stark shift and collisions well controled on 
two different setups

Optical links demonstrates their ability to compare clock with superior abilities 
to any other methods

Gravitational redshift is taken into account. Confirm the proper correction of 
relativistic effects and results from precise levelling campaign of the clocks
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A world first ! Optical clock comparison SYRTE-PTB

<3x10-17 statistical uncertainty @1day

Comparison uncertainty below 

the SI limit

Outperform by order of magnitudes 

the abilities of satellite based methods

Open a new era of clock’s comparisons

Linking NMIs with fiber links on going

Precise frequency measurements will be possible with unprecendented 

stability and accuracy.

The french touch : parallel to data traffic

Outlook

OFTEN ?

NPL

SYRTE

INRIM

PTB
VSL

SP MIKES

UFE

BEV
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PTB Team (Sr clock, combs and links) 

SYRTE Team (Sr clocks, combs and links), 

LPL Team (links), LP2N (links)

RENATER, Université de Strasbourg (network),

are :

M. Abgrall, A. Al-Masoudi, A. Amy-Klein, E. Bookjans, S. Bilicki, E. Camisard, C. 
Chardonnet, N. Chiodo, S. Dörscher, C. Grebing, G. Grosche, S. Häfner, A. 

Koczwara, S. Koke, A. Kuhl, Y. Le Coq, T. Legero, R. Le Targat, C. Lisdat, J. 
Lodewyck, M. Lours, O. Lopez, F. Meynadier, B. Moya, D. Nicolodi, P.-E. Pottie, N. 
Quintin, S. Raupach, J.-L. Robyr, G. Santarelli, C. Shi, H. Schnatz, F. Stefani, U. Sterr, 

F. Wiotte

A large collaboration
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Thank you for attention !

1500 km
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A 4-span cascaded link
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N. Chiodo et al, «Cascaded optical fiber link using the Internet network for remote clocks comparison», 
submitted (2015)

500 km

Start and End at LPL, Paris area

First link of 1100 km reaching 
Nancy and back

Second link of 1480 km reaching 
Strasbourg and back

Shift Start and End to SYRTE
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Long-haul fiber links with FBA
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FIG. 1: Schematic sketch of the the measurement setup and the 1400 km Brillouin link PTB - Université de Strasbourg - PTB.

EDFA as booster amplifiers for the outgoing and the

incoming light. Beat frequencies are recorded using

K&K FXE dead-time-free totalizing counters with an

internal gate time of 1 ms [23]. The counters are set to

report the frequency values at 1 second intervals. The

frequency values are reported both as unweighted aver-

ages (Π-mode) and as triangularly weighted, overlapping

averages (phase-averaging- or “Λ”-mode [24]). Due to

the spectral response of the triangle function, the Λ-type
averaging more strongly suppresses Fourier frequencies

larger than the reciprocal of the gate time, acting like a

low pass filter (see [24, 25] for a related discussion). The

overall measurement setup at PTB is described in [6].

Along the link three fieldable FBA are the only means

of intermediate amplification. They are located in server

rooms of Kassel University, Giessen University and the

Karlsruhe Institute of Technology. While they do allow

remote control, they normally operate autonomously.

During one pass through this loop the signal experi-

ences seven Brillouin amplifications, corresponding to

an average inter-amplifier distance of 200 km. The

individual lengths bridged and their attenuations are

205 km/44 dB (Braunschweig-Kassel), 160 km/33 dB

(Kassel-Giessen), 231 km/47 dB (Giessen-Karlsruhe)

and around 2 × 114 km/54 dB (Karlsruhe-Strasbourg-

Karlsruhe), respectively. Note that the first fibre stretch

has been shortened slightly since the measurements

described in [6].

Each FBA contains one pump laser, the light of which

is split into four paths, where in two of the paths the

frequency is shifted by one acousto-optic modulator to

accommodate the frequency shift of the signal returning

from the remote end. Thus each FBA simultaneously

amplifies the signal in both directions per fibre and in

both fibres of the loop. The frequency of the pump

laser is locked to the incoming, amplified signal at an

offset frequency corresponding to the fibre’s Brillouin

frequency (≈ 11 GHz). The FBA allow remote opti-

mization of the pump lights polarization and the offset

lock frequency. Without polarization adjustment, all

FBA stay in lock at least several days, often about one

week or more. Each FBA can be relocked remotely.

To assess the accuracy of the optical frequency transfer,

we calculate the unweighted mean of the difference
between the expected and the measured beat frequency

at the “remote” end.

We have performed two measurement campaigns from

Decembre 10, 2014 to Decembre 18, 2014, and from

Decembre 23, 2014 to January 2, 2015, covering a

period of about three weeks. During the second cam-

paign the stabilization of the link failed during five

1-second-intervals, during the first campaign we found

an average of about four invalid data points per day.

This demonstrates a high reliability and very low cycle

slip rate. During all campaigns, the FBA were running

unattended.

Results for optical frequency transfer over the 1400 km

are shown in figure 2. The filled circles illustrate the

instability (Allan deviation, ADEV [26]) of unweighted

averages of Π-data [24]. We find an unweighted mean of

the transfer-induced frequency offset of 2.7× 10
−19

, well

within the instability of 1.5× 10
−18

indicated by the last

value of the Allan deviation.

We apply the Allan deviation formalism also to the data

reported in Λ-mode. The slope of 1/τ of the instability

curve remains unchanged. The overall instability is

smaller than the ADEV of the Π-data, benefiting

from the low-pass characteristic of Λ-type averaging.

To distinguish this instability curve from the genuine

ADEV, we label it ΛADEV. Here we find an instability

(ΛADEV) at an averaging time τ of around 97 000 s of

1.9 × 10
−20

, and an unweighted mean of the Λ-data of

1.0× 10
−20

.

Also shown are the modified Allan deviations

(ModADEV [24, 26]) of the remote and inloop fre-

quencies, calculated from the Λ-data. The modified

Allan deviation effectively continues the triangular,

overlapping Λ-type averaging over the averaging interval

© GESINE GROSCHE, PTB

2 x
 20

5k
m

Lo
ss 

 ̴ 4
4 d

B

2 x
 16

0k
m

Lo
ss 

 ̴ 3
3 d

B

2 x
 23

1k
m

Lo
ss 

 ̴ 4
7 d

B

2 x 114km

Loss  ̴ 54 dB



R e m o t e  c o m p a r i s o n s  S r - S r  O L C
 w i t h  a  l o n g  h a u l  o p t i c a l  f i b e r  l i n k 

G d R  A T F / N a n o - k  -  P a r i s ,  N o v e m b e r  5 ,  2 0 1 5

Long-haul fiber links with FBA
2

!"##$%&&

'&

(&

)**&+,-&

./0&+,-&
123&

(4&+,-&

/5&+,-&

!

"#$%"!

6789&

6789&

8:9& 8:9& 8:9&

;<$##$=&& !">%#>?@$&&

AB>"#CD?>E&:>"?=#F@G$<E&&

8:9&
%DFH&

FIG. 1: Schematic sketch of the the measurement setup and the 1400 km Brillouin link PTB - Université de Strasbourg - PTB.

EDFA as booster amplifiers for the outgoing and the

incoming light. Beat frequencies are recorded using

K&K FXE dead-time-free totalizing counters with an

internal gate time of 1 ms [23]. The counters are set to

report the frequency values at 1 second intervals. The

frequency values are reported both as unweighted aver-

ages (Π-mode) and as triangularly weighted, overlapping

averages (phase-averaging- or “Λ”-mode [24]). Due to

the spectral response of the triangle function, the Λ-type
averaging more strongly suppresses Fourier frequencies

larger than the reciprocal of the gate time, acting like a

low pass filter (see [24, 25] for a related discussion). The

overall measurement setup at PTB is described in [6].

Along the link three fieldable FBA are the only means

of intermediate amplification. They are located in server

rooms of Kassel University, Giessen University and the

Karlsruhe Institute of Technology. While they do allow

remote control, they normally operate autonomously.

During one pass through this loop the signal experi-

ences seven Brillouin amplifications, corresponding to

an average inter-amplifier distance of 200 km. The

individual lengths bridged and their attenuations are

205 km/44 dB (Braunschweig-Kassel), 160 km/33 dB

(Kassel-Giessen), 231 km/47 dB (Giessen-Karlsruhe)

and around 2 × 114 km/54 dB (Karlsruhe-Strasbourg-

Karlsruhe), respectively. Note that the first fibre stretch

has been shortened slightly since the measurements

described in [6].

Each FBA contains one pump laser, the light of which

is split into four paths, where in two of the paths the

frequency is shifted by one acousto-optic modulator to

accommodate the frequency shift of the signal returning

from the remote end. Thus each FBA simultaneously

amplifies the signal in both directions per fibre and in

both fibres of the loop. The frequency of the pump

laser is locked to the incoming, amplified signal at an

offset frequency corresponding to the fibre’s Brillouin

frequency (≈ 11 GHz). The FBA allow remote opti-

mization of the pump lights polarization and the offset

lock frequency. Without polarization adjustment, all

FBA stay in lock at least several days, often about one

week or more. Each FBA can be relocked remotely.

To assess the accuracy of the optical frequency transfer,

we calculate the unweighted mean of the difference
between the expected and the measured beat frequency

at the “remote” end.

We have performed two measurement campaigns from

Decembre 10, 2014 to Decembre 18, 2014, and from

Decembre 23, 2014 to January 2, 2015, covering a

period of about three weeks. During the second cam-

paign the stabilization of the link failed during five

1-second-intervals, during the first campaign we found

an average of about four invalid data points per day.

This demonstrates a high reliability and very low cycle

slip rate. During all campaigns, the FBA were running

unattended.

Results for optical frequency transfer over the 1400 km

are shown in figure 2. The filled circles illustrate the

instability (Allan deviation, ADEV [26]) of unweighted

averages of Π-data [24]. We find an unweighted mean of

the transfer-induced frequency offset of 2.7× 10
−19

, well

within the instability of 1.5× 10
−18

indicated by the last

value of the Allan deviation.

We apply the Allan deviation formalism also to the data

reported in Λ-mode. The slope of 1/τ of the instability

curve remains unchanged. The overall instability is

smaller than the ADEV of the Π-data, benefiting

from the low-pass characteristic of Λ-type averaging.

To distinguish this instability curve from the genuine

ADEV, we label it ΛADEV. Here we find an instability

(ΛADEV) at an averaging time τ of around 97 000 s of

1.9 × 10
−20

, and an unweighted mean of the Λ-data of

1.0× 10
−20

.

Also shown are the modified Allan deviations

(ModADEV [24, 26]) of the remote and inloop fre-

quencies, calculated from the Λ-data. The modified

Allan deviation effectively continues the triangular,

overlapping Λ-type averaging over the averaging interval
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Brillouin amplification supports 1 × 10−20 uncertainty in optical frequency transfer
over 1400 km of underground fiber

Sebastian M. F. Raupach,* Andreas Koczwara, and Gesine Grosche
Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, D-38116 Braunschweig, Germany

(Received 20 March 2015; published 24 August 2015)

We investigate optical frequency transfer over a 1400 km loop of underground fiber connecting Braunschweig
and Strasbourg. Largely autonomous fiber Brillouin amplifiers are the only means of intermediate amplification
used here. This allows phase-continuous measurements over periods up to several days. Over a measurement
period of about three weeks we find a weighted mean of the transferred frequency’s fractional offset of (1.1 ±
0.4) × 10−20. In the best case we find an instability of 6.9 × 10−21 and a fractional frequency offset of 4.4 × 10−21

at an averaging time of around 30 000 s. These results represent an upper limit for the uncertainty over 1400 km
when using a chain of remote Brillouin amplifiers, and allow one to compare the world’s best optical clocks.

DOI: 10.1103/PhysRevA.92.021801 PACS number(s): 42.60.Da, 06.30.Ft, 06.20.fb

The transfer of optical frequencies [1–6] is required, e.g.,
for comparing the ultrastable signals generated by optical
frequency standards. For such standards record uncertainties
at the 10−18 level were reported recently [7–9]. Transferring
their ultrastable optical output is required for their operation as
clocks contributing to a universal time scale, for independent
validation via remote comparison, and for applications such
as relativistic geodesy [10–12]. Optical frequency transfer
can also serve to disseminate an optical reference to remote
users [6,13]. Taking advantage of phase synchronicity at
the sending and receiving end [14], it can be used for
common-mode suppression of the Dick effect in optical
clock comparisons via synchronous sampling [8,15,16]. The
noise added by the transmission path can be minimized
using underground fiber links, and by actively stabilizing
the phase of the transferred signal [2,3,5]. Alternatively the
two-way technique may be employed [17–19]. In view of
clock uncertainties close to 1 × 10−18, hitherto demonstrated
uncertainty contributions of long-distance optical frequency
transfer of 2–5 × 10−19 [2–5] can no longer be neglected.

In long-distance links the losses in silica telecommunication
fiber are traditionally compensated by broadband erbium
doped fiber amplifiers (EDFA). For ultrastable optical fre-
quency transfer they have to be operated without isolators to
ensure symmetry of the optical path in both directions [20,21].
This makes them sensitive to backscatter and back reflection,
leading to significant amplitude variations and signal outages.
Thus the gain is restricted to about 15 dB [22], resulting in
excess losses over long distances. In long-distance, bidirec-
tional EDFA links the signal phase may be lost at least
several times per hour [4,5]. Very recently, for a 540 km loop
of cascaded, phase-stabilized EDFA links an instability (as
estimated by the modified Allan deviation) of 3 × 10−20 was
reported [19]; an accuracy was not reported.

Narrow-band fiber Brillouin amplification in the field [6,21]
is an alternative approach being investigated after early
demonstrations of Brillouin-assisted frequency transfer [3,23].
Promising results were obtained with a single, in-the-field
fiber Brillouin amplifier (FBA), where frequency transfer on
the 10−19 level was demonstrated [6]. The scalability of this

*sebastian.raupach@ptb.de

approach by cascading autonomous field systems is not clear,
and its phase noise contributions to optical frequency transfer
are not known.

In this Rapid Communication we present a single span
1400 km fiber link (attenuation > 300 dB) from Braunschweig
(Germany) to Strasbourg (France) and back, which relies
solely on cascaded, fieldable FBA for intermediate amplifi-
cation. This link also forms part of the international optical
metrology link PTB (Germany)/LNE-SYRTE (France).

Employing cascaded Brillouin amplification, we demon-
strate the transfer of an optical frequency over this continental-
scale distance with an uncertainty <2 × 10−20. We constrain
uncertainty contributions due to the cascade of FBA to below
10−20. We find that cascaded Brillouin amplification in the field
allows phase-continuous, amplitude-stable measurements over
periods up to several days. We demonstrate that an optimized
data analysis allows remote comparisons of the world’s best
optical frequency standards over this distance; here they would
be dominated by the clock noise already from 10 s onwards.
Our results indicate the scalability of this approach up to the
longest continental distances paving the way for large scale
relativistic geodetic measurements and the realization of a
universal optical time scale.

The fiber link consists of a pair of telecommunication fibers
connecting PTB in Braunschweig to Université de Strasbourg
(UDS) over a fiber length of around 710 km. The fibers are
patched together at UDS to form a loop starting and ending
in the same laboratory at PTB to facilitate the characterization
of the link. For active phase stabilization, the link is set
up as a fiber Michelson interferometer as in [3,6]. As a
frequency source for the transfer, we use a laser at 194.4 THz
locked to a cavity-stabilized 1 Hz master laser. For a clock
comparison the transfer laser might be measured against, or
locked to, the clock laser. We use bidirectional EDFA as
booster amplifiers for the outgoing and the incoming light. The
local, stabilization interferometer and the setup for detecting
the “remote” beat frequency between the transferred and the
source light are located in separate but adjacent, thermally
insulated housings (see Fig. 1). Beat frequencies are recorded
using K&K FXE dead-time-free totalizing counters with an
internal gate time of 1 ms [3,5,13,18,24]. The counters are
set to report the frequency values at 1 s intervals, both as
equally weighted frequency averages (“!” mode [25]) and as

1050-2947/2015/92(2)/021801(5) 021801-1 ©2015 American Physical Society
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FIG. 1: Schematic sketch of the the measurement setup and the 1400 km Brillouin link PTB - Université de Strasbourg - PTB.

EDFA as booster amplifiers for the outgoing and the

incoming light. Beat frequencies are recorded using

K&K FXE dead-time-free totalizing counters with an

internal gate time of 1 ms [23]. The counters are set to

report the frequency values at 1 second intervals. The

frequency values are reported both as unweighted aver-

ages (Π-mode) and as triangularly weighted, overlapping

averages (phase-averaging- or “Λ”-mode [24]). Due to

the spectral response of the triangle function, the Λ-type
averaging more strongly suppresses Fourier frequencies

larger than the reciprocal of the gate time, acting like a

low pass filter (see [24, 25] for a related discussion). The

overall measurement setup at PTB is described in [6].

Along the link three fieldable FBA are the only means

of intermediate amplification. They are located in server

rooms of Kassel University, Giessen University and the

Karlsruhe Institute of Technology. While they do allow

remote control, they normally operate autonomously.

During one pass through this loop the signal experi-

ences seven Brillouin amplifications, corresponding to

an average inter-amplifier distance of 200 km. The

individual lengths bridged and their attenuations are

205 km/44 dB (Braunschweig-Kassel), 160 km/33 dB

(Kassel-Giessen), 231 km/47 dB (Giessen-Karlsruhe)

and around 2 × 114 km/54 dB (Karlsruhe-Strasbourg-

Karlsruhe), respectively. Note that the first fibre stretch

has been shortened slightly since the measurements

described in [6].

Each FBA contains one pump laser, the light of which

is split into four paths, where in two of the paths the

frequency is shifted by one acousto-optic modulator to

accommodate the frequency shift of the signal returning

from the remote end. Thus each FBA simultaneously

amplifies the signal in both directions per fibre and in

both fibres of the loop. The frequency of the pump

laser is locked to the incoming, amplified signal at an

offset frequency corresponding to the fibre’s Brillouin

frequency (≈ 11 GHz). The FBA allow remote opti-

mization of the pump lights polarization and the offset

lock frequency. Without polarization adjustment, all

FBA stay in lock at least several days, often about one

week or more. Each FBA can be relocked remotely.

To assess the accuracy of the optical frequency transfer,

we calculate the unweighted mean of the difference
between the expected and the measured beat frequency

at the “remote” end.

We have performed two measurement campaigns from

Decembre 10, 2014 to Decembre 18, 2014, and from

Decembre 23, 2014 to January 2, 2015, covering a

period of about three weeks. During the second cam-

paign the stabilization of the link failed during five

1-second-intervals, during the first campaign we found

an average of about four invalid data points per day.

This demonstrates a high reliability and very low cycle

slip rate. During all campaigns, the FBA were running

unattended.

Results for optical frequency transfer over the 1400 km

are shown in figure 2. The filled circles illustrate the

instability (Allan deviation, ADEV [26]) of unweighted

averages of Π-data [24]. We find an unweighted mean of

the transfer-induced frequency offset of 2.7× 10
−19

, well

within the instability of 1.5× 10
−18

indicated by the last

value of the Allan deviation.

We apply the Allan deviation formalism also to the data

reported in Λ-mode. The slope of 1/τ of the instability

curve remains unchanged. The overall instability is

smaller than the ADEV of the Π-data, benefiting

from the low-pass characteristic of Λ-type averaging.

To distinguish this instability curve from the genuine

ADEV, we label it ΛADEV. Here we find an instability

(ΛADEV) at an averaging time τ of around 97 000 s of

1.9 × 10
−20

, and an unweighted mean of the Λ-data of

1.0× 10
−20

.

Also shown are the modified Allan deviations

(ModADEV [24, 26]) of the remote and inloop fre-

quencies, calculated from the Λ-data. The modified

Allan deviation effectively continues the triangular,

overlapping Λ-type averaging over the averaging interval

Insert a Regeneration Laser Station in Strasbourg to the FBA-based link

worked within 1 day !

Advantage : RLS has a stable user output, thanks to its balanced 
interferometric setup
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FIG. 1: Schematic sketch of the the measurement setup and the 1400 km Brillouin link PTB - Université de Strasbourg - PTB.

EDFA as booster amplifiers for the outgoing and the

incoming light. Beat frequencies are recorded using

K&K FXE dead-time-free totalizing counters with an

internal gate time of 1 ms [23]. The counters are set to

report the frequency values at 1 second intervals. The

frequency values are reported both as unweighted aver-

ages (Π-mode) and as triangularly weighted, overlapping

averages (phase-averaging- or “Λ”-mode [24]). Due to

the spectral response of the triangle function, the Λ-type
averaging more strongly suppresses Fourier frequencies

larger than the reciprocal of the gate time, acting like a

low pass filter (see [24, 25] for a related discussion). The

overall measurement setup at PTB is described in [6].

Along the link three fieldable FBA are the only means

of intermediate amplification. They are located in server

rooms of Kassel University, Giessen University and the

Karlsruhe Institute of Technology. While they do allow

remote control, they normally operate autonomously.

During one pass through this loop the signal experi-

ences seven Brillouin amplifications, corresponding to

an average inter-amplifier distance of 200 km. The

individual lengths bridged and their attenuations are

205 km/44 dB (Braunschweig-Kassel), 160 km/33 dB

(Kassel-Giessen), 231 km/47 dB (Giessen-Karlsruhe)

and around 2 × 114 km/54 dB (Karlsruhe-Strasbourg-

Karlsruhe), respectively. Note that the first fibre stretch

has been shortened slightly since the measurements

described in [6].

Each FBA contains one pump laser, the light of which

is split into four paths, where in two of the paths the

frequency is shifted by one acousto-optic modulator to

accommodate the frequency shift of the signal returning

from the remote end. Thus each FBA simultaneously

amplifies the signal in both directions per fibre and in

both fibres of the loop. The frequency of the pump

laser is locked to the incoming, amplified signal at an

offset frequency corresponding to the fibre’s Brillouin

frequency (≈ 11 GHz). The FBA allow remote opti-

mization of the pump lights polarization and the offset

lock frequency. Without polarization adjustment, all

FBA stay in lock at least several days, often about one

week or more. Each FBA can be relocked remotely.

To assess the accuracy of the optical frequency transfer,

we calculate the unweighted mean of the difference
between the expected and the measured beat frequency

at the “remote” end.

We have performed two measurement campaigns from

Decembre 10, 2014 to Decembre 18, 2014, and from

Decembre 23, 2014 to January 2, 2015, covering a

period of about three weeks. During the second cam-

paign the stabilization of the link failed during five

1-second-intervals, during the first campaign we found

an average of about four invalid data points per day.

This demonstrates a high reliability and very low cycle

slip rate. During all campaigns, the FBA were running

unattended.

Results for optical frequency transfer over the 1400 km

are shown in figure 2. The filled circles illustrate the

instability (Allan deviation, ADEV [26]) of unweighted

averages of Π-data [24]. We find an unweighted mean of

the transfer-induced frequency offset of 2.7× 10
−19

, well

within the instability of 1.5× 10
−18

indicated by the last

value of the Allan deviation.

We apply the Allan deviation formalism also to the data

reported in Λ-mode. The slope of 1/τ of the instability

curve remains unchanged. The overall instability is

smaller than the ADEV of the Π-data, benefiting

from the low-pass characteristic of Λ-type averaging.

To distinguish this instability curve from the genuine

ADEV, we label it ΛADEV. Here we find an instability

(ΛADEV) at an averaging time τ of around 97 000 s of

1.9 × 10
−20

, and an unweighted mean of the Λ-data of

1.0× 10
−20

.

Also shown are the modified Allan deviations

(ModADEV [24, 26]) of the remote and inloop fre-

quencies, calculated from the Λ-data. The modified

Allan deviation effectively continues the triangular,

overlapping Λ-type averaging over the averaging interval

RLS

Insert a Regeneration Laser Station in Strasbourg to the FBA-based link

worked within 1 day !

Advantage : RLS has a stable user output, thanks to its balanced 
interferometric setup
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FIG. 1: Schematic sketch of the the measurement setup and the 1400 km Brillouin link PTB - Université de Strasbourg - PTB.

EDFA as booster amplifiers for the outgoing and the

incoming light. Beat frequencies are recorded using

K&K FXE dead-time-free totalizing counters with an

internal gate time of 1 ms [23]. The counters are set to

report the frequency values at 1 second intervals. The

frequency values are reported both as unweighted aver-

ages (Π-mode) and as triangularly weighted, overlapping

averages (phase-averaging- or “Λ”-mode [24]). Due to

the spectral response of the triangle function, the Λ-type
averaging more strongly suppresses Fourier frequencies

larger than the reciprocal of the gate time, acting like a

low pass filter (see [24, 25] for a related discussion). The

overall measurement setup at PTB is described in [6].

Along the link three fieldable FBA are the only means

of intermediate amplification. They are located in server

rooms of Kassel University, Giessen University and the

Karlsruhe Institute of Technology. While they do allow

remote control, they normally operate autonomously.

During one pass through this loop the signal experi-

ences seven Brillouin amplifications, corresponding to

an average inter-amplifier distance of 200 km. The

individual lengths bridged and their attenuations are

205 km/44 dB (Braunschweig-Kassel), 160 km/33 dB

(Kassel-Giessen), 231 km/47 dB (Giessen-Karlsruhe)

and around 2 × 114 km/54 dB (Karlsruhe-Strasbourg-

Karlsruhe), respectively. Note that the first fibre stretch

has been shortened slightly since the measurements

described in [6].

Each FBA contains one pump laser, the light of which

is split into four paths, where in two of the paths the

frequency is shifted by one acousto-optic modulator to

accommodate the frequency shift of the signal returning

from the remote end. Thus each FBA simultaneously

amplifies the signal in both directions per fibre and in

both fibres of the loop. The frequency of the pump

laser is locked to the incoming, amplified signal at an

offset frequency corresponding to the fibre’s Brillouin

frequency (≈ 11 GHz). The FBA allow remote opti-

mization of the pump lights polarization and the offset

lock frequency. Without polarization adjustment, all

FBA stay in lock at least several days, often about one

week or more. Each FBA can be relocked remotely.

To assess the accuracy of the optical frequency transfer,

we calculate the unweighted mean of the difference
between the expected and the measured beat frequency

at the “remote” end.

We have performed two measurement campaigns from

Decembre 10, 2014 to Decembre 18, 2014, and from

Decembre 23, 2014 to January 2, 2015, covering a

period of about three weeks. During the second cam-

paign the stabilization of the link failed during five

1-second-intervals, during the first campaign we found

an average of about four invalid data points per day.

This demonstrates a high reliability and very low cycle

slip rate. During all campaigns, the FBA were running

unattended.

Results for optical frequency transfer over the 1400 km

are shown in figure 2. The filled circles illustrate the

instability (Allan deviation, ADEV [26]) of unweighted

averages of Π-data [24]. We find an unweighted mean of

the transfer-induced frequency offset of 2.7× 10
−19

, well

within the instability of 1.5× 10
−18

indicated by the last

value of the Allan deviation.

We apply the Allan deviation formalism also to the data

reported in Λ-mode. The slope of 1/τ of the instability

curve remains unchanged. The overall instability is

smaller than the ADEV of the Π-data, benefiting

from the low-pass characteristic of Λ-type averaging.

To distinguish this instability curve from the genuine

ADEV, we label it ΛADEV. Here we find an instability

(ΛADEV) at an averaging time τ of around 97 000 s of

1.9 × 10
−20

, and an unweighted mean of the Λ-data of

1.0× 10
−20

.

Also shown are the modified Allan deviations

(ModADEV [24, 26]) of the remote and inloop fre-

quencies, calculated from the Λ-data. The modified

Allan deviation effectively continues the triangular,

overlapping Λ-type averaging over the averaging interval

RLS

Insert a Regeneration Laser Station in Strasbourg to the FBA-based link

worked within 1 day !

Advantage : RLS has a stable user output, thanks to its balanced 
interferometric setup

user output

On interferometer noise, see : F. Stefani et al, «Tackling the limits of optical fiber links», JOSA B 32, 787-797 
(2015)
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Relative frequency stability

Preliminary

Λ-counting, 1-s gate time Even better short term 
stability due to the higher 
bandwidth of correction

Very stable signal

No cycle slips for days

Robust, reliable

O. Lopez et al, «Towards international optical frequency transfer by fiber link between two metrology 
institutes, PTB and LNE-SYRTE», EFTF-IFCS poster presentation (2015).

http://www.sciencedirect.com/science/journal/16310705
http://www.sciencedirect.com/science/journal/16310705
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Implémentation du lien optique

►l
►Deliver a signal with stable and universal frequency

►Atoms can help
► Bohr frequencies of unperturbed atoms are thought to be “perfectly” 

stable and universal

►Building blocks of an atomic clock

Longueur d’onde: 1542 nm
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Abstract 

A technique for stabilizing reference frequencies transmitted over flber optic cable 
in a frequency distribution system is discussed. The distribution system utilizes fiber 
optic cable as the transmission medium to dietribute precise reference signals from a 
frequency standard to remote users. The stability goal of the distribution system is 
to transmit a 100 MH5 signal over a 22 km fiber optic cable and maintain a stability 
of 1 part in 1017 for 1000 eeconds averaging times. Active stabilization of the link is 
required to reduce phase variations produced by environmental effects, and is achieved 
by transmitting the reference signal from the frequency standard to the remote unit 
and then reflecting back to the reference unit over the same optical flber. By comparing 
the phaee of the transmitted and reflected signals at  the reference unit, phase variations 
on the remote signal can be measured. An error voltage derived from the phase 
difference between the two signals is used to add correction phase. An improved 
version of a previous electronic stabilizer has been built and results of its performance 
are reported. 

Introduction 
With the current advances in the development of precise frequency standards, greater emphasis is 
being placed on frequency distribution systems that can distribute the reference signal derived from 
a standard without appreciably degrading it. The high cost of developing and maintaining a state- 
of-the-art frequency standard makes it beneficial to have one precise standard at a complex and to 
distribute the reference signal from this standard to various users within the complex. Often the 
reference signal must be distributed tens of kilometers. Furthermore, future scientific experiments 
may also gain from having coherent signals at several remote locations. 

The Deep Space Network, supported by JPLINASA, is a prime contender for such a distribution 
syste'rn. The DSN consists of three complexes located at Goldstone, California, Madrid, Spain and 
Canberra, Australia. At each complex there are at least four stations, each supported by a parabolic 
dish antenna with an ultra- sensitive receiving system requiring a precise frequency reference. Cur- 
rently each complex is supported by a primary hydrogen maser and a backup hydrogen maser. Projects 
supported by the DSN that require this type of distribution system include unmanned space flight 

"Thia work repreaenta the reaulta of one phase of research carried out at the Jet Propulaion Laboratory, California 
Institute of Technology, under contract sponsored by the National Aeronautics and Space Administration 

Microwave distribution systems have also been used in the complex at Goldstone, California. Mi- 
crowave distribution systems have shortcomings in that they are highly susceptible to interference and 
require large input powers and repeaters to go several kilometers. Because of the limited bandwidth 
of microwave systems, the 100 MHz signal cannot be transmitted over microwave links directly. 

Fiber optic cable is the best distribution medium for transmitting precise reference frequencies. 
The loss in typical fiber optic cable is less than 0.5 dB/Km at the optical wavelength of 1300 nm. A 
typical laser transmitter puts out 0 dBm and is attenuated less than 11 dB over 22 Km. Standard 
single mode fiber optic cable has a TCD of 7 ppm/"C making it less susceptible to temperature 
changes than coaxial cable. The fiber optic cable used at the Goldstone complex is buried 1.5 m 
under the ground, making the fiber quite insensitive to diurnal temperature changes. Fiber optic 
cable has the additional advantages that the fiber is insensitive to electromagnetic interference (EMI) 
and radio frequency (RFI) and can be made less sensitive to microphonics using an optical isolator 
between the laser transmitter and the fiber optic cable. An additional advantage of fiber optic cable 
as the transmission medium is that the superior performance of the optical components make it quite 
practical to transmit the signal simultaneously in both directions in the same fiber. This proves to be 
a key factor in actively stabilizing the distribution system. 

Active Stabilization Of A Fiber Optic Frequency Distribution Sys- 
tem 
Passive stabilization of fiber optic transmission links, such as burial of the cable, is not sufficient for 
maintaining stabilities in the range required for many applications. When stabilities higher than a 
part in 1015 are required the link must be actively stabilized. 

The phase conjugator is the key element of the actively controlled fiber optic distribution system. 
The frequency distribution system consists of a reference unit, containing the frequency standard, and 
a remote unit, where the frequency standard is to be transmitted. The method for actively controlling 
the phase variations in the fiber is based on maintaining a constant phase relation between the input 
phase and the phase of the received signal. 

A signal passing through the fiber optic cable in both directions experiences identical delay in the 
two directions. The midpoint of the signal is at the far end of the cable and experiences exactly half 
of the round trip delay. If the phases of the transmitted and received signals at the reference end of 
the cable are conjugate, the phase at the remote end is independent of phase delays in the medium 
(see Figure 1). An electronic device that detects the phases of the transmitted and received signals 
at the input to the fiber and adds enough phase to maintain conjugation is called a phase conjugator 
(see Figure 2). 

The reference unit consists of the frequency standard, the phase conjugator, a fiber optic transmit- 
ter, a fiber optic receiver, an optical coupler and a phase-lock loop (PLL) (see Figure 3). The remote 
unit consists of a 50150 mirror, a fiber optic receiver and a PLL. 

The phase conjugator compares the phase of the transmitted and received signals in the reference 
unit and an error voltage derived from the phased difference is used to control a voltage-controlled 
oscillator (VCO) (see Figure 4). The particular design of this phase conjugator requires a 100 MHz 
reference signal and a 20 MHz auxiliary signal. A previous design used a single 100 MHz reference 
signal, but required two precisely matched phase detectors and tightly controlled signal levels. By 
using the 20 MHz auxiliary signal, a single phase detector can be used to measure phase error. 

The 100 MHz signal and the 20 MHz signals are multiplied together in mixer M1 to produce 80 
MHz and 120 MHz signals. A power splitter (Sl) separates the signal out of the mixer (MI) into two 
signal paths. Band pass filters in each signal path separate the 80 MHz and 120 MHz signals. The 80 
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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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Although a single-mode optical fiber is a convenient and efficient interface/connecting medium, it introduces
phase-noise modulation, which corrupts high-precision frequency-based applications by broadening the spectrum
toward the kilohertz domain. We describe a simple double-pass fiber noise measurement and control system,
which is demonstrated to provide millihertz accuracy of noise cancellation.

High-resolution applications have stimulated the con-
tinuing progress in laser frequency stabilization.1
So far, stable optical frequency reference systems
tend to represent an entire optical tableful of equip-
ment, rather than being integrated into a single
module or chip. Thus one wishes to transfer the
frequency-stable light from one optical table to an-
other or between laboratories in the same or even a
nearby building. A polarization-maintaining single-
mode optical fiber represents a nearly ideal trans-
mission medium for such optical signals, providing
mechanical flexibility and low attenuation.

However, some problems arise from such signal
transmission in an optical fiber; for example the
fiber's optical insertion phase is extremely sen-
sitive to environmental perturbations. Although
these pressure, temperature, and bending sensi-
tivities of the fiber are useful for sensor applica-
tions, they form a serious obstacle to the trans-
fer of low-phase-noise signals: in traveling 25 m
in our jacketed fiber, the laser's original spec-
tral delta function was broadened to a 300-Hz
Gaussian linewidth. Acoustic pressure variations
associated with normal speech can write several
radians of phase noise onto an optical beam in
a nearby fiber, leading to single-pass frequency
noise of -1 kHz.2 This Letter describes a sim-
ple and effective technique for accurate cancella-
tion of such induced phase noise and thus per-
mits fiber-based optical signal transmission in
demanding applications, such as optical frequency
standards and quantum optics, in which phase noise
is critical. Our technique bears some similarity to
the Doppler-cancellation techniques used in some
coherence-sensitive aerospace experiments, such as
the rocketborne hydrogen maser experiment of Ves-
sot et al. ,3 to the optical work of Bergquist et al.4 with
an open path, and to clock synchronization work at
the Jet Propulsion Laboratory.5

The physical concept underlying our phase-noise-
cancellation principle is the fact that a corrupting
signal-carrying path, such as an optical fiber or an
open-air path, ordinarily possesses a negligible de-

gree of nonlinearity and nonreciprocity. Basically,
two counterrunning signals can propagate indepen-
dently and experience the same phase perturbations,
independent of direction. Thus a light signal, spec-
trally corrupted by its propagation, can be coded in
an appropriate way at the far end and retransmit-
ted back to the original source. The outward-plus-
return path generates twice the corrupting phase
modulation of a single transit. At the original source
end we can isolate the signal returning from the far
end, based on the special coding imparted there. The
returned signal can then be phase compared with the
original signal to yield a measurement of twice the
phase variations produced by a single transit. This
information may be usefully recovered if the coding
at the remote end consists of a frequency shift of the
carrier by some rf frequency, 2A. This offset could
be produced by an acousto-optic modulator (AOM1,
Fig. 1) located at the remote end. In the heterodyne
beat of outgoing and returned optical signals one will
find an rf photocurrent at frequency 2A. The re-
turned optical field and hence this rf beat wave also
contain twice the one-way phase noise. Dividing this
frequency (and phase) digitally by 2 will provide at
the source end a knowledge of what phase noise will
be introduced by the fiber and so permits precise can-
cellation of its effects. Thus we have produced sig-
nals available in both the source and remote work
areas that contain precisely the same optical phase,
in spite of the phase noise introduced by the trans-
mission medium.5

A nice option is to premodulate the phase of the
input light beam to the fiber with the negative of
the fiber noise so the beam can emerge from the far
end basically noise-free relative to the laser source.
This topology is demonstrated in Fig. 1; an additional
AOM (AOM2) is used for this noise-compensating
modulation. Note that AOM2 can provide an un-
bounded phase-correction range, obtained by an ap-
propriate (small) frequency offset from AOM1.

An important additional concept is the use of a
phase-locked loop to regenerate the rf photobeat
wave containing the phase-noise information about
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Fig. 2. Optical field spectrum at the output of a 25-mi
fiber. The input optical signal approximates a delta
function. The signal arrives at the far end with a
1.2-kHz width, shown in (a). In (b) the phase-noise
compensation system is operational, and one regains
99.6% of the power in the sharp spectral feature. The
resolution bandwidth is 15.6 Hz. In (c) the resolution
bandwidth is 0.95 mHz. The carrier is reduced by only
1.3 dB from (b) to (c) because of noise near the carrier.

an optical phase shift of 1 rad/m per 4 Abars
(+83 dBA). We estimate that 160 dBA would be
needed to produce 1 rad/m by volume compression
alone, neglecting changes in the fiber light-guiding
physics.

In Fig. 2 for curve (a) the compensator was off;
for curve (b) it was active. The analysis bandwidth
is 15.6 Hz. The spectral delta function of the laser
has reappeared, with an apparent width equal to
the analyzer resolution bandwidth. Curve (c) shows
the results obtained with a 0.9-mHz analysis band-
width. The noise has dropped by -20 dB, rather
than by the corresponding bandwidth ratio of 42 dB.
This discrepancy arises because noise processes close
to the carrier [see curve (c) of Fig. 2] were previ-
ously counted in the carrier. The apparent carrier
has dropped only 1.3 dB as a result of this and
all other noise processes. Figure 2 shows that our
phase-noise compensator system can cancel phase
noise so precisely that submillihertz accuracy of fiber-
based transmission becomes possible. In fact, this
apparent linewidth for the beat is again just the spec-
trum analyzer bandwidth for the time duration of the
measurement.

Time-domain measurements of the beat phase
showed some small variations over long times that
arise from our optical phase-measurement setup: at
the optical milliradian level, unbalanced air paths are
important for the stability of the dc phase measured
with the cancellation system. From measurements
out to 1000 s, we find that the optical phase change is
below 0.3 rad, again corresponding to submillihertz
accuracy level for the cancellation.

The described method allows accurate dissem-
ination of optical frequency within a metropoli-
tan area served by a passive fiber-optic link. At
present, time-delay effects would limit international
frequency comparisons via undersea fiber links.

With the combination of precise rf phase locking
and a simple demonstration setup, we have shown
that the described system cancels the fiber-induced
degradation of a clean input with millihertz accu-
racy. This fiber-induced degradation would other-
wise cause hundreds-of-hertz additional bandwidth.
The system also eliminates problems with differen-
tial Doppler effects in precision experiments.
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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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Although a single-mode optical fiber is a convenient and efficient interface/connecting medium, it introduces
phase-noise modulation, which corrupts high-precision frequency-based applications by broadening the spectrum
toward the kilohertz domain. We describe a simple double-pass fiber noise measurement and control system,
which is demonstrated to provide millihertz accuracy of noise cancellation.

High-resolution applications have stimulated the con-
tinuing progress in laser frequency stabilization.1
So far, stable optical frequency reference systems
tend to represent an entire optical tableful of equip-
ment, rather than being integrated into a single
module or chip. Thus one wishes to transfer the
frequency-stable light from one optical table to an-
other or between laboratories in the same or even a
nearby building. A polarization-maintaining single-
mode optical fiber represents a nearly ideal trans-
mission medium for such optical signals, providing
mechanical flexibility and low attenuation.

However, some problems arise from such signal
transmission in an optical fiber; for example the
fiber's optical insertion phase is extremely sen-
sitive to environmental perturbations. Although
these pressure, temperature, and bending sensi-
tivities of the fiber are useful for sensor applica-
tions, they form a serious obstacle to the trans-
fer of low-phase-noise signals: in traveling 25 m
in our jacketed fiber, the laser's original spec-
tral delta function was broadened to a 300-Hz
Gaussian linewidth. Acoustic pressure variations
associated with normal speech can write several
radians of phase noise onto an optical beam in
a nearby fiber, leading to single-pass frequency
noise of -1 kHz.2 This Letter describes a sim-
ple and effective technique for accurate cancella-
tion of such induced phase noise and thus per-
mits fiber-based optical signal transmission in
demanding applications, such as optical frequency
standards and quantum optics, in which phase noise
is critical. Our technique bears some similarity to
the Doppler-cancellation techniques used in some
coherence-sensitive aerospace experiments, such as
the rocketborne hydrogen maser experiment of Ves-
sot et al. ,3 to the optical work of Bergquist et al.4 with
an open path, and to clock synchronization work at
the Jet Propulsion Laboratory.5

The physical concept underlying our phase-noise-
cancellation principle is the fact that a corrupting
signal-carrying path, such as an optical fiber or an
open-air path, ordinarily possesses a negligible de-

gree of nonlinearity and nonreciprocity. Basically,
two counterrunning signals can propagate indepen-
dently and experience the same phase perturbations,
independent of direction. Thus a light signal, spec-
trally corrupted by its propagation, can be coded in
an appropriate way at the far end and retransmit-
ted back to the original source. The outward-plus-
return path generates twice the corrupting phase
modulation of a single transit. At the original source
end we can isolate the signal returning from the far
end, based on the special coding imparted there. The
returned signal can then be phase compared with the
original signal to yield a measurement of twice the
phase variations produced by a single transit. This
information may be usefully recovered if the coding
at the remote end consists of a frequency shift of the
carrier by some rf frequency, 2A. This offset could
be produced by an acousto-optic modulator (AOM1,
Fig. 1) located at the remote end. In the heterodyne
beat of outgoing and returned optical signals one will
find an rf photocurrent at frequency 2A. The re-
turned optical field and hence this rf beat wave also
contain twice the one-way phase noise. Dividing this
frequency (and phase) digitally by 2 will provide at
the source end a knowledge of what phase noise will
be introduced by the fiber and so permits precise can-
cellation of its effects. Thus we have produced sig-
nals available in both the source and remote work
areas that contain precisely the same optical phase,
in spite of the phase noise introduced by the trans-
mission medium.5

A nice option is to premodulate the phase of the
input light beam to the fiber with the negative of
the fiber noise so the beam can emerge from the far
end basically noise-free relative to the laser source.
This topology is demonstrated in Fig. 1; an additional
AOM (AOM2) is used for this noise-compensating
modulation. Note that AOM2 can provide an un-
bounded phase-correction range, obtained by an ap-
propriate (small) frequency offset from AOM1.

An important additional concept is the use of a
phase-locked loop to regenerate the rf photobeat
wave containing the phase-noise information about
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Fig. 2. Optical field spectrum at the output of a 25-mi
fiber. The input optical signal approximates a delta
function. The signal arrives at the far end with a
1.2-kHz width, shown in (a). In (b) the phase-noise
compensation system is operational, and one regains
99.6% of the power in the sharp spectral feature. The
resolution bandwidth is 15.6 Hz. In (c) the resolution
bandwidth is 0.95 mHz. The carrier is reduced by only
1.3 dB from (b) to (c) because of noise near the carrier.

an optical phase shift of 1 rad/m per 4 Abars
(+83 dBA). We estimate that 160 dBA would be
needed to produce 1 rad/m by volume compression
alone, neglecting changes in the fiber light-guiding
physics.

In Fig. 2 for curve (a) the compensator was off;
for curve (b) it was active. The analysis bandwidth
is 15.6 Hz. The spectral delta function of the laser
has reappeared, with an apparent width equal to
the analyzer resolution bandwidth. Curve (c) shows
the results obtained with a 0.9-mHz analysis band-
width. The noise has dropped by -20 dB, rather
than by the corresponding bandwidth ratio of 42 dB.
This discrepancy arises because noise processes close
to the carrier [see curve (c) of Fig. 2] were previ-
ously counted in the carrier. The apparent carrier
has dropped only 1.3 dB as a result of this and
all other noise processes. Figure 2 shows that our
phase-noise compensator system can cancel phase
noise so precisely that submillihertz accuracy of fiber-
based transmission becomes possible. In fact, this
apparent linewidth for the beat is again just the spec-
trum analyzer bandwidth for the time duration of the
measurement.

Time-domain measurements of the beat phase
showed some small variations over long times that
arise from our optical phase-measurement setup: at
the optical milliradian level, unbalanced air paths are
important for the stability of the dc phase measured
with the cancellation system. From measurements
out to 1000 s, we find that the optical phase change is
below 0.3 rad, again corresponding to submillihertz
accuracy level for the cancellation.

The described method allows accurate dissem-
ination of optical frequency within a metropoli-
tan area served by a passive fiber-optic link. At
present, time-delay effects would limit international
frequency comparisons via undersea fiber links.

With the combination of precise rf phase locking
and a simple demonstration setup, we have shown
that the described system cancels the fiber-induced
degradation of a clean input with millihertz accu-
racy. This fiber-induced degradation would other-
wise cause hundreds-of-hertz additional bandwidth.
The system also eliminates problems with differen-
tial Doppler effects in precision experiments.
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