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Abstract We have explored the performance of two “dark
fibers” of a commercial telecommunication fiber link for a
remote comparison of optical clocks. The two fibers, link-
ing the Leibniz University of Hanover (LUH) with the
Physikalisch-Technische Bundesanstalt (PTB) in Braun-
schweig, are connected in Hanover to form a total fiber
length of 146 km. At PTB the performance of an optical fre-
quency standard operating at 456 THz was imprinted to a cw
transfer laser at 194 THz, and its frequency was transmitted
over the fiber. In order to detect and compensate phase noise
related to the optical fiber link we have built a low-noise op-
tical fiber interferometer and investigated noise sources that
affect the overall performance of the optical link. The fre-
quency stability at the remote end has been measured using
the clock laser of PTB’s Yb+ frequency standard operating
at 344 THz.

We show that the frequency of a frequency-stabilized
fiber laser can be transmitted over a total fiber length of
146 km with a relative frequency uncertainty below 1 ×
10−19, and short term frequency instability given by the
fractional Allan deviation of σy(τ ) = 3.3 × 10−15/(τ/s).
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1 Introduction

Recently, cold atom or single ion clocks based on optical
transitions have surpassed the performance of the best mi-
crowave clocks and have the potential to reach a relative un-
certainty below 10−17 together with a short–term fractional
frequency instability σy of a few 10−15τ−1/2 [1, 2]. Such
clocks are considered for a possible redefinition of the sec-
ond. However, a prerequisite for a future redefinition is the
ability to compare and disseminate optical frequencies at the
corresponding level of uncertainty and stability of the opti-
cal clocks.

With the advent of optical frequency comb generators [3]
this is essentially solved on a local scale and different clocks
in a given institute can now be compared with an uncertainty
of below 10−16 [1, 2, 4, 5]. Considering that today’s estab-
lished techniques of frequency comparisons via satellite do
not reach the required stability and uncertainty [6] and that
optical clocks are not yet transportable due to their complex-
ity, the use of optical fibers for the comparison of distant op-
tical clocks has been discussed extensively as an innovative
alternative [7–9].

Among the different methods for fiber-based frequency
comparisons [10], the use of an AM-modulated carrier fre-
quency [11], or the direct transfer of a highly stable optical
carrier [12] are the most promising methods for long-haul
frequency dissemination based on existing telecommunica-
tion fiber networks at λ = 1.5 µm.

In the first case a stable rf-frequency distribution sys-
tem has been developed recently demonstrating a frequency
instability for an 86 km optical link at the level of σy =
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2 × 10−18 for an averaging time of 1 day [13]. However,
for longer links the dispersion in the fiber, signal attenua-
tion and the linewidth of the laser become critical issues.
Additionally, the down-conversion to the microwave domain
compromises the superior stability of the optical clocks.

The direct transfer of a highly stable optical carrier avoids
such a down-conversion of optical frequencies. Using fiber
laser based femtosecond combs [14, 15] a comparison of
distant clocks can be performed in the optical carrier do-
main by measuring the ratio between the frequency of the
laser used for transmission and the local clock frequency si-
multaneously at the local and remote end.

A first test of this concept was performed in 2005/06
where the remote end and the local end were located in the
same laboratory and the same optical clock laser was used
as a reference. A laser operating in the telecommunication
window at 1.5 µm was phase-stabilized to an optical clock
with a fixed and precisely known frequency ratio [16]. The
transmission of the frequency of the 1.5 µm laser over an
urban telecommunication fiber network in Paris showed that
this method allows for a fractional uncertainty below 10−17

within several hours of measurement time when fluctuations
of the fiber link are eliminated [17]. Optical carrier-phase
transfer is now intensively studied by several groups to en-
able direct comparisons between different optical frequency
standards [18–20].

In this paper, we characterize a commercially available,
frequency-stabilized dark fiber1 with respect to phase noise
and frequency stability and demonstrate the delivery of an
ultra-stable optical frequency at 194 THz over a 146 km long
underground fiber to another optical frequency standard as a
practical application. Section 2 summarizes the experimen-
tal setup for the realization of a stable optical frequency at
1542 nm, describes the fiber link and an optical phase stabi-
lization system that compensates phase fluctuations induced
by the optical link. In Sect. 3 the measured instability and
accuracy of the frequency provided at the remote end is pre-
sented.

This particular fiber link will eventually be used for the
frequency measurement of the 24Mg frequency standard at
the Leibniz University of Hanover (LUH) [21].

2 Experimental setup

2.1 Overview

The characterization of a frequency standard operated at the
remote end requires a reference frequency that equals or

1“Dark fiber service” is a service provided by local exchange carriers
(LEC) in which the light transmitted over the fiber is provided by the
customer rather than the LEC.

exceeds the stability of the device under test. Furthermore,
the transfer of optical stability over long-haul distances re-
quires a highly coherent optical source, otherwise the trans-
fer laser’s frequency noise will limit the achievable stability
of the fiber link. Thus, one has to reduce the power spec-
tral density of frequency fluctuations Sv of the transfer laser
(typically πSv < 5×103 Hz2/Hz for low-noise fiber lasers),
down to the <100 Hz2/Hz-level. For this, one has to de-
velop either a cavity-stabilized and drift-controlled stand-
alone system [22] or one can use a frequency comb to trans-
fer the stability of an optical clock to the laser used for the
transmission.

In this paper we use the latter approach. The set-up to
derive a stable optical frequency from an optical clock laser
and to measure this frequency at the remote end is shown in
Fig. 1.

In our experiment the optical frequency reference is an
extended cavity diode laser (ECDL) at 657 nm (νCa =
456 THz) stabilized to a high-finesse cavity by the Pound-
Drever-Hall locking technique. This cavity-stabilized laser
is used to interrogate the Ca clock transition [23] and its
linewidth is below 1 Hz [24]. The small residual drift of
the optical cavity has been measured with respect to a mi-
crowave frequency standard.

The near-infrared fiber laser (NIR) used as transfer laser
is a commercially available single-frequency distributed
feedback laser at λ = 1542 nm (νNIR = 194 THz) (Koheras
ADJUSTIK) that comprises a fiber Bragg grating written in
an actively doped fiber, with a free-running linewidth be-
low 5 kHz. Its frequency can be tuned using a piezo-electric
transducer (PZT). When the NIR laser is locked to the fre-
quency standard at 456 THz via a first optical frequency
comb an ultra-stable cw-signal at 194 THz is derived (see
Sect. 2.2) [16].

This signal is then transmitted over a 146 km telecom-
munication fiber from the Physikalisch-Technische Bundes-
anstalt (PTB) in Braunschweig to the computing center of
the University of Hanover and back to PTB. After a full
round trip the stability of the optical carrier transmitted
through the 146 km fiber was analyzed with a second optical
frequency standard in a simultaneous and independent mea-
surement. This measurement was performed using a second
frequency comb and the clock laser of the Yb+ frequency
standard [25] at λ = 871 nm (νYb = 344 THz), which has a
linewidth of approx. 5 Hz [26].

The two optical frequency comb generators incorporate
passively mode-locked Er-doped femtosecond fiber lasers.
Details of the setup are described in [14]. The combs are pre-
stabilized to radio frequencies synthesized from a H-maser
(PTB-H5) to keep the beat signals within the pass band of
our fixed frequency filters. These pre-filters typically have a
bandwidth of 5 MHz. To allow for absolute frequency mea-
surements the maser is referenced to a primary Cs fountain
clock (CSF1).
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Fig. 1 Setup for comparison of
two optical frequency standards,
comprising an Ca clock laser
νCa at 456 THz, a fiber laser
νNIR at 194 THz, a Yb+ clock
laser νYb at 344 THz and two
fs-frequency combs. At the
remote end the transfer beat was
calculated from the measured
individual beat signals

Both optical clock systems with their corresponding fre-
quency combs are located at different buildings at PTB.
They are connected with 300 m long single-mode, polariza-
tion-maintaining optical fibers at wavelengths of λ = 871 nm
and 1550 nm, respectively. For the 871 nm fiber an ac-
tive stabilization system has previously been implemented
to compensate frequency fluctuations due to environmental
perturbations.

The various individual beat frequencies, such as the beat
signals of the cw-lasers with the frequency combs and the
signals of the fiber stabilization loop, that are required for
the characterization of the full set-up are pre-processed by
tracking oscillators (TO) fast enough to follow the frequency
fluctuations of the combs, lasers and fibers. The bandwidths
of the TOs are adapted individually.

2.2 Establishing a stable frequency reference at 1.5 µm for
the frequency dissemination

Fiber-laser based femtosecond combs that bridge the fre-
quency gap between optical clocks in the visible and the
cw-fiber laser at 1.5 µm introduce phase noise into the mea-
surement process which exceeds that of an optical frequency
standard by several orders of magnitude and their control
bandwidth is limited to several tens of kHz. Careful analysis
of the noise sources contributing to the phase noise of fiber
lasers together with sophisticated locking techniques are re-
quired to reduce this noise significantly [27].

Another possibility to overcome this problem is to cir-
cumvent the noise contribution of the comb using a special
technique developed by Telle et al. [28]. Using a frequency
comb as a transfer oscillator allows the comparison of lasers
operating in different spectral regions without tight locking

of the fs comb. Appropriate combination of optical beat sig-
nals using analogue electronics, tracking filters with a band-
width of approx. 1 MHz and a direct digital synthesizer as a
divider, results in a signal of frequency Δtrans that depends
on the frequency fluctuations of the cw-lasers only, and is
given by

Δtrans = (ΔCa + 2f CEO) · mNIR/mCa − (ΔNIR + f CEO)

= νCa · mNIR/mCa − νNIR, (1)

where mNIR and mCa are the corresponding mode num-
bers of the frequency comb generating the beat signals ΔCa

at 657 nm and ΔNIR at 1542 nm with the cw lasers and
f CEO being the carrier envelope offset frequency of the fs-
frequency comb. Δtrans(t) can be considered as a virtual beat
frequency between a fractional multiple of the Ca clock laser
frequency νca and the frequency of the tunable laser νNIR.

Locking the phase of the virtual beat signal to that
of a reference oscillator using a digital phase-locked loop
(dPLL) the frequency of the NIR laser can be stabilized
by feedback of a control signal to a piezo-electric trans-
ducer (PZT). The control bandwidth of the loop is limited
to approximately 10 kHz by a first PZT resonance at about
30 kHz. In this way we synthesize an ultra-precise and ex-
tremely stable optical reference frequency in the telecom-
munications window around 1.5 µm. More details can be
found in [16].

2.3 Description of the fiber link

The link to the LUH is part of a larger fiber network cur-
rently being established. This network will eventually con-
nect optical clocks at PTB with those at the Institute of
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Fig. 2 Fiber route from PTB in Braunschweig to LUH in Hanover. A dedicated pair of dark fibers in a strand of commercially used fibers has
been made available

Quantum Optics (IQO) in Hanover, and the Max Planck
Institutes in Erlangen (Institute of Optics, Information and
Photonics, IOIP) and Garching (Max-Planck-Institute for
Quantum Optics, MPQ). The fiber route was established
in collaboration with the German Science Network DFN,
GasLINE GmbH, and a local telecommunication provider
in Braunschweig (EnBs).

A dedicated pair of dark fibers in a strand of commer-
cially used fibers has been made available. The total fiber
length from PTB to the Institute of Quantum Optics (IQO)
at the University of Hanover is 73 km.

A sketch of the fiber link is depicted in Fig. 2. In a first
step, our laboratory is connected to PTB’s computing center
that is linked to a local network provider (EnBs). The EnBs-
network allows us to connect to the wide-area network of
GasLINE. The networks of gas transmission and of regional
distribution companies offer significant potential for devel-
oping a wide-area, fiber-optic infrastructure. The use of this
infrastructure allows us to directly connect to the comput-
ing center at LUH that is located about 400 m away from
the IQO. An in-house fiber link provides access to the Mg
frequency standard [21] at the IQO.

For investigating the limits of the fiber link we connected
the two fibers at LUH forming a loop of a total length of
146 km placing remote and local end in the same laboratory.
As both fibers are located in the same strand, they are af-
fected by the same environmental conditions and have the
same characteristics. Moreover, the selection of a fiber route
in the side-strip of a gas transmission line assures that the
fiber is well sheltered from environmental noise leading to
large frequency fluctuations.

Commercial SMF-28 fiber according to the ITU-T G.652
standard is used to establish the full link. The measured
overall attenuation of the 146 km fiber link with about 16

splices and 10 connectors is approximately −43 dB. An Op-
tical Time Domain Reflectometer (OTDR) was used to ob-
tain detailed information of the attenuation along the optical
link. This is shown in Fig. 3 for one of the fibers.

2.4 Description of the stabilization scheme

In order to detect and compensate phase fluctuations caused
by acoustical and thermal fluctuations along the link a fiber
interferometer (Fig. 4) based on commercial fiber compo-
nents was constructed similar to a scheme described by
L. Ma et al. [29]. At the input and the remote end of the
fiber acousto-optic modulators (AOM) are installed. A Fara-
day mirror (FM) reflects part of the light back towards the
input. The FM rotates any state of polarization (SOP) of the
incoming light by 90 degrees; consequently SOP fluctua-
tions that occur anywhere along the fiber are to a large extent
compensated in the reflected light by this fully passive tech-
nique [30], and their unwanted effects on the polarisation
are neutralized at the photo detector PD1. Note, this is not
the case at PD2. The acousto-optic modulator (AOM-2) at
the remote end is used to discriminate the desired reflection
from the Faraday mirror from the backscattered light within
the fiber or reflections from connectors or splices. Moreover,
it allows for heterodyne detection of the phase noise at a
convenient rf frequency.

At the remote end the attenuation of the optical link is
partially compensated using a bidirectional Er:doped ampli-
fier (EDFA). Being part of the loop, the EDFA phase noise
is suppressed within the servo bandwidth. After a full round
trip of 292 km, a first interferometer measures the phase ex-
cursions accumulated along the link by comparing the light
reflected from the remote end with light directly from the
laser output. Phase stabilization is achieved by locking this
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Fig. 3 The 73 km fiber-link
attenuation measured from
LUH, Hanover, using an OTDR.
At Raffturm the local-area
network of EnBs is connected to
the wide-area network of
GasLINE

Fig. 4 Setup for active fiber
noise compensation. OC: optical
circulator, AOM:
acousto-optical modulator,
VCO: voltage controlled
oscillator, PD1: in-loop photo
detector, PD2: out-of-loop photo
detector, EDFA: Erbium-doped
fiber amplifier, FM: Faraday
rotator mirror

beat signal to a local oscillator using a digital phase-locked
loop (dPLL) and feed-back of the control signal to AOM-1
located at the input of the fiber. Analyzing the stabilized rf
signal derived from photo detector PD1 provides an in-loop
measurement of the residual phase noise.

To perform an out-of-loop measurement at the remote
end a second fiber interferometer measures the phase noise
of the transmitted signal by means of photo detector PD2.
Here polarisation changes along the fiber link can directly
affect the SNR of the beat signal. Moreover, splitting off
some light by implementing an additional fiber coupler at
the remote end, we derive another transfer beat between the
transmitted frequency at 1542 nm and the Yb+ clock laser at
871 nm using a second frequency comb. We calculated this
second transfer beat using the simultaneously recorded beat
signals ΔYb, ΔNIR and f CEO.

The reference arm of the interferometer, the acousto-
optic modulators and the photo detectors PD1 and PD2 were
sheltered from air fluctuations using a simple plastic crate.
Without this cover we observed small changes of the signal
to noise ratio (typically a few dB) of the interferometer sig-
nals, which we attribute to local polarization changes. The

SNR relaxed to a constant value after approximately half an
hour when the crate was installed. With this setup it was not
necessary to actively control the SOP during typical opera-
tional times of a few days.

2.5 Characterization of the fiber link

For a full characterization of the fiber link we have analyzed
the phase noise of the out-of-loop and the in-loop signals of
the fiber stabilization. This analysis has been accomplished
in both time- and frequency-domain. In this paper we restrict
the discussion to the out-of-loop signals.

We used the rf-spectrum of the beat signals to measure
the Power Spectral Density of phase fluctuations (PSD) in
the carrier domain (single sideband phase noise Lφ(f ) in
units of dBc/Hz). For Fourier frequencies f < 100 kHz we
used a digital phase comparator with calibrated output and a
low-frequency Fast-Fourier-Transform spectrum analyzer to
measure the double sideband phase noise Sφ(f ) in rad2/Hz.

For signal characterization in the time domain we used a
multichannel accumulating counter with synchronous read-
out and zero dead-time (referenced to PTB’s maser H5) to
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record the frequencies frep(t), fCEO(t), of each fs-comb
ΔYb(t), ΔCa(t), ΔNIR(t), Δtrans(t), νPD1(t) and νPD2(t).
This so-called p-type counter allows one to analyze the sig-
nals by means of the Allan standard deviation (ADEV) [31]
for integration times τ > 0.01 s. More information about
different algorithms to calculate the frequency stability with
modern counters can be found in [32].

3 Experimental results

The basic Doppler cancellation technique described in
Sect. 2.4 relies on suppressing the optical path length fluc-
tuations, which lead to phase noise at the remote end using
a phase-locked loop at the local end. As the length of the
transmission line introduces a time delay between the signal
returned from the remote end and that from the local end,
this delay imposes a significant constraint to the attainable
stability of a fiber link, which is discussed in Sect. 3.3.

Moreover, fluctuations of the laser frequency and the
residual phase noise of the interferometer’s reference arm
can further limit the performance of the transfer. The latter
includes contributions due to the signal to noise ratio of the
detection process as well as electronic noise in the stabiliza-
tion loop and unbalanced fiber. We first characterized the
frequency noise of the NIR laser (λ = 1542 nm) and mea-
sured the noise floor of our interferometers [33]. Both sets of
measurements have been performed in unstabilized and sta-
bilized modes. Afterwards, we measured the phase noise of
the fiber link when the NIR laser was free running or locked
to the optical clock laser.

3.1 Laser noise

For the unstabilized NIR laser the transfer beat signal de-
rived from a comparison with the Ca clock laser directly re-
flects the phase noise of the NIR laser, because the frequency
standard contributes negligible phase noise. To estimate the
frequency noise of the free-running NIR laser we locked the
laser with an attack time of τ attack < 0.1 s to the Ca clock
laser to compensate small drifts. The spectrum of the trans-
fer beat shown in Fig. 5 (black-dashed curve) is dominated
by flicker frequency noise Sφ ∼ (1/f 3) that is common for
fiber lasers. The flattening of Sφ at low frequencies is due to
the low gain servo loop.

After locking the NIR laser to the Ca clock laser using the
transfer beat, the phase noise curve is dominated by white
phase noise with an average value of Sφ < 1×10−6 rad2/Hz
up to a locking bandwidth of 8 kHz (red curve in Fig. 5).
As demonstrated in [16], the locked NIR laser then exhibits
approximately the same stability as the optical clock laser.
Using (1), its frequency can be calculated from the known
frequency of the optical reference and the measured transfer
beat.

Fig. 5 Phase noise spectrum of the transfer beat between the fiber laser
and the Ca clock laser for very low (black-dashed) and high gain (red)
of the servo loop

3.2 Interferometer noise floor

In our compensation scheme we were ultimately limited by
the residual noise in the fiber interferometer. We have ana-
lyzed different designs of the interferometer and optimized
the interferometer for compactness and minimized uncom-
pensated fiber leads in the setup. We then measured the in-
terferometer’s noise floor when both AOMs were directly
connected with a short patch cord. The frequency stability
of the out-of-loop beat signal was measured for the unsta-
bilized and stabilized interferometer. The stabilized interfer-
ometer allows us to assess the attainable noise cancellation
limit without suffering from bandwidth limitation due to the
fiber delay or any excess noise. More details of the interfer-
ometer design can be found in [33].

Figures 6 and 7 show PSD and ADEV for the out-of-loop
beat signal of the unstabilized and the stabilized interferom-
eter, respectively. Calculation of the ADEV from the phase
noise data [34] shows that time- and frequency-domain mea-
surements agree quantitatively.

The phase noise of the unstabilized interferometer (black-
dashed curve in Fig. 6) is dominated by white frequency
noise of Sφ(f ) = 6×10−5/f 2 Hz2(rad2/Hz) up to a Fourier
frequency f = 1 kHz while above 10 kHz a white phase
noise level of Sφ(f ) = 3 × 10−11 (rad2/Hz) is reached. This
is found to be in good agreement with the measured ADEV
of σy(1s) < 2×10−17 (black dots in Fig. 7). After 10 s, envi-
ronmental perturbations start to dominate the stability of the
unstabilized interferometer. It should be noted that even for
the unstabilized interferometer the flicker noise floor is well
below 1 × 10−17 up to an averaging time of τ = 10000 s.

Once the interferometer is stabilized by means of the
dPLL fluctuations of the path length and those arising from
devices that are in the loop, i.e. AOMs etc. are corrected. The
phase noise is then suppressed by approx. 28 dB at 1 Hz with
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Fig. 6 Residual out-of-loop phase noise floor of the stabilized inter-
ferometer (red) and unstabilized interferometers (black-dashed)

Fig. 7 Relative frequency instability of the out-of-loop beat for the
interferometer noise floor. Curve in black (dots ): unstabilized, and

in red (open circle ): stabilized interferometer, the electronic noise
is represented by the blue line

only a slight increase of the white phase noise level between
300 Hz and 10 kHz (red curve in Fig. 6). The stabilized inter-
ferometer is dominated by flicker phase noise for f < 1 kHz
and white phase noise for f > 10 kHz; for this type of noise
the ADEV depends on the effective bandwidth of the fre-
quency counting system. Assuming a high frequency cut-off
of 100 kHz due to the TO tracking the signal, we calculate
an instability of σy(τ ) < 2 × 10−17/(τ /s).

At an averaging time of τ = 1 s the measured instability
of the stabilized interferometers (red open circles in Fig. 7)
σy(τ ) < 2 × 10−17 coincides with that of the unstabilized
interferometer; after 1 hour averaging the instability drops
below 10−20.

To determine the electronic noise limit of our measure-
ment capabilities, the oscillator that tracks the beat signal
(TO) was locked to a rf-synthesizer (blue line in Fig. 7) and

its frequency was counted. A fractional frequency instability
of σy(τ ) < 1.6 × 10−17/(τ /s) was achieved which includes
electronic noise due to the TO, rf-synthesizer and the fre-
quency counting system. From these measurements we con-
clude that the measurement noise floor of the complete sys-
tems is σy(1s) ≤ 5 × 10−17 and averages approximately as
1/τ with no indication of a flicker floor up to 10 000 s.

3.3 Transmitting an optical frequency over a 146 km fiber

A pair of dark fibers connecting PTB and LUH was con-
nected at LUH’s computing center with a patch cord to form
a 146 km fiber link. Having optical reference provider and
remote user both at PTB facilitated the characterization of
the phase noise Sφ(f ) at the remote end using PD2. We
tested the fiber link both with a free-running fiber laser and
after stabilizing the laser to the Ca clock laser.

3.3.1 Stability and phase noise of the fiber link with the
free-running NIR laser

The light that generates the error signal for the fiber noise
compensation (in-loop, PD1) travels about 292 km in the
optical fiber. This length is much larger than the coherence
length of the free-running laser of about 20 km (linewidth
approx. 5 kHz). As a result the laser noise in both arms of
the interferometer becomes essentially uncorrelated and it
will contribute to the self-heterodyne beat signals derived
from PD1 or PD2.

As discussed in [35], laser noise, Slaser
φ (f ), contributing

to the interferometer signal (PD1 at the local end), Sself-het
φ ,

used for the stabilization of the fiber link is given by

Sself-het
φ (f ) = 4

[
sin(2πf nL/c)

]2 · Slaser
φ (f ). (2)

For Fourier frequencies f < (c/nL), n = 1.468, and L =
146 km this can be approximated by Sself-het

φ (f ) = 8 ×
10−5f 2Sφ

laser(f ).
We have measured the noise of the interferometer sig-

nal at the remote end (PD2) for the unstabilized and stabi-
lized link and the results for the PSD and ADEV are shown
in Fig. 8 and Fig. 9, respectively. The contribution of the
laser noise to the interferometer signal (Fig. 8, green open
squares) at the remote end is calculated from the measured
laser noise (blue-open squares, see also Fig. 5) using (2) and
replacing L by L/2. The flicker frequency noise (1/f 3) of
the NIR laser is converted into flicker phase noise (1/f ) by
the interferometer.

The measured phase noise of the unstabilized fiber link
(black dots) is fully dominated by this laser noise for
f > 1 Hz; only for very low frequencies f < 1 Hz the noise
of the optical link Sfiber

φ exceeds Sself-het (remote) of the free-
running laser. At about 15 Hz some technical noise shows
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Fig. 8 Phase noise of the out-of-loop beat without stabilizing the
NIR laser before (black dots ) and after (red line) stabilizing the
link. The phase noise of the free-running laser is shown as blue-open
squares , and the calculated laser self-heterodyne signal as green

open squares

Fig. 9 Relative frequency instability of the out-of-loop beat with the
unstabilized NIR laser before (black dots ) and after (red open circles

) stabilizing the link

up, which is also attributed to the link but is not yet iden-
tified. The corresponding ADEV shows a constant floor of
4 × 10−14 for τ < 100 s (Fig. 9 black dots) and some aver-
aging for longer integration times.

When the fiber control loop is closed it correlates laser
noise and fiber noise in order to minimize the total noise
Stot

φ (f ), corresponding to a linear combination of Sfiber
φ (f )

and Sself-het(f ). For the stabilized interferometer (red curve
in Fig. 8) the total noise Stot

φ (f ) at PD2 and the measured

ADEV of σy(τ ) ≈ 2 × 10−14/(τ /s) (red curve in Fig. 9) is
shown.

However, the stability of the signal measured with PD2
should not be confused with the stability of the optical car-

Fig. 10 Phase noise of the out-of-loop beat of the 146 km link before
(black-dashed line), and after stabilizing the link (red line) when the
NIR laser is locked to the Ca clock laser. Blue line: approximation of
Sφ(f ) to guide the eye, for details see text

rier frequency at the remote end that remains limited by
the noise of the free-running laser as long as Slaser

φ (f ) >

Sfiber
φ (f ). Therefore, frequency stabilization of the transfer

laser before compensating the phase noise resulting from the
fiber link is essential.

As demonstrated earlier [16], stabilization of the transfer
laser to an optical clock reduces the linewidth of the laser
to a few Hz and this issue becomes negligible for distances
discussed in this paper.

3.3.2 Stability and phase noise of the fiber link with
stabilized NIR laser

By stabilizing the NIR laser to the Ca clock laser, as de-
scribed in Sect. 2.2, the noise of the fiber link Sfiber

φ can be
measured without degradation by laser noise.

The phase noise introduced by the optical link is rep-
resented by the out-of-loop beat (PD2) of the interferom-
eter. The phase noise of the unstabilized link is shown as
black-dashed curve in Fig. 10. It can be approximated by
Sfiber

φ (f ) = [ 100 Hz
f

· (1+f/10 Hz)−2 +const] rad2/Hz (blue

line); above 100 Hz the noise decreases as 1/f 3, while for
f < 10 Hz the frequency dependence turns to flicker phase
noise. The constant phase noise level of ≈10−5 rad2/Hz at
high frequencies is given by the noise floor of the phase de-
tection system.

Beside the noise contributions associated with the inter-
ferometer and the transfer laser itself a fundamental lim-
iting factor of any fiber link is related to the time delay
τ delay = nL/c introduced by the fiber [35]. First, it directly
affects the control bandwidth of the compensation loop. Sec-
ond and more severe, the delay through the link results in an
imperfect cancellation of the noise at the remote end. This
incomplete suppression of the one-way fiber noise due to the
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Fig. 11 Relative frequency instability of the out-of-loop beat signal
after 146 km with the NIR laser locked to the Ca clock laser for the un-
stabilized (black dots ) and stabilized link (red open circles ) to-
gether with the uncertainty of the relative frequency deviation Δν/νNIR
of the transmitted signal from its nominal value of 15 MHz (red dot

); the red dotted line is equivalent to σy(τ ) = 3 × 10−15/(τ /s)

delay dominates other limitations at low Fourier frequen-
cies.

For the round-trip signal used for the stabilization of the
146 km link, theoretically attainable noise suppression at a
Fourier frequency f = 1 Hz is about 52 dB and the band-
width of the loop is limited by 1/4τ delay to approx. 350 Hz.
As a result, the stability at short averaging times (high fre-
quencies), is limited (due to the limited bandwidth) by un-
suppressed fiber noise on the link, and at longer averag-
ing times by the residual phase noise of the interferometer.
When the fiber stabilization loop is closed the phase noise of
the link is suppressed to a white phase noise level of approx-
imately 6 × 10−3 rad2/Hz. Due to the locking bandwidth of
approximately 350 Hz, the technical noise at 15 Hz is sup-
pressed only by approx. 25 dB. However, compared to the
operation of the fiber link with the free-running laser the
PSD of the link is improved by a factor of 100 at low fre-
quencies.

The corresponding ADEV measurement (Fig. 11) shows
a good agreement with the measured phase noise data. Note,
that the instability of the unstabilized 146 km fiber link
(black dots) is already at the low-10−14-level. Closing the
interferometer loop, an instability of the transmitted fre-
quency of σy(τ ) ≈ 3.3 × 10−15/(τ /s) has been obtained
(red open circles), reaching a level of σy < 4 × 10−19 after
10000 s. Note that the link instability follows a 1/τ -slope
(red dashed line) over more than 6 orders of magnitude.

To compare the measured instability of the out-of-loop
signal with the data reported in [20] for a 172 km link, we
integrate the phase noise spectral density over the full band-
width from 1 Hz up to 10 kHz. A root-mean square phase
excursion of ΔΦrms = 1.6 rad is obtained, which results in

Fig. 12 Time record of the frequency deviation Δν of the transmitted
signal from its nominal value of 15 MHz over a measurement period
of 44 hours (left); histogram of the frequency values (right)

a ADEV of σy(τ ) ≈ 2.3 × 10−15/(τ /s) in good agreement
with the measured ADEV. Filtering with only 10 Hz band-
width, as done in [20], would lead to ΔΦrms = 0.33 rad
or σy(τ ) ≈ 5 × 10−16/(τ /s). This calculated value compares
well with the instability σy(1s) ≈ 4×10−16 reported in [20].

3.4 Accuracy of the transmitted frequency

Beside the attainable stability, any small residual frequency
offset between the frequency at the local site and that at the
remote end is of fundamental importance. The accuracy of
the transmitted frequency was checked by comparing the
measured mean value of the out-of-loop signal with the ex-
pected value. Passing both AOMs (55 MHz (+1st order)
and 40 MHz (−1st order)), the frequency at the remote end
should be shifted by exactly 15 MHz with respect to the lo-
cal end.

Figure 12 shows a time record of the frequency devia-
tion Δν of the transmitted signal from its nominal value of
15 MHz. The observed mean deviation of the transmitted
optical carrier frequency given by the sample average of the
full data set was Δν = (−1.4 ± 3.3) µHz. The statistical un-
certainty of the mean was calculated from the standard de-
viation divided by the total number of data points, assuming
that the 1/τ dependence (white phase noise) continues over
the full period of 44 hours. We have included the relative
frequency uncertainty of the averaged frequency deviation
of 1.7 × 10−20 as red dot in Fig. 11. This value coincides
with the estimated ADEV for an averaging time of 44 hours.

A more conservative estimate for the accuracy of the
transmitted optical frequency is given by the last data point
of the Allan standard deviation (see Fig. 11); after 9 hours a
relative frequency instability of 1.3 × 10−19 is reached.
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Fig. 13 Relative frequency instability of the Yb+ clock-laser com-

pared to the Ca clock laser (grey open circles ), of 300 m unstabi-

lized fiber (green squares ), of the NIR laser compared to the Yb+

clock laser after 146 km fiber (black dots ), and of the out-of-loop
fiber stabilization signal (red open circles ); the red dotted line is
equivalent to σy(τ ) = 3 × 10−15/(τ /s); for comparison: the instability
of the Hg+/Al+ clock comparison according to [1] is shown as blue
dotted line

3.5 Measuring the NIR laser frequency transmitted over
the fiber link against an Yb+ clock laser

To simulate a frequency measurement between a frequency
standard at the remote end of the fiber link and the local Ca
optical clock laser we use another frequency comb and the
clock laser of PTB’s Yb+ frequency standard. This allows
a simultaneous and independent measurement of the trans-
mitted NIR frequency stability through the 146 km fiber.

The relative instability between the optical clock lasers
of the Yb+ and Ca frequency standards (shown as grey open
dots in Fig. 13) is known from a direct comparison [36] and
assures an upper limit of the relative instability of 4 × 10−15

at τ = 0.1 s approaching a flicker floor of 2 × 10−15 for
1 < τ < 100 s. This flicker floor is due to the thermal noise
of the reference cavity. Thus, for τ < 1 s the Yb+ clock laser
can be used to rapidly verify the short-term stability of the
transmitted laser frequency in a fully independent way.

As mentioned, both frequency standards are located in
different buildings at PTB and are connected by 300 m long
polarization-maintaining fibers. For 0.01 s < τ < 1 s the
short-term instability of the presently unstabilized 1.5 µm-
fiber used in double-pass (green squares in Fig. 13) is at the
same level as the current limit for the 146 km link and only
slightly above the instability of the clock laser for τ > 1 s.
Therefore we did not employ an additional stabilization loop
for this fiber.

The independent measurement of the NIR laser fre-
quency at the remote end using comb 2 and the Yb+ clock
laser is represented by the black dots, giving an upper limit
of σy(τ ) = 2.7 × 10−15/(τ /s) for the short-term frequency

instability (τ < 1 s) of the transmitted frequency. At short
averaging times this measurement coincides with the mea-
sured instability of the 146 km fiber link (red open circles)
discussed above. This demonstrates that we are essentially
limited by the delay introduced by the fiber link. However,
the stability of one of the best optical clocks [1] (blue dashed
line) is reached already after 1 s of averaging. Within several
minutes of averaging time the contribution of the fiber link
to a clock comparison becomes negligible and optical clocks
can be compared at the level of their systematic uncertainty.

4 Conclusion and future applications

We have presented our current capability to remotely com-
pare optical frequencies in a fully phase coherent way by
using a carrier frequency in the optical telecommunication
window. The overall experiment involved transferring the
stability of a local optical frequency standard operating at
456 THz to an optical carrier frequency of 194 THz using
one frequency comb, transmitting this laser light through
standard telecommunication fiber and telecommunication
components over 146 km to a second optical clock. PTB’s
Yb+ clock laser at 344 THz was used to simulate the real
system and to measure the stability of the transmitted fre-
quency with respect to this laser.

We showed that a standard telecommunication fiber of
146 km length can be used to transmit the frequency of an
optical frequency standard with an instability of σy(τ ) ≤
3.3×10−15/(τ /s) for 0.01 s < τ < 30000 s and a relative fre-
quency uncertainty of 2 × 10−20. We have demonstrated the
link stability to exceed the stability of the best available opti-
cal clocks within several minutes. This allows us to transfer
the full performance of an optical clock to a general public
user.

We will use the stabilized NIR laser to compare the fre-
quency of an optical frequency standard at PTB with that of
a frequency standard based on the (3s2)1S0–(3s3p)3P1 in-
tercombination transition of 24Mg that is currently improved
at the IQO. A frequency measurement on a thermal atomic
beam with respect to a portable Cs atomic clock (HP 5071A)
or a GPS disciplined quartz has been reported earlier [21].
A further considerable improvement of the uncertainty of
this frequency value is expected from measurements on laser
cooled, free falling atoms or atoms trapped in an optical di-
pole trap and from the implementation of a better reference
frequency as provided for instance by a frequency transmit-
ted over the fiber link.
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