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Abstract—We realized a coherent optical fiber link in Italy,
with a fiber haul of 642 km. To characterize the link, we doubled
the link to 1284 km, demonstrating a characterization technique
based on the double round trip on a single fiber. The link is
intended to significantly improve the frequency references used
in radio-astronomy and precision measurements in atomic
physics. The data analysis is based on the Allan deviation, whose
expression is theoretically derived from the noise power
spectrum. The demonstrated resolution is 3x10™" in 1000 s and
the uncertainty of the transfer is 5x10". The arming of a second
fiber is avoided, and this could be rather beneficial to long hauls
realizations for a continental fiber network for frequency and
time metrology.
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L INTRODUCTION

Coherent optical fiber links have been demonstrated to be a
unique mean to transfer time and frequency signals or compare
remote optical frequency standards [1-11]. With respect to
satellite techniques, the improvement is as large as four orders
of magnitude [12]. For example, they are the only viable
method to compare optical clocks, thus they are a key
metrological technology in view of a possible redefinition of
the second based on those new standards. Moreover, optical
links could allow to realize a network of accurate clocks,
especially in Europe. This network would establish a unique
facility for testing fundamental physics, relativistic geodesy
and for improving global navigation satellite systems [13-15].
Optical links would have even a larger impact on the
fundamental research, as they could allow to improve the
synchronization in VLBI radio-telescopes and particle
accelerators [16-18].

In this Proceeding, we describe the optical fiber link of 642
km implemented in Italy, named LIFT (Italian Link for Time
and Frequency) [19]. LIFT will connect the Italian
metrological institute (INRIM) to different Italian scientific
poles. In 2013 LIFT completed the connection to Florence, to
the scientific pole of Sesto Fiorentino, where it will provide the
frequency reference to the University of Florence, the
European Nonlinear Spectroscopy Laboratory (LENS) and the
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National Institute of Optics of the National Research Council.
In June 2014, it was completed the connection from INRIM to
the radio-telescope of the Institute for Radio-Astronomy in
Medicina (Bologna). In July 2014 it is expected the extension
from Torino to the border Italy-France. This connection will be
established within the Frejus tunnel, connecting INRIM to the
Laboratorie Souterraine de Modane.
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Fig. 1.Example of a figure caption.

The metrological performance of the link has been
evaluated by looping the link so that the signal goes from
INRIM to LENS and then comes back to INRIM, after
traveling 1284 km in the optical fiber. This loop has been
realized using a single fiber, thus avoiding the need of arming a
separate twin link for the bare characterization purpose.

The link instability is evaluated using the Allan deviation as
estimator. From the measured noise power spectrum density
we have deduced an analytical expression for the Allan
deviation. This approach is equivalent to the use of the
Modified Allan deviation. The long term performance of the
link was evaluated using a sharp digital filtering, that allowed
also for cycle slips detection.



II.  EXPERIMENTAL SET-UP

LIFT is based on a mixed fiber architecture. It is mainly
installed using a dedicated fiber, that connects Torino to
Florence. The haul from Bologna to Medicina is implemented
with DWDM multiplexing on a dark channel (ITU-44). The
extension to the Frejus tunnel uses a mixed architecture
DWDM and CWDM.
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Fig. 2. Experimental set-up (see text for details).

The main connection has 172 dB losses, compensated by
nine bidirectional Erbium Doped Fiber Amplifiers (b EDFA).
The transfer laser is a fiber laser at 1542.14 nm, frequency-
stabilized to an ultrastable Fabry-Perot cavity to obtain a
linewidth <30 Hz [20]. The link is phase stabilized through the
Doppler cancellation technique [21]. The set-up is shown in
Figure 1(a). The ultrastable laser L1 is sent to LENS. In the
remote laboratory a part of the signal is extracted and
represents the delivered signal; the remainder is reflected back
to INRIM using a Faraday mirror, which compensates the
fiber birefringence. The acousto-optic fixed frequency shifted
AOM2 is used to distinguish the reflected signal from
undesired back-reflections along the fiber, that are not
frequency-shifted. The round-trip signal is phase compared at
INRIM to the local laser on photodiode PDI1. This beat note
contains the information about the noise added by the fiber on
the roundtrip signal. It is used to stabilize the link with a phase
locked loop (PLL) acting on the acousto-optic modulator
AOMI1. Usually, the characterization of optical links is
pursued using a second fiber in the same bundle with an
independent set of amplifiers [1,2]. In this work, we
demonstrate a characterization technique that uses a single
fiber and avoids the doubling of the infrastructure. The set-up
is shown in Figure 2(b). The L1 radiation travels to LENS and
is reflected back to INRIM, where it is extracted through the
splitter S. A second independent ultrastable laser L2 works as

a clean-up oscillator for the incoming signal and is phase-
locked to it by acting on the acousto-optic modulator AOM3.
The L2 radiation is injected in the link in the opposite
direction, to provide a double-round-trip signal, needed for the
1284-km link stabilization. The clean-up laser is required due
to the relevant wide band noise added by the optical
amplifiers. L2 tracks the delivered radiation, hence the link
performances are analyzed by comparing L2 to L1 on the
photodiode PD2.

III. CHARACTERIZATION

The PD2 beat note phase noise spectrum is shown in
Figure 3, (free running and the Doppler compensated link).
The double link delay is 6.4 ms, so the loop bandwidth is
about 39 Hz. The noise of the compensated link achieves the

fundamental limit set by the round-trip delay [22].
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Fig. 3.Noise power spectrum density of the free running link, of the
compensated link and of the expected delay limit..

The loss of phase coherence (cycles slips) [23] on the PLLs,
that affects both the instability and the inaccuracy. The cycles
slips rate mainly depends on the signal to noise ratio of the
beat notes. In our set-up, the cycles slips are a few per hour,
provided a polarization adjustment of the long arm every few
hours.
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Fig. 4.Raw data (red), filtering with 0,05 bw (black line), re-alignement and
further filtering (blue).

The phase of the beat note on PD2 is measured with a dead-
time free digital phase recorder [24], at the sampling rate of 1
ms equivalent to a 500 Hz bandwidth filter. The cycles slips
are barely visible on the raw data even when filtered at 1 Hz
bandwidth, as shown in Figure 4 (black line). Filtering the
data on a bandwidth of 0.05 Hz enables their detection (red
line). Particular care is devoted to the filtering process: a
Finite Impulse Response (FIR) filter [25] is applied to the raw
data, with an out-of-bandwidth attenuation >70 dB between 10
and 100 Hz.

We realign the phase by subtracting an integer number of 0.5
cycles, i.e. the minimum slip amplitude. Finally, the phase
data are further filtered (5 mHz bandwidth) and differentiated
to obtain the instantaneous frequency.

To evaluate the frequency instability, the Allan deviation
estimator is used [26]. From Fig. 3, the frequency noise
spectrum of the link is modeled [27] by the relation S,(f)=h;f’,
that is quite uncommon in time and frequency metrology.
Hence, we theoretically calculate the Allan variance from the
frequency noise power spectral density, obtaining
Adev'(t,)=31’t;/(8Pi°), for t,>1/2f; where f, is the
measurement bandwidth set by a sharp filter. The measured
instability is in good agreement with the prediction.
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Fig. 5.Link instability. Allan deviation of uncompensated link (diamonds);
compensated link with 1 Hz bw (squares) and 5 mHz bw (circles).

Figure 5 shows the Allan deviation of the free running and
compensated optical link on a 1 Hz measurement bandwidth,
together with the stability of the compensated link on a 5 mHz
bandwidth. The link achieves a short term instability of 1x10™*
at 1 s in a 1 Hz bandwidth and an ultimate frequency
resolution of 3x10"?in a 5 mHz bandwidth.

We evaluate the accuracy of the link at 5x107"° because a non-
repeatable offset observed at this level exceeds the obtained
frequency resolution. In spite of this, the present frequency
dissemination accuracy is beyond the most challenging

requirements of any application. If the Modified Allan
deviation of the raw data is computed, we obtain the
correspondence shown in Figure 6 The ModAdev is
proportional to #,2 as evaluated in [3]. The Allan deviation has
always a ¢, dependence, but reducing the bandwidth, the first
relevant point, that is at 7,=1/2fy, is always on the Mod Adev
curve.
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Fig. 6.Allan deviation with different bandwidths and Modified Allan
deviation of the raw data (red line)

In conclusion, we have realized a coherent optical fiber
link for frequency transfer over a 642 km haul, and
doubling its length on the same fiber, we demonstrated the
frequency dissemination over 1284 km. A short term Allan
deviation of 1x10™* at 1 s on the bandwidth of 1 Hz is
observed with and an ultimate accuracy on the frequency
transfer of 5x10™" after about one hour of measurement.
The LIFT project will now be extended to Medicina and the
Frejus tunnel. We plan also to implement new techniques
for taming the noise introduced by the fiber, in particular
the optical Two Way method described in [28]
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