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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. These fibers establish a
network in Germany that will eventually link optical frequency
standards at PTB with those at the Institute of Quantum Optics
(IQ) at the Leibniz University of Hanover, and the Max Planck
Institutes in Erlangen (MPL) and Garching (MPQ). We
demonstrate for the first time that within several minutes a
phase coherent comparison of clock lasers at the few 1075 level
can also be accomplished when the lasers are more than 100 km
apart. Based on the performance of the fiber link to the IQ we
estimate the expected stability for the link from PTB to MPQ via
MPL that bridges a distance of approximately 900 km.

1. INTRODUCTION

Recently, cold atom or single ion clocks based on optical
transitions have surpassed the performance of the best
microwave clocks [1, 2] and are considered for a possible
redefinition of the second. However, one prerequisite for a
future redefinition is the ability to compare and disseminate
optical frequencies at the corresponding level of accuracy and
stability of the optical clocks.

Considering that today’s established techniques of
frequency comparisons via satellite do not reach the required
stability and accuracy [3] and that optical clocks are not yet
transportable due to their complexity, the use of optical fibers
for the comparison of distant optical clocks has been discussed
extensively as an innovative alternative [4, 5, 6,7].

The most promising methods for long-haul frequency
dissemination based on existing telecommunication fiber
networks at A=1.5 pm are the use of an AM-modulated
carrier frequency [8, 9], or the direct transfer of a highly stable
optical carrier [10, 11].

As the dispersion in the fiber, signal attenuation and the
linewidth of the laser become critical issues the latter approach
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prevails for longer links. Thus, optical carrier-phase transfer is
now intensively studied by several groups to enable direct
comparisons between different optical frequency standards
[12, 13, 14].

Using fiber laser based femtosecond combs [15] a
comparison of distant clocks can be performed in the optical
carrier domain by measuring the ratio between the frequency
of the laser used for transmission and the local clock
frequency simultaneously at the local and remote end [16].

II. A 900 KM LONG OPTICAL TELECOMMUNICATION FIBER
LINK

Currently, we are establishing a fiber connection in
Germany that will eventually link optical clocks at PTB with
those at the Institute of Quantum Optics (IQ), at the Leibniz
University of Hanover (LUH), and the Max Planck Institutes
in Erlangen (Max Planck Institute for the Science of Light,
MPL) and Garching (Max-Planck-Institute for Quantum
Optics, MPQ).

The fiber route (green line in Fig. 1) was established in a
collaboration with the German Science Network DFN,
GasLINE GmbH, (a provider of a Germany-wide integrated
fibre-optic cable network established by German gas
distribution companies), and a local energy and
telecommunication provider in Braunschweig (EnBs). The
pipeline networks of gas distribution companies and local
telecommunication providers offer significant potential for
developing a wide-area fiberoptic infrastructure. A pair of
dark fibers' in a strand of commercially used fibers has been
made available. As both fibers are located in the same strand,

" “Dark fiber” is optical fiber infrastructure that is currently in
place but is not being used for data communication. Light
transmitted over a dark fiber is provided by the customer
rather than the local exchange carriers.
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they are affected 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.

We use commercial SMF-28 fiber according to the ITU-T
G.652 standard with refractive index of n=1.4681
at 1550 nm, an attenuation of = 0.23 dB/km, and a chromatic
dispersion of =18 ps/(nm-km). An optical time domain
reflectometer was used to obtain a detailed description of
splice and connector positions along the link.

Common to all fiber based transfer techniques is that the
frequency stability of any signal transmitted through an
optical fiber is degraded by phase noise induced by
mechanical stress and temperature variation in the fiber. In
long-haul systems, fluctuations induced by temperature
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Fig. 1: Fiber link from PTB in Braunschweig to the IQ at LUH,
Hanover and to the MPQ, Garching via Leipzig and MPL, Erlangen.
Intermediate containers for signal conditioning are marked as yellow
dots.

variations in the optical fiber dominate on long time scales.
Other sources of low-frequency noise, such as polarization
mode dispersion in optical fibers and temperature variations
in peripheral equipment can also affect the long term
stability. Noise sources that can play a role at shorter time
scales include thermal, acoustic, and electronic flicker (1/f)
noise, photodetection shot noise, and amplitude-to-phase
conversion processes.

Typically, in order to achieve ultra-stable frequency
dissemination via optical fibers at the level of <10 at 1s
over distances exceeding a few 10 m, the phase noise of the
fiber link must be suppressed by active optical path length
stabilization. We use an interferometric arrangement similar to
the one first described by Ma et al. [17] in order to cancel the
fiber-induced phase noise at the remote end of the fiber link
[18].

For the envisioned link length of several hundred
kilometers, the cumulative loss of the link must be
compensated by the insertion of amplifier stages. The
amplifiers must operate bidirectionally and preserve the
coherence of the input signal. Erbium-doped fiber amplifiers
satisfy these demands and are commonly used in telecom
fiber networks. Assuming a typical link loss of 0.23 dB/km
and a gain of 20dB - 30dB per amplifier, an amplifier
spacing of about 100 km is sufficient to establish a quasi-
transparent optical link where the noise penalty due to the
cascaded amplification is smaller than 10 dB [19]. These
amplifiers will be installed at locations marked in Fig. 1 as
yellow dots and at DFN locations in Leipzig and Erlangen.

In Erlangen a single ion frequency standard [20] based on
In" is operated at MPL that is located about 2 km away from
the DFN location (computing center of the university of
Erlangen-Niirnberg) To bridge this distance a point-to-point
free-space transmission of an optical signal at 194 THz is
currently investigated. First result over 50 m free space
propagation show that for short distances signals can be
transmitted with a stability of 6,(t) = 2-10™ (t/s) ™ [21].

With the availability of a national test facility between
PTB and the MPQ in Garching, we now have the unique
possibility to explore the first long-haul, all-optical carrier
phase frequency transmission over a long-distance optical
link of 900 km at real scale with representative environmental
perturbations. We expect that this will boost new applications
as well as significant advances in current research.

III. CHARACTERIZATION OF THE FIBER LINK TO LUH

As a first operational part of the full link, we have
investigated the fiber link from PTB to IQ at LUH. A more
detailed sketch of this part is depicted in Fig. 2. In a first step,
our laboratory is linked via PTB’s computing center with the
network of a local provider (EnBs) in Braunschweig. The
EnBs-network (6 km) allows us to directly connect to the
computing center at LUH using the wide-area network of
GasLINE company. A 400 m long in-house fiber pair then
permits access to the Mg frequency standard [22] at IQ.

For investigating the limits of the fiber link we connected
the two fibers at LUH forming a loop with the remote and
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Fig. 2: Schematic of a comparison of remote frequency standards
by means of a link based on a dark telecommunication fiber (red/blue
line). At PTB a 1.5pum fiber laser is locked to an optical frequency
standard. Its output is transmitted over 146 km to another optical
frequency standard based on a trapped Yb" ion at PTB via the fiber pair
from LUH to PTB.

local ends of the link at PTB. Details of the set-up and the
performance of the stabilization system can be found in [18].

A single-frequency distributed feedback fiber laser
(Koheras ADJUSTIK) at A = 1542 nm (NIR) is phase-locked
to a cavity-stabilized laser routinely used as clock laser of the
Ca optical frequency standards [23] at 657 nm by means of a
frequency comb [16]. With this approach we realize a
precisely known and ultrastable frequency ratio between the
NIR laser and the cavity-stabilized clock laser. The output of
the NIR laser is then transmitted via a stabilized fiber link
from PTB to LUH and back where its frequency is measured
relative to the cavity-stabilized clock laser of PTB’s Yb"
frequency standard [24] at 871 nm using another frequency
comb. This allows a simultaneous and independent
measurement of the transmitted NIR frequency stability
through the first subsection of the fiber network simulating a
user at a distance of 146 km [25].

The relative instability between the optical clock lasers of
the Yb" and Ca frequency standards (shown as blue open
squares in Fig. 3) is known from a direct comparison [26] and
assures an upper limit of the relative instability of 4-10™" at
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Fig. 3: Relative frequency instability o,(t) of the Yb' clock-laser
compared to the Ca clock laser (blue open circles O), 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 O); the red
dotted line is equivalent to 6,(t) = 2.7-10™/(t/s).

7=0.1s approaching a flicker floor of 2:10" for
1 < 7<100 s. This flicker floor is due to the thermal noise of
the optical reference cavities used to stabilize the clock lasers.
Thus, for 7<1s the Yb" clock laser can be used to rapidly
verify the short-term stability of the transmitted laser
frequency in a fully independent way. The measurement of the
NIR laser frequency at the remote end using the Yb' clock
laser is represented by the black dots. At short averaging times
this measurement is consistent with the measured instability of
the stabilized 146 km fiber link of oy (7)= 3-10"%/(7/s) (red
open circles). For longer averaging times the relative
instability of the transmitted frequency approaches the flicker
floor of the optical reference.

Within several minutes of averaging time the contribution
of the fiber link to a clock comparison becomes negligible, the
optical clocks can be compared at the level of their systematic
uncertainty and the full performance of an optical clock is
available for a general public user at the remote end.

With this measurement we demonstrate for the first time
that using a fiber link with low intrinsic phase noise a phase-
coherent comparison of clock lasers —nowadays routinely
performed between door-to-door laboratories— can also be
accomplished when the other laser is more than 100 km apart.

IV. ESTIMATED PHASE NOISE AND INSTABILITY OF A FIBER
LINK TO MPQ

Based on the performance of the fiber link to LUH that is
now used for the frequency measurement of the **Mg
frequency standard at I1Q, we now estimate the expected
stability for the approximately 900 km long link from PTB to
MPQ via MPL.

The basic Doppler cancellation technique mentioned
above relies on suppressing the optical path length fluctuations
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 fundamental limit on the
achievable degree of phase noise suppression [27].

First, it directly affects the control bandwidth of the
compensation loop and as a result, the total phase noise at high
Fourier frequencies f is given by unsuppressed noise of the
fiber link. Second, the delay through the link results in an
imperfect cancellation of the noise at the remote end. This
imperfect cancellation of the one-way fiber noise due to the
delay dominates at low Fourier frequencies and limits the
attainable stability. The spectral dependence of the achievable
phase noise suppression can be estimated as

S L) =40 s ) for < elal). (1)

where L is the one-way physical path length, n the index of
refraction, ¢ the speed of light, and Sq,ﬁber denotes the phase
noise of the unstabilized link.

As S,™(f) is proportional to L S,™(#), the attainable link
stability in frequency comparisons decreases proportional to
L (Sq,“b”) % Assuming that S¢ﬁb°r(f) is dominated by white
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frequency noise, one calculates an achievable suppression of
52 dB and 35 dB for a link length of 146 km and 1000 km,
respectively. Since L is determined by the distance between
the clocks that are compared, the only way to improve the
link stability is to split the total length into subsections (to
increase the control bandwidth) and /or to select a fiber link
with low intrinsic phase noise.

With respect to phase noise suppression, fibers installed
along gas-pipeline networks offer some advantages: the
underground location of pipelines strongly suppresses diurnal
temperature variations and other environmental perturbations.
A long-haul optical link can be split into appropriate
subsections as the typical distance between housings for
installations like repeaters and amplifiers along a link is about
80 km. For our link we compromise between cost issues for
equipment to be installed along the link and stability issues.
As a result the length of the typical subsections is about
160 km, so that the total distance is bridged in 7 steps (see
Fig. 1).

Thus, the phase noise associated with the 146 km fiber
loop is representative for a typical subsection of the total
network without active path length stabilization. The
measured phase noise spectrum S¢ﬁbe'(f) of the unstabilized
link is shown in Fig. 4 as blue curve [25] and can be
approximated by

Sa(f)= {10(}[—12 (1 +J%0Hz)_2 +const} md%]z

if the distinct environmental noise maximum at ' = 15 Hz is
neglected (blue dashed line). For Fourier frequencies
f>100 Hz, the phase noise decreases as 1/f°, while for f
<10 Hz the frequency dependence is that of flicker (1/f)
phase noise. The constant noise floor at high frequencies is
determined by the intrinsic noise of the detection system.

2

Similar experiments have been performed by other groups
and phase noise data of three other fiber-optic links operated
in France (SYRTE, green) [14], Japan (NMIJ, black) [13], and
the USA (NIST, red) [27] have been published recently. These
links have lengths of 86 km, 120 km, and 40 km. In the first
case the total link length was increased up to 172 km by using
the fiber twice and in the latter up to 251 km by adding
additional fiber spools. We have included the phase noise of
some of these links in Fig. 4. While the phase noise
characteristics of the 40 km, and 80 km, 172 km and 251 km
links are very similar to that of the PTB link, the 120 km link
in Japan exhibits a noise level that is approximately 25 dB
higher at f=1Hz. It can be approximated by
So () = 5-10* HZ’/f* rad® Hz' and shows a clear 1/f>
dependence.

In order to estimate the stability of a signal transmitted
over a 1000 km link, we first assume that the phase noise of
the free-running link has a frequency dependence similar to
that of the present PTB-LUH-PTB link (see Fig. 4), and that
the phase noise spectral density S¢ﬁber(f) increases
proportional to the link length L. In this case, the phase noise
level at f=1 Hz is of the order of 700 rad* Hz"' (eq. 2). This
value is still significantly smaller than that of the 120 km link
investigated in [13].

Ao, (rad)
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10° 172 km SYRTE
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1] ——146km PTB
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Fig. 4: Compilation of the phase noise S,™(f) of different

unstabilized optical links (red squares C1: 40 km (NIST); green: 86
km V' / 172 km /A (SYRTE), black: 120 km (NMLJ), blue: 146 km
(PTB) [25]). (by courtesy of N. Newbury, G. Santarelli, and F.L.
Hong). The blue dashed line approximates the noise of the unstabilized
146 km link according to eq. (2). The NMIJ-link data are used as a
worst-case estimate for a calculation of the residual noise of a
stabilized 1000 km link according to eq. (1) (dashed black).

We consider a noise level of Sq)ﬁbe'(f) = 5.10" HZ%/f?
rad® Hz ' as a worst-case estimate for an unstabilized 1000 km
link. The calculated residual phase noise of the stabilized link
then is in the range of Sy™(f) <16 rad” Hz'' for <200 Hz,
corresponding to an estimated fractional frequency instability
of o (1) = 1-10™" (1/s)™! for a detection bandwidth of 300 Hz.
Additionally, dividing the total distance into 160 km long
subsections will further reduce the instability by
approximately a factor of 6.

As shown in Fig. 5, the estimated instability of a 1000 km
link (black line) becomes smaller than that of the presently
best optical clocks [1] for an averaging time T > 1000 s. After
an averaging time of 3 hours, the contribution of the optical
link to the total instability would be negligible. Even with the
assumed fairly high noise level of the link, a clock
comparison by optical fiber could exceed the predicted
capability of the ACES® microwave link [28], the T2L2’
experiment on the Jason 2 satellite [29], or that of satellite-
based comparisons using an advanced carrier-phase

2 ACES: Atomic Clock Ensemble in Space
3 T2L2: Time Transfer by Laser Link
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Fig. 5: The observed fractional instability (given by the Allan

standard deviation G,(7)) of laser frequency transmission using the
146 km PTB-LUH-PTB link (red squares [J) according to [18]
compared to that of a state-of-the art single-ion optical clock [1] and to
the estimated instability of a link of 1000 km length (black line) (see
text). For comparison we include state-of-the-art frequency
comparisons by satellite (grey line) and the predicted instability of the
carrier-phase TWSTFT technique (green line) and other advanced in-
orbit methods [28, 29]. The dashed line corresponds to the modified
Allan standard deviation using time deviation data from [29].

TWSTFT* technique [30] by at least a factor of 5. Note, both
ACES or the advanced carrier-phase TWSTFT require to
assure the phase traceability over an uninterrupted
measurement time of the order of a day to reach the
instability of the optical clock. For T2L2 phase traceability
over a full orbit is not implemented and a comparison of
ground clocks will be limited by the stability of the link on all
time scales due to the small time of visibility (several
minutes) compared to the orbit period of 1.5 -2 h.

V. CONCLUSION AND FUTURE APPLICATIONS

For the current development of European optical clocks
separated by typical distances of 500-1500 km, the use of
optical fibers can be a powerful alternative to comparisons
via satellite provided that suitable dark fiber will be
accessible.

From the present point of view, the availability of dark fiber
is not a problem, but the cost of rent over a period of 5 to 10
years may be a critical issue. The search for national dark
fiber providers that will grant the national metrology
institutes access to a European fiber network and support
them in establishing national link capabilities will be one of
the most important tasks of the near future.

In spite of the fast advances of clock comparisons via
optical fiber links, we expect that also in the near future the
baselines of such links are restricted to approximately 1500
km. Nevertheless it appears that the advantages provided by
optical fiber links and the availability of frequency-stabilized
optical reference signals will stimulate new developments in
science and technology.

* TWSTFT: Two Way Satellite Time & Frequency Transfer

Using femtosecond frequency comb technology, the
dissemination of frequency-stabilized 1.5 um light enables
the generation of radiofrequency and microwave signals with
unprecedented stability without need for a local reference
clock. Optical fiber links have the potential to provide an
optical frequency reference for fundamental research and
applied science with an uncertainty and stability that today is
available only at national metrology institutes and a small
number of other dedicated laboratories. Applications range
from low-level laser frequency calibration, length
interferometry, and remote wavelength standard calibration to
the synchronization and timing of accelerator facilities.

In the near future, in particular the synchronization
systems of next-generation linear colliders [31] and of large
astronomical antenna arrays such as the Atacama Large
Millimeter Array [32], both demanding low-noise frequency
dissemination systems with minimal phase drifts and errors,
will strongly benefit from optical fiber links. The stable
synchronization afforded by the transmission of an optical
carrier frequency will also foster new developments in very
long baseline interferometry (VLBI) astronomy like large-
aperture VLBI in the near-infrared and optical wavelength
range. The combination of high frequencies and long
interferometric base lines requires the distribution of a local
oscillator with low phase noise and low phase drift through
the array [33]. For the Deep Space Network of NASA, a
system of optical fiber links has been developed in order to
distribute reference signals from a hydrogen maser for
antenna synchronization [34].

The implementation of a European fiber network for
highly stable optical frequency transmission will boost the
field of time and frequency metrology. The network in
particular will enable stability tests of satellite-based time
transfer techniques (see above) and of the timing facilities of
the global navigation satellite systems GPS and Galileo [35].

A number of fundamental physics research programs will
benefit from the ability to compare distant optical frequency
standards through optical fiber links without any significant
loss in accuracy or stability. Prominent examples are tests on
possible violations of the equivalence principle of General
Relativity and on the possible drift of the fine structure
constant [35]. Clearly, the ability to perform comparisons
between distant optical clocks at the highest possible
accuracy level is also a prerequisite for a possible redefinition
of the SI second on the basis of an optical clock.
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