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Summary

Optical fibre links for frequency dissemination are a key tool for Time and
Frequency metrology and for the future redefinition of the SI second. They are
based on the transmission of an ultrastable laser, whose frequency is referenced to
an atomic clock at the National Metrology Institute (NMI) where it is generated,
along standard telecom fibres. The fibre length variations due to temperature,
acoustic and seismic noise deteriorate the stability of the signal by introducing
phase noise on the optical carrier and thus need to be compensated for. Vari-
ous techniques have been proposed to this task; at the highest performances, the
frequency of an optical carrier can be delivered through thousands of kilometres
with uncertainty at the 107! level, i.e. 5 orders of magnitude better than satellite
techniques. This enables to disseminate atomic clocks of new generation at their
intrinsic level of uncertainty. A fibre-based network of NMIs has been developed
in Kurope and is continuously growing, for the remote comparison of atomic clocks
and frequency standards validation. More recently, fibre-based transfer of optical
frequencies started to be exploited for other scientific purposes. In Italy a fibre link
of almost 2000 km has been developed, connecting the Istituto Nazionale di Ricerca
Metrologica (INRIM), the Italian NMI, to the National Institute for Astrophysics
(INAF) and the Space Geodesy Center (CGS) of the Italian Space Agency (ASI)
for experiments of Very Long Baseline Interferometry (VLBI) for geodesy and radio
astronomy, the European Laboratory of Non-Linear Spectroscopy (LENS) and the
National Institute of Optics (INO) for experiments of high precision spectroscopy
on cold atoms and molecules. A connection to the French border has also been
developed, in view of a connection to the European fibre network.

The first part is focused on the technical implementation and characterization
of the Italian link, connecting the INAF radio telescopes, in central Italy, to CGS
in southern Italy, for a total length of 1204 km. In order to simultaneously provide
multiple laboratories of the country with an ultrastable signal and to cope with the
attenuation across the whole network, a cascaded link has been developed. The
full network has been divided in five spans, each provided with an ultrastable laser,
phase-locked to the incoming light, and independent noise cancellation electronics.
A further technical aspect addressed in this thesis is the implementation of the
optical two-way noise cancellation scheme. It is an alternative to the Doppler
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scheme for remote comparisons of frequency standards, which is more immune to
optical attenuation and build-up of phase noise. In this thesis I describe for the first
time the results we obtained with such technique in a real field, with independent
setups for data processing, and address the most critical aspects. I show that this
technique allows remote clocks comparisons at the 10719 level of uncertainty.
Finally, I report on the phase noise characterization of submarine fibres, performed
on two 200 km fibre links connecting Malta to Sicily. This measurement campaign
has been performed in collaboration with the University of Malta and the National
Physical Laboratory (NPL). We found that the phase noise on submarine fibres is
orders of magnitude lower than on terrestrial fibres of the same length, which is
interesting in view of future transcontinental comparisons of atomic clocks.

The second section of the thesis is dedicated to some applications of the fibre-
based dissemination of frequency standards. The first is in radio astronomy, in
particular, in Very Long Baseline Interferometry (VLBI). This technique is based
on the simultaneous observation of an object in the sky with many telescopes on
the Earth: by correlating the data of each telescope, the resolution is improved
by orders of magnitude with respect to a single antenna observation. One of the
limiting factors is the frequency instability of the local frequency reference. If two
telescopes share the same reference, its uncertainty contribution becomes negligible
in the final correlation. In this thesis I describe the implementation and character-
ization of a fibre link that disseminates a common frequency reference to two radio
telescopes managed by INAF and ASI as well as the results of the preliminary tests
in preparation to the first common-clock experiment.

Another application of optical fibre links is in relativistic geodesy. I describe a
proof-of-principle experiment of chronometric levelling, jointly performed by IN-
RIM, NPL and the Physikalisch-Technische Bundesantalt (PTB). An optical clock
has been transported to the Laboratoire Souterrain de Modane (LSM) at the French
border, 1000 m higher than Torino, and compared to the INRM primary frequency
standard through a 150 km fibre link. By measuring the relativistic redshift between
the two clocks, the difference of the gravity potential between the two locations is
retrieved and compared with the results of traditional gravimetry techniques. This
thesis reports the realization of the fibre link, its characterization and the results
of the chronometric levelling experiment.

The last application exploits optical fibre as sensors of seismic noise. This the-
sis describes the first demonstration of earthquakes detection using optical fibres
and coherent interferometry techniques, performed in collaboration with NPL, the
British Geological Survey and the University of Malta. We predict the possibility
of detecting earthquakes with ultra long-haul transoceanic fibres installed for tele-
com purposes. This would enable to reveal small seismic events generated on the
bottom of the oceans which remain currently undetected due to the high costs of
operation of seismic sensors in a submarine environment.
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Introduction

Over the millennia, a large number of methods has been realized for timekeeping,
ranging from the observation of the apparent motion of sun and stars across the
sky to the invention of mechanical devices such as pendulums and water clocks.
As a common feature, they all depend on periodic natural phenomena with regular
period of oscillation. Timekeeping is nothing more than counting these oscillations
to mark the passage of time. Up to 1960, the second has been defined as a fraction
(1/86400) of the mean solar day. As the human ability of measuring this unit of
time improved, it became clear that the Earth’s period of rotation is not constant
and that this definition was not longer satisfactory.

Atomic standards

Already in 1870, J.C.Maxwell suggested that the definition of fundamental units
was based on atomic properties, since atoms are eternal, unalterable and perfectly
identical.

The first practical realization of a frequency standard based on caesium atoms was
produced in 1955 at the National Physical Laboratory (NPL) by Louis Essen and
Jack Parry [1]. That device was used at intervals of few days for the calibration
of a quartz clock. Essen and Parry demonstrated that transitions between discrete
energy levels in well-isolated caesium atoms could provide a much more stable
frequency reference than any other astronomical phenomenon.

For this reason, in 1967 the General Conference on Weights and Measures (CGPM)
redefined the second as the duration of 9 192 631 770 periods of the radiation
corresponding to the transition between the two hyperfine levels of the ground state
of the caesium-133 atom” [2]. Since then, great efforts have been made to improve
the performances of Cs atomic clocks. Current Cs clocks [3, 4] rely on laser cooled
atoms, are based on the so-called fountain scheme [5] and are probed through the
Ramsey interrogation scheme [6].

In November 2018 the 26" CGPM approved a resolution to revise the definitions
of the units of the International System [7]. Since May 2019, the SI units is defined
on the basis of seven physical constants, thus inherently stable, marking the end
of the physical artefacts [8]. The definition of the second remains unchanged,

1



since it is already based on a physical constant, namely the Cs atomic transition.
Nevertheless, from May the definition is reworded: "The second, symbol s, is the
SI unit of time. It is defined by taking the fized numerical value of the caesium
frequency Avcs, the unperturbed ground-state hyperfine transition frequency of the
caesium 133 atom, to be 9 192 631 770 when expressed in the unit Hz, which is

equal to s™1.".

To quantify the clock performances, distinction is made between two types of
uncertainty evaluations.
Type A: "method of evaluation of uncertainty by the statistical analysis of series
of observations." [9]. Tt is commonly referred to as stability: it quantifies the dis-
persion of the frequency around the mean value over the measurement time. It
is evaluated using the Allan deviation (or two-samples deviation) [10, 11]. This
estimator enables to distinguish among the different noise processes that typically
affect oscillators.
Type B: "method of evaluation of uncertainty by means other than the statistical
analysis of series of observations.” [9], also called accuracy: it quantifies the ca-
pability of reproducing the unperturbed atomic transition. All the environmental
effects which perturb it (e.g. the Doppler Effect due to their motion, the electric
and magnetic fields...) are controlled and evaluated in order to produce an uncer-
tainty budget of the clock.
The basic formulation of fractional frequency instability for an atomic clock can be

expressed as [12]:
Av | T,
- 0= 1

where Av is the transition linewidth and v is the transition frequency, T, is the
clock cycle time, 7 is the integration time and N is the number of atoms detected in
cach cycle. The best Cs atomic clocks today achieve the 10716 level of uncertainty
with cryogenic fountains [4]. Nevertheless, they may now be at the limit of their
accuracy capability. On the contrary a new generation of clocks based on optical
atomic transitions is emerging, which enables lower uncertainty at the level of 10~'®
thanks to the higher operating frequencies. Diverse atomic transitions have been
investigated to date. Two approaches have been followed: optical clocks based on
single trapped ions of Yb™ [13], St™ [14], Al* [15, 16], Hg™ [17], and optical clocks
using many neutral atoms of Sr [18, 19], Yb [20-22], Hg [23], trapped in an optical
lattice.

Besides being promising candidates for a future redefinition of the second [24] and
for clocks in space [25], optical clocks are powerful tools for other precision experi-
ments, such as tests of fundamental physics [26-29], based on the precise measure-
ment of the frequency clock transition.



Dissemination techniques

Goteborg

CNR-INO

Figure 1: Yellow line: operating links. INRIM-INAF-LENS [30, 31], INRIM-LSM [32],
LNE-SYRTE-PTB [33], LNE-SYRTE-NPL [34], Torun-AOS-GUM [35], SP-Goteborg [36], UFE-
BEV [37]. White dashed lines: links under development within the OFTEN project.

With the improvements in clocks accuracy, it emerges the need of dissemination
techniques capable of transferring the optical standards at their level of accuracy.
The ultimate frequency stability of the dissemination techniques based on satel-
lites, which nowadays represent the most reliable transmission method, is still four
orders of magnitude lower than the relative accuracy exhibited by the optical clocks
of new generation.

In the last 20 years novel techniques based on phase-stabilized optical fibres have
been proposed for the dissemination of optical frequencies, microwaves and time ref-
erences [38]. They rely on the infrastructure of optical fibres developed for telecom-
munication purposes. Remarkable results have been demonstrated: the ultimate
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contribution of dissemination on the stability of the transmitted reference over
thousands of kilometres is below 1078 [30].

During the last twenty years fibre links have been developed worldwide: USA [39],
Japan [40, 41], China [42], Australia [43, 44]. The realization of a network for
metrological dissemination in Europe started in 2012 in the frame of the NEAT-FT
project (2012-2015) [45], connecting National Metrology Institutes (NMIs), together
with other research facilities and companies (fig. 1). It is now being extended within
the European Metrology Programme for Innovation and Research (EMPIR) project
“Optical Frequency Transfer-a European Network” (OFTEN) [46]: the overall ob-
jective is to enable fast on-demand clock comparisons and frequency dissemination
by optical fibre between European NMIs, to enable large scale scientific projects
and to pave the way for dissemination to industry. Within the project, the first
metrological comparisons of Cs fountains [47] and optical clocks [33, 34] between
remote laboratories were performed, limited by the clock uncertainties.

Beside the metrological purpose, several other applications within the field of re-
search benefit from time and frequency references beyond the capabilities of GPS
disciplined local oscillators. Among them: fundamental science, e.g. tests of spe-
cial relativity [34], relativistic geodesy [32, 48|, and experimental physics, e.g. for
high precision spectroscopy [49, 50|, Very-Long-Baseline-Interferometry (VLBI) for
geodesy and radio astronomy [31, 51, 52]. Frequency dissemination over fibre is also
motivated by experiments carried out in research facilities outside the range of satel-
lite signals. Prominent examples are the large particle accelerator at CERN [53]
and the array of detectors of KM3NeT neutrino telescopes [54].

Fibre link applications

A fibre link with total length of almost 2000 km has been developed in Italy since
2014 [30]. A first backbone, 1700 km long, connects INRIM to Matera using fibres
which are provided by the Consortium GARR, the Italian national research and
education network. A second backbone, established between INRIM and the Lab-
oratoire Souterrain de Modane (LSM) at the French border, with length ~ 150 km,
is provided by the Consortium TOP-IX, that manages an Internet-Exchange in-
frastructure in the north-west of Italy.

The Italian link connects INRIM to other Italian research facilities and will be ex-
tended to join the European network during 2019. The research activities where
fibre-based frequency dissemination is used are described below.

Very Long Baseline Interferometry (VLBI). VLBI is an interferometric
technique introduced in the late ’60s for space-geodetic experiments. It relies on
the simultaneous observation of a radio source by an array of radiotelescopes on
Earth. By correlating the data acquired by each antenna, the resolution of the
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observation is improved with respect to a single telescope observation. In a first
approximation, the improvement can be quantified by the factor of % [55], where
d is the aperture of the single telescope and D is the baseline, i.e. the geometric
distance between two antennas.

VLBI is a powerful tool for radio astronomy: the observation of compact radio
sources and the spectroscopy of the interstellar medium provide very precise coor-
dinates of extragalactic radio sources. On the other hand, in geodesy applications
the radio sources of the International Celestial Reference Frame (ICRF) can be
used, which is a fixed frame for geodesy. In this case, the observable becomes the
delay between the arrival times of the radio signals at the different antennas. This
depends on the array geometry and on the optical path of the atmosphere. Moni-
toring the variations of the time delay enables dynamic modelling of Earth surface
and of the atmosphere. These data are complimentary to satellite-based measure-
ment and are a key tool to understand the behaviour of our planet, especially in
relation to the challenges of climate changes.

The frequency instability of the reference employed by the radio telescope for the
data sampling and processing is one of the main limiting factors in the ultimate
resolution of the observation. In [31, 51, 52] is investigated the frequency dissem-
ination as an alternative to local frequency standards. In addition, if the same
reference is provided to two antennas, a common-clock observation can be per-
formed, which is expected to allow full rejection of the uncertainty of the atomic
clocks.

INRIM is investigating this in collaboration with the National Institute for Astro-
physics (INAF) and the Space Geodesy Center (CGS) of the Italian Space Agency
(ASI). The two radiotelescopes of the VLBI Italian Network are connected to IN-
RIM via fibre link. The first is a 32-m parabolic dish located in Medicina, near
Bologna, managed by INAF. It cooperates to the European VLBI Network (EVN)
and to the International VLBI Service for Geodesy and Astrometry (IVS) and is
currently used both for single-dish and VLBI observations. The second radiotele-
scope is a 20-m dish in Matera managed by ASI and is employed for geodetic VLBI
observations. The first common-clock VLBI observation performed providing both
radio telescopes with a common frequency reference via fibre link was performed in
the frame of the “Metrology for Geodesy and Space” (MetGeSp) project, founded
by the Italian Ministry of Research and Education (MIUR) through Progetti Pre-
miali.

High resolution spectroscopy. High precision spectroscopy is based on the
measurement of the transition frequencies of cold atoms and molecules. Ultracold
quantum gases allow the coherent control on the electronic and nuclear degrees
of freedom of the atoms. This enables the realization of quantum simulations of
a large number of fundamental effects which cannot be studied in their natural
physical state. On the other hand, high precision spectroscopy on cold molecules,
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thanks to the complex internal molecular structure and symmetry and to the strong
intramolecular fields, is the most promising platform for tests of fundamental sym-
metries and for measurements of fundamental constants and their possible variation
in time.

To interrogate the narrow atomic transitions, the probe laser source must feature
high frequency stability and an absolute frequency traceability against the primary
frequency standard. Moreover, the typical duration of a spectroscopy session is in
the range of hours, with repeated scans, which imposes the requirement of high
stability on the long term. Frequency dissemination via fibre link allows the SI-
traceability of atomic and molecular spectroscopic measurements with improved
metrological performance with respect to GPS-based dissemination [49, 50].
Experiments on Bose-Einstein condensates and Fermi gases are performed in Italy
at the European Laboratory of Non-Linear Spectroscopy (LENS) in Sesto Fiorentino,
Firenze. High resolution spectroscopy on an ultracold gas of '™Yb was performed
exploiting the 642 km fibre link connecting INRIM to LENS. In a first class of ex-
periments [50], absolute spectroscopy was performed with an accuracy improved by
two orders of magnitude. In a second class, the link-disseminated light was used as a
tool to increase the robustness of a quantum simulation experiment with cold atoms,
in particular to ensure reproducibility of results and reduce the typical duration of
an experimental session [56]. Recently, on the same fibre infrastructure, mid-IR
spectroscopy has been performed on high-excited CO molecules at LENS [57].The
metrological chain required in this case includes nonlinear frequency conversion pro-
cesses and scanning of broad frequency ranges. The fibre-disseminated frequency
signal is used as reference to the conversion chain, allowing to reach the intrinsic
uncertainty of the disseminated clock with short interaction times. More spec-
troscopy experiments will be performed on cold acetylene molecules with buffer gas
beam cooling, exploiting the recent connection between INRIM and the National
Institute of Optics (INO) of the National Research Council (CNR).

Chronometric geodesy. The main target of physical geodesy is to model and
monitor the geometry and the rotation of Earth and identify the equipotential
surface in its gravity field, which coincides with the undisturbed mean sea level ex-
tended continuously through the continents. This is currently done via terrestrial
gravity measurements for short distances, employing gravimeters or spirit level-
ling, while for distances longer than 1000 km satellite measurements are performed.
Combining these techniques an accuracy at the decimetre level is obtained.

On the other hand, it is known that the frequency of a clock at rest varies from
different sites as a result of the gravitational red-shift. By comparing two clocks,
located in different places, a direct measurement of the difference of gravity po-
tential between the two sites can be retrieved. Chronometric geodesy is the use of
clocks to investigate gravity equipotential surfaces and it has been introduced for
the first time in the early 80’ by Vermeer and Bjerhammar [58, 59].
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The comparison of the best optical clocks of new generation via fibre link allows
to achieve their intrinsic level of accuracy, i.e. ~ 10718, This fractional uncertainty
allows to resolve a geopotential difference corresponding to ~ 1 cm on Earth. The
first chronometric geodesy experiments have been already performed, pushed by
the rapid development of optical clocks [33, 48, 60].

A joined experiment between INRIM, the Physikalisch-Technische Bundesanstalt
(PTB) and the National Physical Laboratory (NPL) has been performed in 2016
within the European Metrology Research Programme (EMRP) project “Interna-
tional Timescales with Optical Clocks” (ITOC) [32]. A portable optical Sr clock
was located at the Laboratoire Souterrain de Modane (LSM), which is a subter-
ranean particle physics laboratory, in the middle of the Fréjus tunnel on the French
Alps. It is located 1000 m higher than Torino and connected to INRIM via a 147 km
fibre link. This allowed the comparison between the portable optical clock and the
INRIM Cs fountain for a proof-of-principle experiment of chronometric levelling.

Seismology. The study of ocean-floor seismic activity is crucial for understand-
ing the dynamic behaviour of the Earth’s interior. The detection of earthquakes is
currently performed by a network of seismic stations placed on the Earth’s surface.
Due to the high costs of underwater monitoring, only a small number of seismome-
ters is deployed on the oceans floor and over geographically limited areas [61].
Alternative sensing techniques, like distributed acoustic sensing with optical fibres,
enable a coverage of less than 100 km from the coast [62]. Therefore, earthquakes of
small magnitude generated on the bottom of the oceans remain largely undetected.
The frequency dissemination techniques over fibre which are developed for metro-
logical purposes can be exploited for the detection of seismic events of various mag-
nitude and distance [63]. They are based on an interferometric scheme which is sen-
sible to changes at the femtosecond level in the propagation delay of an ultrastable
laser travelling along the fibre, thus enabling the detection of environmentally-
induced perturbations at the micrometres scale.

This technique is particularly interesting if applied to submarine fibres: we observed
the environmental noise acting on a submarine cable to be orders of magnitude lower
than on terrestrial cables of the same length [64]. Thanks to this lower noise floor,
the proposed technique can be extended over thousands of kilometres, exploiting
the existing extensive submarine fibre infrastructure that covers more than 1 mil-
lion of kilometres on the bottom of the oceans. This could provide a cost-effective
complement to ocean bottom seismometers for real-time detection of underwater
earthquakes.



Thesis overview

This thesis describes the work I performed between 2015 and 2018 in the lab-
oratories of the Quantum Metrology and Nanotechnology division of the Istituto
Nazionale di Ricerca Metrologica (INRIM) in Turin. It reports on the extension
of the Italian fibre backbone for optical carrier dissemination. More than 2000 km
of fibre are now under operation in Italy for metrological purposes, allowing novel
experiments in geodesy, radio astronomy and seismology.

Chapter 1 reports an overview of the main metrological dissemination techniques
with an in-depth analysis of fibre dissemination. The main techniques developed to
achieve a stable dissemination over long-haul and ultra long-haul fibre links are re-
vised. Particular attention i devoted to the “Doppler-noise” cancellation technique
and to the “two-way” technique, which have been implemented on the Italian back-
bone.

The first part of chapter 2 describes on the link infrastructure between INRIM and
the National Institute for Astrophysics (INAF) in Medicina near Bologna as well
as the realization and the first characterization of the link extension from INAF
towards the Italian Space Agency (ASI) in Matera. The second part of the chapter
reports on the improvements aimed at increasing the uptimes of the optical link
between INRIM and INAF (7 days of uninterrupted operation have been achieved);
this allowed its exploitation in radio astronomical observation instead of the local
clock.

Chapter 3 describes the optical two-way transmission, realized for the first time on
a real testbed of 294 km in Italy. Particular attention is devoted to the analysis of
the effects introduced by time delays between the acquisition systems.

In chapter 4 the measurements of the noise figure of submarine fibres are described.
This feature is of particular interest in view of intercontinental clock comparisons
over fibre. A prediction of the noise contribution expected in a fibre-based compari-
son of atomic clocks on an intercontinental scale is also reported. The measurement
was performed on a temporary 200 km link between Italy and Malta in collabora-
tion with the University of Malta and NPL.

Chapter 5 describes three non metrological applications of the fibre-based frequency
dissemination. The first application is VLBI, in collaboration with the radiotele-
scopes of INAF (Medicina) and ASI (Matera). Here the preliminary tests are
presented in preparation of the first common-clock VLBI observation. The sec-
ond experiment is the proof-of-principle test of chronometric levelling, performed
in collaboration with PTB and NPL, with the aim of demonstrating that atomic
clocks can be used as probes for gravitational potential. Here is described the im-
plementation and characterization of the 147-km-long fibre link used to perform the
remote comparison of atomic clocks between INRIM and LSM on the French Alps.
The third experiment exploits the long-haul deployed optical fibres as sensing tools.
This experiment was performed in collaboration with NPL, the British Geological
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Survey and the University of Malta, with the aim of demonstrating the capabil-
ity of detecting earthquakes by means of optical fibres and optical interferometry
techniques.
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Chapter 1

Fibre links for frequency
dissemination

1.1 Time and Frequency transfer

Since the first experiments with atomic clocks, a parallel research has been ini-
tiated, aimed at developing efficient techniques for the dissemination of time and
frequency standards and for the comparison of remote clocks. Beside the develop-
ment of portable clocks, whose capabilities have been demonstrated in the last few
years [32, 65], the greatest efforts have been put in the research of dissemination
techniques based on the transfer of electromagnetic waves.

In the propagation of an electromagnetic wave through a transmission channel any
fluctuation of the path length between two remote sites results in a Doppler shift
on the frequency of the transmitted signal, which deteriorates its phase and the
stability. By consequence, the crucial point of dissemination is to develop a tech-
nique capable of compensating for the additional noise contribution introduced by
the transmission channel.

During the years a variety of techniques has been demonstrated to be appropriate;
a first approach is to distribute the desired frequency in the microwave domain
making use of satellites, while in most recent years the attention has been moved
to the optical domain exploiting optical fibres.

1.1.1 Microwave links

The first techniques which were developed for frequency dissemination are based
on transferring signals in the microwave domain through the air, making use of
both Global Navigation Satellite System (GNSS) and geostationary satellites [66].
Although the noise contribution induced by these techniques exceeds by orders of
magnitude the intrinsic accuracy of the best optical clocks of new generation, they
still remain the only method where fibre links are not available, such as transoceanic
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1 — Fibre links for frequency dissemination

baselines. To date, satellites are the most robust and reliable tools for remote clocks
synchronization and dissemination; clock comparisons performed with satellites of
the Global Navigation Satellite System (GNSS) and with the Two-Way Satellite
Time and Frequency Transfer (TWSTFT) are used by the BIPM for the calculation
of the international atomic timescale [67].

The GNSS-based techniques exploit satellite constellations of 18-30 medium
Earth Orbit satellites belonging to the United States’ Global Positioning System
(GPS), the Russia’s GLONASS or the China’s BEIDOU;  since 2016 the European
satellites of GALILEO are under operation and they will be full in service in 2019.
Each satellite transmits two signals in the L. band at about 1.2 GHz or 1.5 GHz
to the ground, modulated with the Pulse Per Second (PPS) generated by the on-
board clocks (Cs and Rb) and encoded with a pseudo-random code at a chip rate
of about 1 MChip/s. At the receiver the signal is demodulated and corrections for
the delay introduced by the transmission path, i.e. ionosphere, troposphere and
geometry, are applied. In the early 80’s the Common-View (CV) technique was
developed for ground clock comparisons. It consists in two or more ground stations
measuring time signals from the same satellite; by comparing and subtracting these
measurements the uncertainty contribution of the on-board clock is cancelled. This
technique is adequate for distances up to 10 000 km, if the receivers are too far apart
the differences in the delays become non-negligible or the receivers cannot connect
to the same physical transmitter. With the All-in-View method, the signals from all
the satellites are traced back to a common time reference, allowing common-view
comparisons, realized with respect to this timescale, even between stations that
receive time signals from different physical satellites. A further improvement has
been made with the Precise Point Positioning (PPP) algorithm, which exploits both
the time code and the phase of the carrier transmitted by the satellite oscillator as
observables. Since the carrier has a much shorter period than the code, this results
in an improvement of the measurement resolution. Its latest development led to
the IntegerPPP (IPPP) algorithm, which achieves 1076 level after five days [68],
limited by the instrumental calibration uncertainties.

An alternative technique introduced in the 80’s is the Two-Way Satellite Time
and Frequency Transfer (TWSTFT). It is based on geostationary satellites,
involving signals in the Ku-band, modulated with the PPS generated by the local
timescale and encoded at 2.5 MChip/s. In this case, the signals travel both ways,
using the satellite between the two terrestrial clocks just as a repeater. Assuming
the reciprocity of the path in the two directions, the information about the delay
is estimated from the difference between the local and received signals and applied
as correction. After data post-processing, a time accuracy higher than 107 is
achieved after one day measurement [69]. Differently from the GNSS-based tech-
niques, this technique does not support casual or unplanned message exchanges,
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1.1 — Time and Frequency transfer

both end stations must agree in advance on the format of the data transmission as
well as on the schedule.

For the generation of timiescales, caesium and rubidium clocks are routinely
used; nevertheless, the first measurements derived from optical clocks have been
recently included for the TAIT calculation (Sr standard of the Laboratoire national
de métrologie et d’essais - Systeme de Références Temps-Espace, LNE-SYRTE, in
circular T of March 2017).

The secondary optical standards exhibit relative uncertainties at the 107'® level
after few hours of measurements while the contribution of the microwave links rou-
tinely operated is on the order of 1071% after one day averaging, which is clearly
not enough to sustain the remote comparison of the optical clocks at their intrinsic
levels of accuracy.

To explore the ultimate performances of satellite techniques, especially to compare
optical clocks, in 2015, a coordinated programme of clock comparisons has been car-
ried out within the “International Timescales with Optical Clocks” (ITOC) project
of the European Metrology Research Programme (EMRP), involving both primary
and optical standards of four National Metrology Institutes (NMlIs), "...to wvali-
date the performance levels of the optical clocks, to anchor their frequencies as well
as possible to the current definition of the second, and to establish the leading con-
tenders for a redefinition of the second..." [70]. The comparison has been performed
exploiting a broadband TWSTFT [71] and the IPPP, which both enabled the most
extensive comparison of optical clocks ever performed achieving link uncertainties
in the low parts in 107'% range after one day averaging [72].

More microwave links are under development for the Atomic Clock Ensamble

in Space (ACES) mission, which is an international metrological space mission
led by the European Space Agency (ESA) in collaboration with the French Space
Agency [73]. Within ACES, a number of time and frequency comparisons will be
performed exploiting the Cs clock and the space hydrogen maser placed on board
the ISS. Time and frequency comparisons between the on-board time scale and
the time scales on the ground will be performed by dual-frequency, four-channel
microwave links. The time signal will be encoded with a pseudo-random noise code
that modulates the carrier at 100 Mchip/s. In addition, tests of General Relativity
will be performed exploiting the on-board atomic clocks.
The noise cancellation is based on a two-way transmission between the ISS and
nine ground terminals, especially designed to reduce the instrumental uncertainty;,
which is usually the limiting factor. The propagation delay cancels at first order
when combining the up-link and down-link measurements. Further corrections are
applied considering a model for the signal propagation, which takes into account
atmospheric and instrumental delays. Thanks to all these features, comparisons of
distant ground clocks at the 10717 level are expected.
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1 — Fibre links for frequency dissemination

1.1.2 Optical links

In 1994 the first frequency transfer method in the optical domain has been pro-
posed [74]. It was based on the transmission of an ultrastable laser source through
the air. The noise accumulated along the path is cancelled through an interfero-
metric scheme: part of the light travels the transmission path in a round-trip and is
interfered with the local one. This enables the detection of the path noise and sub-
sequent cancellation. The technique has been adopted in fibre transmission instead
of air in 2003 by Je et al. [38]. The optical structure of the fibre ensures the signal
to be confined into the fibre path. Moreover, it guarantees a better isolation from
external electromagnetic interferences and lower losses in comparison to electrical
cables. Since then, fibre-based techniques have been widely investigated within the
metrology community and nowadays they are considered a viable alternative to the
satellite techniques, for the dissemination of optical frequency standards.

The technique relies on the telecom fibre network commonly employed for internet
traffic, whose signals are located in the C-band (1530-1565 nm) and in the L-band
(1565-1610 nm), which correspond to the low-loss window of the fibre. It is compat-
ible with the Dense Wavelength Division Multiplexing (DWDM) technology [75]:
a single wavelength channel of the International Telecommunication Union (ITU)
grid is required for the metrological dissemination while the remaining channels
can be used for data transmission without any interference. In a DWDM architec-
ture, optical add/drop multiplexers (OADM) are employed, which allow to inject
or extract one single channel from the DWDM flux with a low insertion loss. The
ITU channel 44, centred at 1542,14 nm, is conventionally adopted in Europe for
metrological purposes. This approach is also referred to as “dark channel” archi-
tecture, whereas, if the fibre is fully dedicated to metrological dissemination, it is
called “dark fibre” architecture.

The users of this infrastructures are diverse, thus different dissemination techniques
have been developed to meet each user’s need; the principal techniques for frequency
dissemination exploiting optical links are revised below.

Optical carrier transfer. It is a coherent technique aimed at providing remote
users with ultrastable frequency references in the optical domain. It relies on the
transmission of continuous wavelength (CW) lasers in C or L band through the fibre.
Since the laser signal must be used as absolute frequency reference, its frequency
is measured or phase-locked to a frequency standard. An optical comb [76] is used
to bridge the gap between the two spectral domains (see section 1.2.4).

The fibre is exposed to environmental noise sources which affect the optical carrier
phase by introducing undesired phase fluctuations. These deteriorate the frequency
stability of the signal. This noise can be partially compensated for following an
interferometric scheme: part of the delivered signal is sent from the remote side of
the link back to the original laboratory. The round-trip signal is compared to the
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original one; this enables the detection of the accumulated fibre noise, exploiting
the reciprocity of phase perturbation for counter propagating signals. The noise
compensation is achieved by acting on the frequency of an acousto-optic modulator
or by varying the length of the fibre through a piezo stretcher.

To avoid the noise of the laser to dominate the fibre noise at detection, the coherence
length of the laser source has to be much longer than the link length. This is
obtained by using narrow linewidth lasers, e.g. by frequency-locking the laser to a
high-finesse Fabry-Pérot cavity using the Pound-Drever-Hall technique [77], which
enables to achieve laser linewidths below 10 Hz.

Active noise compensation enables to transfer the frequency reference of optical
standards over more than 1000 km with a noise contribution at the low 10712 level
after few hours measurements [30, 41, 78, 79].

An alternative technique, based on the passive rejection of the fibre noise, exploits a
two-way scheme. It requires two ultrastable lasers, one at each end of the fibre; they
are sent along the fibre in counter propagating directions and at each end of the fibre
the local laser is compared to the remote one. By post-processing the data acquired
at the two far ends, the fibre noise can be rejected retrieving the difference between
the frequency standards to be compared. To this day, this technique has been
implemented on testbeds of few hundreds of kilometres, demonstrating a residual
phase noise of few parts in 107!% after few hours [80, 81]. Its performances over
longer fibre links still need to be demonstrated.

Both techniques are described in detail in section 1.2.

RF frequency transfer. The dissemination of RF signals is typically performed
through an amplitude modulation of the optical carrier, using either sinusoidal or
square waveforms, with an RF or microwave reference. At the remote end the
modulated signal is detected with a fast photodiode.

Several RF frequency dissemination systems operate around 100 MHz. However,
since the noise accumulated by the signal while travelling the fibre is proportional
to the frequency of the signal itself, the dissemination of a microwave allows a bet-
ter signal to noise ratio at detection, and hence a better compensation. On the
other hand, the upper and lower modulation side bands suffer more from the chro-
matic dispersion of the fibre, which in turn causes parasitic phase and amplitude
modulation of the microwave. In practice, a compromise between maximizing the
operating frequency and reducing dispersion-induced instability has to be found.
The noise contribution introduced by the fibre can be actively compensated with a
scheme based on the compensation between the local and the round trip-signal; dif-
ferently from the carrier transfer, the correction is applied mechanically by changing
the physical length of the fibre through a piezo stretcher. The transmission of a
frequency of 10 GHz has been demonstrated on an urban loop of 86 km, showing an
ultimate stability below 107!® after one day integration time [44, 82]. A different
approach employs electronic delay lines as actuators for the noise compensation. A
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version of this system is also commercially available (ELSTAB). A long-haul im-
plementation of this technique has been performed on a 615km link, transferring
10 MHz and 100 MHz, reaching the 10717 level after 10°s [35, 83, 84].

A quite different method is the based on phase conjugators. It exploits a probe
signal, extracted from the main signal, to sense the phase fluctuations introduced
by the fibre. This phase signal is then fed with opposite sign to the RF phase-
modulation stage, to pre-distort the main signal and compensate for the link phase
noise. Although based on a rather simple scheme, it exhibits some complications,
such as leakage signals in mixers and long-term drifts of the electronics, that gen-
erate parasitic phase shifts. This technique has been demonstrated on a link of
150 km distributing an RF signal at 80 MHz, reaching the 1077 level in 10%s [43,
85-90).

Frequency comb transfer. This technique has been pioneered with the aim of
combining the transfer of optical carrier and RF. It is based on the dissemination
of a mode-locked laser, which is composed by a periodic train of short pulses and
hence an optical comb in the frequency domain. The optical carrier dissemina-
tion is achieved by transferring a single comb mode, while the RF dissemination
can be performed, by detecting the repetition rate of the transmitted comb, i.e.
the frequency spacing between consecutive comb modes, which is usually in the
range of hundreds of megahertz. The fibre noise cancellation is based on an active
scheme similar to those illustrated before; in this case the correction is retrieved
by the comparisons of the local and round-trip repetition rate; fibre stretchers and
temperature-controlled spools are used as actuators. To recompress the pulses of
the mode-locked laser which are broadened due to the chromatic dispersion induced
by the fibre, a dispersion compensating fibre module can be used [91]. The mode
frequencies have been transferred on few kilometres of fibre with a fractional ac-
curacy of few parts of 107'® [92] over 7.7km of fibre. The microwave transfer has
been demonstrated with a residual stability of few parts in 1077 on the long term
over a 86-km-long fibre link [91].

Free-space optical transfer. It is based on the transmission of a mode-locked
laser through the open air. Differently from fibre-based techniques, transmission
across the air allows more flexible connections, not limited by fibre availability be-
tween fixed sites. On the other hand, free-space transmission poses several issues
due to atmospheric turbulence which lead to strong phase noise and signal inter-
mittence, limiting the time duration of measurements. The comparison of optical
oscillators has been demonstrated over a free space path of 4km, where two mode
locked lasers have been compared according to an optical two-way scheme, derived
from the two-way satellite technique. Atmospheric turbulences also lead to sig-
nal losses at random times and with random durations. These are overcome by
combining both the information of the pulses carrier phase and envelope, allowing
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to extend the coherence of the signal across the fades reaching the 107 level of
stability at 1000s [93].

1.2 Optical carrier dissemination

In the following sections the main schemes commonly adopted for optical carrier
transfer are revised as well as the principal techniques to compensate fibre noise.
The realization of reliable and robust techniques capable of serving many users at a
time and covering continental distances is essential in view of building a routinely
running service for research and industry.

1.2.1 Noise sources

Before describing in detail the principal techniques developed for phase-noise
cancellation, it is useful to recall the main noise sources that deteriorate the stabil-
ity of the optical carrier travelling along the fibre cable.

Temperature variations, e.g. diurnal and seasonal temperature cycles, generate
slow path fluctuations by changing the refractive index and the length of the fi-
bre. A typical room-temperature value of the thermo-optic coefficient is a,, =
1.06 x 1075 °C~! [94]. The thermal expansion coefficient is oy = 5.6 x 1077 °C™1
about 20 times lower [95]. Generally aerial fibres display the largest phase fluctua-
tions, whereas buried fibre cables show a higher isolation from environment thanks
to the surrounding soil [96-98].

At shorter time scales, path length variations are induced by environmental acoustic
vibrations. Mechanical stresses exerted on the fibre cause its torsion, deformation
and elongation, proportional to the amplitude of the perturbation force (Hooke’s
law). The greatest amount of mechanical stress is usually generated by traffic and
building vibrations, thus fibres buried next to highways and railways [30], while
aerial cables are affected by wind induced oscillations [99].

1.2.2 Noise cancellation techniques

In the following section the two commonly used noise cancellation schemes are
described. As already mentioned, for the noise cancellation to be effective, the
phase noise acquired by the carrier must be reciprocal in the two directions. In
case of optical fibres, this condition is fulfilled if the infrastructure allows signal
propagation in both directions on the same fibre (in the following, this scheme will
be referred to as “bidirectional fibres”).
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Figure 1.1: Optical and electronic setup for the Doppler-noise cancellation scheme. The laser
source is frequency-stabilized against a Fabry-Pérot cavity and launched in the fibre. ¢; and c; are
the couplers for the local and remote interferometers. AOMj is the local acousto-optic modulator
that serves as actuator for the noise compensation, AO M, is the remote acousto-optic modulator.
FM,; and FM; are the local and remote Faraday mirrors. fround-trip iS the beat note between
local and round-trip signal, detected with a photodiode (PD), tracked with a voltage-controlled
oscillator (VCO) and divided by a factor N. It is phase-compared through a mixer to a local
oscillator (LO), the error signal is processed with a PID and the correction is fed to AOM;.

Doppler-noise cancellation scheme

The Doppler-noise cancellation technique is based on the suppression of the
round-trip noise exploiting a phase-locked loop (PLL). Fig. 1.1 outlines the ba-
sic components of the experimental setup. In the local laboratory a CW laser is
frequency-locked to a Fabry-Pérot cavity, generating an ultrastable light source
with high coherence length. The laser frequency depends on the I'TU channel cho-
sen for the dissemination, thus ~ 1542 nm for channel 44.

Part of this light source is launched into the link, passing through an acousto-optic
modulator (AOM;), while part is split off (¢;) and kept as local reference. At the
remote end a part of the signal is extracted (c3), and used as an absolute refer-
ence, while the reminder is retroreflected to generate the round-trip signal. The
remote AOM, is introduced to distinguish the round-trip signal from the stray
backreflections along the fibre. The round-trip signal is affected by the fibre noise
acting in the two directions. At the local end, it is heterodyned with the local
reference on a photodiode to extract this information. The beat note signal is at
frequency fround-trip = 2 (AOM; + AOMs). The effects of chromatic dispersion on
the one-way signal are negligible, being the linewidth of the laser source below
10Hz. Nevertheless, because of the frequency offset introduced between the two
propagating directions, the counter propagating signals experience different veloc-
ities. A compromise has to be chosen between clear distinction of the signal from
stray reflections and minimization of the impairments due to the dependence of the
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refractive index on the optical frequency. The driving frequency of the AOMs is
usually kept below 100 MHz.
Both at the remote and at the local end, the light is reflected by means of a Fara-
day mirror (F'M; and FM,), which consists in an optically active material that
rotates the polarization by 45°, followed by a mirror. As a result, the polarization
plane of the signal passing twice in the device is rotated by 90°, ensuring that the
PMD generated by the intrinsically induced birefringence of the fibre and by the
environmental noise is compensated after the round-trip. As a consequence, the
polarization states of the local and the round-trip signal, that heterodyne at the
local end (fround-trip), are aligned. Therefore, the amplitude of the RF beat note
collected on the photodiode (PD) does not suffer from signal fading due to polar-
ization rotations.
Jround-trip contains the information about the noise of the fibre. It is generally
characterized by a poor signal-to-noise ratio (SNR), due to the power attenuation
induced by the fibre, and by a significant amplitude noise, introduced by amplifiers
used to recover the optical losses (see section 1.2.3). A voltage-controlled oscilla-
tor (VCO) is therefore used as clean-up oscillator, the tracking bandwidth must
be carefully tuned to avoid the occurrence of cycle-slip events. The phase error is
retrieved by sending the VCO output to a double-balanced mixer in quadrature
condition, with a stable RF reference as local oscillator (LO). Since the mixer has
a limited dynamic, the beat note is prescaled, choosing the dividing factor (N) to
ensure that the phase fluctuations do not exceed 7. Other solutions with higher
dynamic can be employed, such as phase-frequency detectors or digital devices.
The phase error is then integrated and a correction is fed as frequency modulation
to the RF driving AOM;. Other configurations exploit piezoelectric fibre stretchers
as actuators for the PLL. However, they have a finite dynamic range, in contrast to
AOMs, for which it is practically unlimited. In addition, the birefringence induced
by stretching the fibre adds a significant contribution to the PMD.

The loop gain of the PLL can be described with a simple proportional-integral
model (although in some cases a more elaborated servo scheme is adopted to ensure
a better noise rejection at low frequencies) [39]

1 K —2sT
G (s) = GoF (5) (1+e7>7), (1.1)
where N is the diving factor, Gy, and K are the proportional and the integrative
gain respectively and F'(s) is the loop filter gain. 7 = % is the one-way time

travel and n, L and c are the refractive index, the link length and the speed of
light in vacuum. The 1+ ¢72*7 term accounts for the fact that the correction is
applied twice: once in the forward pass, and another in the backward pass, with a
27 delay between the two actuations. The delay introduced by the round-trip sets
the ultimate limit to the loop bandwidth.
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The noise of the phase-locked round-trip can be calculated as [100]:

2

1
Sﬁbre,RT (S) ) (1-2)

1+ G (s)

Sﬁbre,RT,LOCKED (S) = ’

where the round-trip noise of the free running fibre Sppre rr (S) = 4Shbre (5); this
holds for Fourier frequencies f < % where the noise in the two directions of prop-
agations is highly correlated.
The open-loop gain G is constrained by stability requirements. Assuming that
the knee of the proportional-integral Bode plot occurs at low frequencies, the gain
argument can be written as:

arg [G (i2nf)] = — <72T + 27rf7'> : (1.3)

It is straightforward to see that it achieves 7, i.e. the feedback turns positive, at
fe = i , where one would expect strong oscillations. In practice this effect is
mitigated because the modulus |G (27 f)| o< cos (27 f7) nulls at exactly the same
frequency, thus the gain can be increased such that its unit magnitude occurs at
frequencies higher than f., obtaining a better noise rejection at low frequencies at
the cost of a servo bump at f.. To give an idea of a typical correction bandwidth,
we consider a link length of L = 100km and = = 2 X 108 m/s the light speed into
the optical fibre; thus 7 = 0.5 ms and f. = 500 Hz.

With such a control loop, a “perfect” compensation of the round-trip noise can be
implemented; however, the main interest is on the noise cancellation at the remote
end of the fibre after a one-way travel. Let us consider the round-trip noise in the
time domain d¢gpre v, being d¢, the phase perturbation of the signal, at distance
z from the local end of the fibre [101]:

o (t) = 00, (# = =) + 60, (1 =27+ ), (14)

¢
which for 27 and ** < ¢ can be expressed as:
5¢ﬁbre,RT (t) ~ 25¢z (t) - 27—5¢lz (t) ) (15)

J— d¢z [43 b . .
Izvh(eire d¢’, = <47 In case of a “perfect” PLL, the correction ¢, applied to the AOM
eads to:

dPtbrert (t) — [¢c (t) + ¢e (t — 27)] = 0. (1.6)
Again expanding ¢. for 7 < t and substituting eq. (1.5) in eq. (1.6) one obtains:

G () ~ b9, (). (1.7)
According to this relation, the phase perturbation on the one-way signal becomes:
56, (t et ”Z) et —7) ~ (”Z) 56 (1), (1.8)
c c
20
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which does not vanish, unless in case of a steady state or at z = 0. From the above
formula, it is straightforward to understand that, even with an optimized control
loop, the full compensation of the noise at the remote end is not achievable. This
effect is intrinsic to the fact that the round-trip signal, which is phase-stabilized,
and the fibre output are located in spatially separated positions.

The Power Spectral Density (PSD) of a phase noise ¢ (t) is calculated as the Fourier
transform of its autocorrelation function. The autocorrelation function of ¢ (t) is
defined as [102]:

R(T):/O:Ogb* ()& (t +T) dt (1.9)

and it holds if R (T) does not depend on t, i.e. for a stationary noise, which is the
case of the fibre phase noise. According to the Wiener-Khinchin theorem, the PSD
is [102]:

Sy (f) = / R(T) e~ 14T, (1.10)

To calculate the PSD of the residual one-way fibre noise it is required to apply
eq. (1.9) and (1.10) on eq. (1.8) and to integrate over the fibre length. It can be
shown [39] that, under the assumption of G — oo, which is met for low frequencies,
the closed loop one-way noise is:

Stbrenockep (f) = a (27 f7)? Stire (f) (1.11)
1

3, when the fibre-induced noise is uncorrelated with position. Consider-
ing that the noise of a free running fibre can be generally expressed as Sgpre (f) ~ f%
up to a certain cut off frequency f ~ 1kHz, the residual noise after compensation
is expected to be white phase noise within the correction bandwidth. For higher
Fourier frequencies the noise can be rejected by applying a proper digital filter on
the acquired data [103].

This is the fundamental limit for the cancellation, set by the delay-unsuppressed
noise when bidirectional fibres are employed. In practice this is not always possi-
ble. Telecom transmission is usually based on a pair of adjacent fibres, one for each
direction and optical isolators are employed to clean up the signals from backre-
flections. Hence, to achieve the bidirectional propagation, some modifications on
the telecom infrastructure are required which are not always feasible, including the
removal of the isolators all along the fibre and the installation of dedicated optical
amplifiers (see section 1.2.3). Eq. (1.11) refers to the case of bidirectional fibres,
which is the preferred configuration for metrological purposes. In case of an uni-
directional infrastructure, the telecom transmission scheme is employed, thus the
round-trip signal is generated over a pair of adjacent fibres. The noise cancellation
level depends on the degree of correlation between the fibres, which in turn depends
on the cables insulation and environment. These may change significantly from one
testbed to another; an estimation of the level of correlation between adjacent buried
fibres and consequent noise rejection can be found in chapter 4.
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More effects may limit the coherence of the transmitted signal.

A first contribution is introduced by the out-of-loop fibre paths in the local and
remote arms of the interferometers. They include the local branch dedicated to
the reflection of the local reference (F'M;), as well as the fibre patch at the re-
mote end, that serves for the distribution of the delivered signal in the remote
laboratory. Their length variations are uncontrolled and thus introduce a noise
contribution Spy (f) ~ # In order to keep the interferometers noise below the
delay-unsuppressed noise floor:

St (f) < 5 277 S (), (112)

they are usually placed in specifically designed isolated enclosures. An accurate
study of the effect of thermal fluctuations on uncompensated fibre branches can be
found in [104].

In addition, the noise contribution of the light source, Spaser (f), has to be accounted
for. A loss of coherence over the round-trip prevents from distinguishing the laser
from the fibre noise, affecting the error signal. The self-heterodyne contribution of
the laser to the round-trip phase noise is [39]:

Sielf-het (f) = (47Tf7_)2 SLaser (f) . (113)

To ensure the laser contribution to be negligible with respect to the fibre noise, the
following condition is required:

SLaser (f) < L1)Sﬁbre (f) . (114)

This relation is easily satisfied if the laser is frequency-locked to an ultrastable
cavity. Although the cavity length is usually stabilized with a temperature control,
a residual frequency drift d is observed on the laser signal. This in turn adds an
uncertainty contribution to the accuracy of the delivered signal of d7, that increases
proportionally to the link length. For example, a drift of 0.1 Hz/s on a link of 200 km
(7 = 1ms), originates a frequency offset at the level of ~ 5 x 1071°. To remove the
long-term drift, the light source can be frequency-locked to a frequency standard
through an optical comb.

A further contribution may rise from the phase noise of the RF signals, Sgr (f),
employed both to drive the AOMs and as local oscillator for the mixer. The noise
contribution of the AOM references is additive to the fibre noise, thus it needs to
be kept:

Srr,aom (f) < Shbre (f) - (1.15)

For the noise of the LO, it has to be taken into account that fiound-trip is divided
by a factor of N before being fed to the phase detector. Hence, in this case, the
request is more strict:

9 Sfibre (f)

1
Srrwo (f) < 5 (27f7)" —5
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Both conditions are met if all the RF signals are locked to a common 10 MHz
reference, possibly synthesized from a Hydrogen Maser.

Frequency dissemination over single-span fibre links of more than one thousand of
kilometres has been demonstrated, showing an ultimate relative contribution at the
10719 level [30, 41, 78, 79].

Nevertheless, one has to consider that as the length of the fibre span increases, the
noise of the free running fibre is generally expected to grow as [101]:

Sﬁbre (f, L) XX L, (117)

while the cancellation bandwidth is reduced as f. = 777, such that the level of the
residual noise floor increases as:

Stbreockep (f, L) oc L. (1.18)

The fibre link can be divided into multiple spans, independently stabilized, to ensure
a satisfactory noise rejection even in case of ultra-long fibre links [78, 105]. This
solution is described in detail in section 1.2.3.

An alternative technique to improve the noise cancellation beyond the limit set by
delay-unsuppressed noise has been proposed in [106]. It is based on a subtraction
algorithm between the signal delivered at the remote end of the link and the round-
trip signal. It enables a 6 dB improvement on the noise rejection; this approach is
based on data post-processing, which prevents from a real-time compensation of
the noise.

Two-way scheme

The two-way scheme has been proposed for the first time in [107], in analogy

to the satellite-based TWSTFT technique. Fig. 1.2 shows a sketch of the experi-
mental setup. Two ultrastable laser sources (Laser; and Lasers), one at each end
of the link, are launched in counter propagating directions along the fibre. At both
ends of the fibre, a heterodyne beat note (fpn1 and fine) between the local and the
remote laser is detected with a photodiode (PD; and PD,), filtered and amplified.
The AOMs (AOM; and AOM,) are used to distinguish the real signals from the
backreflections generated along the fibre.
Differently form the Doppler-noise cancellation scheme, this technique exploits only
a single-pass of the lasers along the fibre link. This mitigates all the issues related to
signal attenuations and amplifiers noise. Nonetheless, proper filtering and tracking
VCOs (VCO; and VCO,) are required for a cycle-slips-free detection of the two
heterodyne beat notes. On the other hand, since the RF signals are generated by
beating the signals of the two independent laser sources, PMD-related effects are
not compensated by Faraday mirrors and a polarization controller is required to
optimize the signal power.
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Figure 1.2: Optical and electronic setup for the two-way noise cancellation scheme. Two laser
sources (Laser; and Lasers) are frequency-stabilized against two optical cavities (Fabry-Pérot
cavity 1 and 2) and launched in the fibre. ¢; and ¢y are the couplers for the interferometers at
the two extremities of the link. AOM; and AODM> are the two acousto-optic modulators and
FM; and FMs; are the Faraday mirrors. At each side of the fibre a beat note (fpn1 and fpne) is
detected with a photodiode (PD; and PDs), tracked with a voltage-controlled oscillator (VCO;
and VCO3) and acquired by the local frequency counter (Frequency counter 1 and 2).

Post-processing of the data recorded at the two remote ends of the link is re-
quired: the noise contribution of the fibre is cancelled out by subtracting the two
acquired data series. As a consequence, differently from the Doppler-noise cancel-
lation scheme, this method is unable to provide a real-time noise compensation.
To mathematically derive the residual phase noise contribution of the link on
the lasers comparison, we first consider the instantaneous phases of the two laser
sources: ¢ (t) and ¢rz (f). The instantaneous phase of fy,,1 and fy,2 can be written
as:

ot (1) = 601 () = [ona (¢ = ") + 3 0] (1.19)
and
bz (1) = 612 (1) = o (1= "2) + 5 ()], (1.20)

- —
where ¢ (t) and ¢ (t) are the phase noise contributions of the fibre, experienced by
the signals travelling in the two directions. The coherence length of the laser sources
can be assumed much higher than the link length, thus ¢r; () =~ ¢ (t — %) and

Ora (t) =~ ¢ro (t — %) The phase comparison between the lasers is obtained by
subtracting the two beat notes and dividing by 2.

Pbn1 (t) — Pon2 (1)

5 = ¢11 () — ¢ra2 (1) —
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The term @gipre DIFF = % (E) (t) — ; (t)) is the ultimate limit of the noise rejection
set by the uncorrelated part of the noise affecting the two signals. This depends
on the fact that the two signals travel along each portion of the fibre at different
times. The residual phase noise perturbation can be evaluated as follows [107]:

1 (L L
5¢ﬁbre’DIFF (t) = 5,/0 5¢z (t -7+ ncz> dz — /0 59252 (lf — TZCZ) dZ7 (122)

where ¢, is the phase perturbation experienced by the counter propagating signals,
at a z distance from extremity 1 of the fibre. By using the standard relations of
the Fourier algebra, the PSD can be computed:

Sﬁbre,DIFF (f) i (27Tf7')2 Stibre (f) . (123)

12
This holds in the assumption that the PSD of the one-way noise Sgpre (f) is uncor-
related with position. This technique has an additional rejection factor of i with
respect than the Doppler-noise cancellation.
A good synchronization between the remote acquisition systems (phase/frequency
counter 1 and 2 in fig. 1.2) is required to obtain the highest noise rejection. Chap-
ter 3 describes the implementation of the two-way technique on a testbed of 294 km
of fibre and the analysis of the effects of possible timebase mismatches.
A variation of this two-way scheme is called “local” or “real-time” two-way and is
presented in [80]. It combines the two-way with the Doppler-noise scheme. In each
laboratory the laser is split into two: part is sent to the remote laboratory, while
part, after a round-trip returns in the original one. The noise cancellation can be
computed in real-time in both laboratories, by comparing the round-trip signal of
the local laser and the one-way signal of the remote laser. The same rejection level
of the standard two-way is achieved, avoiding the need of exchanging data between
remote laboratories and relaxing the requirements on time synchronization. On the
other hand, it does not benefit from the advantages of single-pass transmission as
the standard two-way.
As for the Doppler-noise scheme, the performance of the two-way noise cancellation
is deteriorated in case of a unidirectional infrastructure due to the uncorrelated part

of the noise affecting adjacent fibres. [80] shows a noise rejection below 107! on
100 km fibre link.

1.2.3 Amplification and repeater laser stations

Considering P, the input power of a signal along a fibre, the transmitted power
Pr is attenuated according to the law [108]:

Pp = Pye %, (1.24)
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where L is the link length and « is a measure of the total fibre loss usually expressed

in dB/km as:

agp = —II? log (2) . (1.25)
The main sources of losses are the medium absorption and the Rayleigh scattering.
The first depends on the transmission wavelength: the electronic resonances of the
glass of the fibre are in the ultra violet and far infrared spectral region, thus in the
C band the absorption is mainly due to glass impurities. The Rayleigh scattering
arises from density fluctuations in the fused silica, which result in fluctuations of
the refractive index, scattering light in all directions. Since this effect is intrinsic to
the fibre, it sets the ultimate limit on the fibre loss. Last generation fibres exhibit
a minimum loss of agp = 0.2dB/km, although in practical situations higher losses
are introduced by fibre splicing and connections.
To recover for optical losses on long fibre links the following optical amplification
techniques have been exploited.

Erbium Doped fibre Amplifier (EDFA). It is a concentrated amplification
technique. The amplifier is based on a fibre patch, usually tens of metres long and
doped with Er" ions, exploiting a scheme with three atomic levels, conceptually
similar to a laser without feedback [109]. Stimulated emission at 1542nm is ob-
tained by pumping at 980 nm or 1450 nm, often using semiconductor lasers. The
device is compact and agile, it is therefore widely used in telecommunications and
by far the most exploited amplification technique for coherent fibre links [30, 41,
92, 110).

In order to meet the conditions of full reciprocity of propagation path, bidirectional
EDFAs have been implemented. In these devices no component, such as isolators
and circulators, is incorporated to separate the two propagating directions. As a
consequence, beside the desired signal, unwanted interfering signals may rise, in-
creasing the noise floor and deteriorating the SNR at the remote end of the link.
The first noise source is generated by the spontaneous emission of the amplifier.
Spontaneous photons are amplified by the active fibre, originating the so called
Amplified Spontaneous Emission (ASE) which forms a noise pedestal of several
nanometres around the coherent signal. Additional noise is introduced by am-
plified back-reflections, either resulting from Rayleigh backscattering or occurring
at the fibre connectors. If the gain is kept equal or slightly lower than the optical
losses, the reflections at the connectors act as feedback and laser-like situations may
rise. For this reason, the gain must be kept lower than in unidirectional amplifiers
and it usually cannot exceed 20dB. This allows to recover the loss of 60-80 km
of in-field fibre, where the overall losses are usually higher than expected due to
several splicing and connectors.

In case of fibre links longer than 100 km, cascaded bidirectional EDFA are employed.
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In these conditions the consequences of back-reflections and ASE become more se-
vere. The most detrimental effect is the amplification of stray signals generated
by upstream amplifiers, which significantly reduces the optical SNR. A detailed
calculation of the build-up of noise in a chain of bidirectional EDFAs can be found
in [111]. For each specific link a careful tuning of the amplifiers gain is required in
order to maximize the SNR. The most satisfactory conditions are generally achieved
by reducing the gain of the single amplifiers and increasing the number of amplifiers
along the chain [110].

Fibre Brillouin Amplifier (FBA). The Brillouin scattering arises from the
non-linear interaction between a light wave and the acoustic phonons in the fi-
bre, generating a back-scattered Stokes light-wave down-shifted by approximately
11 GHz. If the acoustic wave is generated via electrostriction, the process is referred
to as Stimulated Brillouin Scattering (SBS) and is the base of the FBA [108].

An external diode laser is used as pump. If the signal to be amplified is at the
same frequency as the Stokes light-wave, the pump is scattered coherently to the
incoming signal, giving rise to a distributed amplification.

The threshold pump for activating the Brillouin amplification is few milliwatts. By
increasing the pump, a logarithmic growth of the gain is observed up to a satura-
tion point below 100 mW. The achievable gain is higher for decreasing signal power
values, up to 60 dB amplification can be achieved for a signal of 1 nW. On the other
hand, lower SNR are obtained for higher gains, e.g. for 60 dB gain a SNR = 20dB
is obtained on a bandwidth of 100kHz [112]; thus such a high gain cannot be ex-
ploited in practice: for example with a pump power of 30 mW a SNR of 30dB and
a gain of 45 dB are achievable [112].

Such high gain values allow a smaller number of amplification stages with respect
to infrastructures based only on EDFAs. In addition, the distributed nature of this
type of amplification reduces all the issues related to amplified backreflections.

In comparison to EDFAs, FBAs require a much elaborated design. Two pump
diodes are required, one for each propagating direction. The spectrum of the ampli-
fier gain has a Lorentzian profile with a linewidth of 10 MHz, therefore the detuning
frequency between the pump laser and the incoming signal needs to be stabilized to
keep the amplification level constant. This requires to phase-lock the pump laser,
which significantly increases the complexity of the system. In addition, to achieve
the maximum gain, the polarization axes of signal and pump need to be aligned
using a polarization control. If a dark channel infrastructure is exploited, the high
power of the laser pump may cause some disturbances to data transmission on
nearby channels, especially in case of unlocked pump; the detailed issues are de-
scribed in appendix A.

FBA have been employed, as unique amplification technique, for a fibre link of
1400 km [113].
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Distributed Raman Amplifier (DRA). This amplification technique is widely
used in telecommunications, in particular for very long distances where EDFAs
cannot be easily installed (i.e. submarine fibres). It is based on the Stimulated
Raman Scattering, which consists in a transfer of power from a pump laser to
the signal laser through the scattering of optical phonons. In order to obtain the
maximum transfer of power at 1542nm, the pump frequency has to be 13.7 THz
higher than the signal [108]. Similarly to the FBA, the gain is polarization-sensitive,
thus an automatic control is required to keep the polarization axes of pump and
signal aligned. On the other hand, it is characterized by a bandwidth of several
terahertz and no phase-lock is required allowing a simpler system. In addition,
since the Raman scattering occurs in both directions, this technique is intrinsically
bidirectional.

The Raman amplification for metrological dissemination has been tested on a fibre
link of 180 km in dark channel configuration [114].

Repeater Laser Stations (RLS). Although the described amplification tech-
niques can recover the optical losses on fibre links up to several hundreds of kilo-
metres, some issues rise on ultra long-haul links, related to the noise introduced
by cascaded amplifiers and to the length of the link itself. The latter increases
the integrated phase noise of the free running fibre and reduces the compensation
bandwidth.

For these reasons repetition laser stations have been introduced [105] (fig. 1.3). In

STATION N STATION N+1

To laser
N+1

Figure 1.3: Optical and electronic apparatus of the N** repetition station of cascaded links.
A diode laser (Laser N) is phase-locked (fiock to the incoming signal from the previous station
(from station N — 1). Part (a) is sent backwards to generate a round-trip signal in the previous
station, while part (b) is sent forward to the next station. fiound-trip is the beat note between
local and round-trip signal to compensate for the noise of the following fibre span.
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this configuration the link is divided into cascaded spans, and the intermediate
stations are conceived to regenerate and disseminate the optical signal from one
span to the next. Each station is equipped with a narrow linewidth diode laser
(Laser N) which is phase-locked to the incoming signal. This results in a coherent
regeneration of the signal.

In the N* station of the chain, part of the regenerating laser is sent back to the
preceding station (N — 1), where it is used to compensate for the noise of the link
span between stations N — 1 and N. The remainder is injected towards the next
station (N + 1). The round-trip signal (fiound-trip) of the following span (between
stations NV and N + 1) is also detected in station N, in order to correct the phase
noise of the following fibre span.

This segmentation results in an improvement of the noise compensation since the
control bandwidth decreases with the propagation delay. In particular, following
the assumption that the noise of the free running fibre scales as the length of the
fibre, the relative frequency stability of a cascaded link, divided into NV segments, is
expected to improve by a factor of v/N and the correction bandwidth is increased
by a factor N [78], as compared to that of a single-span link. A fibre link infras-
tructure of 1100 km has been demonstrated in [78] using this approach. It achieved
a noise rejection at the level of 5 x 1072Y level after 60 000 s measurements.
Moreover, cascaded links with RLS are useful in case of networks with a complex
topology, enabling intermediate signal dropping. At each repetition station, part
of the regenerated signal may be kept as absolute frequency reference for a local
user.

1.2.4 The optical frequency comb

In order to distribute an absolute frequency reference via fibre link, the transfer

laser has to be measured or frequency-locked to a frequency standard. Nowadays
optical frequency combs [76] are used to bridge the gap between the microwave and
optical domain, avoiding complex conversion chains. An optical comb consists in a
mode-locked laser, i.e. a train of pulses whose repetition-rate is determined by the
round-trip time of the light into the laser cavity.
Regarding the representation of the pulse train in the frequency domain, the comb
spectrum is obtained (fig. 1.4); exploiting the non-linear effects of micro-structured
optical fibres, it is broadened to a span of an octave [115]. Each line composing the
spectrum can be expressed as:

Vm=m rep+f0a (126)

whose spacing is usually referred to as the repetition rate of the comb f..,. Since
the laser cavity is a dispersive medium, the group velocity of the pulse does not
coincide with the phase velocity; as a consequence, a phase shift between the optical
carrier and the envelop peak is generated, which is the reason why comb modes are
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Figure 1.4: Frequency spectrum of the frequency comb. The repetition rate fiep is the spacing
between the comb “teeth”, fy is the frequency offset of the comb spectrum, vy, is the frequency of
the m*™ “tooth” of the comb. v, is the optical frequency to be measured and Av is the frequency
differen