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Advanced time/frequency comparison and dissemination
through optical telecommunication networks
Overview
The unprecedented accuracy of modern optical clocks has spurred the development of matching frequency
comparison techniques, with optical frequency transfer over fibre emerging as the method of choice. However,
international time scales, as well as applications outside metrology, require reliable and economically
sustainable time transfer in addition to frequency transfer capabilities. This project will advance fibre-based
frequency transfer capabilities in Europe towards a universal tool for time and frequency metrology and
beyond.
Need
Time and frequency are at the heart of many everyday applications that we take for granted, such as satellite
navigation and telecommunications, and underpin some of the most precise measurements in many areas of
research such as fundamental physics, molecular spectroscopy and geodesy.
One of the central challenges of time and frequency metrology today is the redefinition of the SI second based
on optical frequency standards (also known as optical clocks). The roadmap adopted by the Consultative
Committee for Time and Frequency (CCTF) makes it clear that remote optical clock comparisons at the highest
level of accuracy are essential for this process. Only fibre links have been shown to achieve the necessary
accuracy over distances enabling international clock comparisons. However, the massive effort required for
comparison campaigns prevents full utilisation of existing links. Improved automation and higher availability
are required both from an economic perspective and in order to achieve long phase-coherent averaging times.
Optical frequency standards are ultimately expected to lead to more stable international time scales and more
accurate local realisations. In addition, many applications in research and industry require synchronisation to
a common time scale. Fibre-based time transfer offers performance surpassing current satellite-based
solutions and has the potential to support fully optical time scales in the future.
Only few of the laboratories developing optical clocks in Europe can currently afford to have fibre links. To
encourage uptake, combined time and frequency services using shared fibre infrastructure are desirable. The
compatibility of optical time and frequency transfer with data traffic needs to be further investigated.
Finally, there is a need to engage with the wider scientific community to enable them to utilise the
unprecedented performance of optical time and frequency references for their research, as well as to identify
novel applications. Applications in geodesy have been identified as likely to benefit from improved
synchronisation.
Objectives
The overall goal of the project is to advance pre-existing fibre-based frequency transfer capabilities in Europe
towards a sustainable, universal tool for time and frequency metrology, matching the unprecedented accuracy
of modern optical clocks.
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The specific objectives of the project are:
1. To sustainably expand existing capabilities for optical fibre frequency transfer towards time transfer.
Specifically, this means integrating optical carrier, radio frequency (rf) and time dissemination and comparison
techniques with the aim of limiting spectrum usage to a single International Telecommunication Union (ITU)
channel. The target accuracy for the combined service is 1 part in 1018 for frequency and 100 ps for time,
simultaneously. In order to implement such techniques in existing fibre links between NMIs, it will also be
necessary to investigate how to extend the compatibility of specialised amplification techniques with rf and
time transfer. In addition, novel concepts of time transfer over fibre with the potential of reaching sub-ps
accuracy will be explored.
2. To further enhance and develop optical fibre frequency transfer technology, with the aim of human
intervention-free operation over several weeks. Also, to identify and address performance-limiting factors, with
the aim of achieving 1 part in 1018 uncertainty within less than one hour for long-distance fibre links, thus
matching the expected performance of improved optical clocks.
3. To investigate the compatibility of optical time and frequency transfer with simultaneous data traffic in a
laboratory test environment or deployed fibre infrastructure, in order to determine conditions under which they
operate mutually disruption-free. Compatibility tests will concentrate on commercial telecommunications
equipment deployed in national research and education networks (NREN) and the pan-European network
GÉANT.
4. To disseminate ultra-stable frequency and timing signals beyond the NMIs. Particular attention will be paid
to identifying the benefits of disseminating time, as opposed to pure frequency. This includes demonstrating
and facilitating novel applications in geodesy and earth observation. Specifically, essential functionalities for
the proper transfer of time between widely spaced geodetic markers will be investigated.
5. To facilitate the take-up of the technology and measurement infrastructure developed in the project by the
measurement supply chain (NMIs), standard developing organisations (e.g. ITU-T) and end users (NREN and
other fibre network operators, earth science and geodesy communities, calibration laboratories).
The objectives reflect the overall endeavour to create “optical time scales” which harness the superior
performance of optical clocks, an ambition that has driven EMRP and EMPIR projects SIB04 Ion Clock, SIB55
ITOC, 15SIB03 OC18 and potential follow-on projects.
Progress beyond the state of the art
In EMRP SIB02 NEAT-FT and EMPIR 15SIB05 OFTEN, technologies for disseminating and comparing ultrastable optical frequencies over fibre links have been developed and demonstrated. Efforts within EMPIR
15SIB05 OFTEN were focused on optical frequency transfer only.
Few time transfer over fibre techniques achieve performance beyond Global Navigation Satellite Systems
(GNSS) and combined time and optical frequency transfer has only been demonstrated in proof-of-principle
experiments. This project (Objective 1) will investigate several approaches to combined time and frequency
transfer ranging from immediately applicable solutions to exploratory research, aiming to occupy only a single
Dense Wavelength Division Multiplexing (DWDM) channel.
Operating an optical frequency fibre link at the highest level of stability and accuracy requires manually
adjusting a large number of parameters. In addition, fibre and instrumentation suffer from impairments and are
sensitive to environmental fluctuations. This project (Objective 2) will take up key issues not fully addressed
previously and will develop solutions for improved phase coherence and automated link management.
Compatibility of time and frequency services with parallel data traffic has been demonstrated in principle in the
networks of RENATER (France), PSNC (Poland) and CESNET (Czech Republic). However, there are still
reservations among network operators and equipment manufacturers which prevent widespread uptake. In
cooperation with stakeholders, this project (Objective 3) will determine under which conditions the
interference-free coexistence of time and frequency services and data traffic can be assured.
Very Long Baseline Interferometry (VLBI) has long been identified as potentially benefitting from optically
delivered reference frequencies, although this has not yet been adopted widely. This project (Objective 4) will
focus on the benefits of disseminating time, rather than frequency, to space geodetic facilities, as well as on
common clock architectures for improving GNSS data in geodetic applications.
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Results
Objective 1
A hybrid RF, time and optical carrier transfer solution based on optical multiplexing has been developed and
successfully demonstrated in a proof-of-principle experiment. The solution combines ELSTAB technology with
a standard optical frequency transfer setup in a bandwidth of just 0.22 nm, the typical pass band of a single
DWDM channel optical add-drop multiplexer (OADM). The stability and accuracy observed surpass the target
values of this objective [1].
A detailed analysis of the London-Paris link has led to the conclusion that implementing the optically
multiplexed hybrid technology is not a realistic option due to the specific technical difficulties presented by this
particular link – mainly because of the excessive loss of several > 80 km spans of fibre. The idea is now being
pursued in the context of a new national fibre link with relaxed constraints which is under construction in the
UK.
Based on the ETTUS USRP 310 common hardware platform, work on implementing a variety of modulation
schemes for optical time transfer has progressed to the point of preliminary laboratory tests. An optical frontend for demodulating phase imprinted on the optical carrier has also been developed.
The first leg of the Swiss optical fibre metrology network (L-band) connecting METAS with the University of
Basel has been successfully demonstrated by transmitting a stable optical reference frequency. The network
will serve as a testbed for combined optical time and frequency transfer using one of the modulation schemes
developed.
Objective 2
An all-digital tracking oscillator featuring phase unwrapping has been demonstrated. The digital tracking
oscillator is built on a National Instruments FPGA development platform containing the sbRIO-9651 systemon-module and a custom-designed ADC and DAC board. Its performance has been assessed by tracking the
beat note in a deployed-fibre testbed with tracking bandwidths up to 50 kHz (preliminary evidence suggests
100 kHz is achievable).
In parallel, a digitally enhanced analogue tracking oscillator with automatic lock acquisition has been developed
and characterised, achieving a 99.98% uptime in a deployed-fibre test over three days. No human interaction
was required despite frequent re-locking events [2]. Both the fully digital and the enhanced analogue solution
address key issues often requiring human intervention in operational fibre links.
A monolithic free-space interferometer has been designed, assembled and assessed. Improvements to the
interferometer and test topology have resulted in a demonstrated uncertainty below 5×10-22, well below the
target uncertainty of this objective. This extremely low level of uncertainty renders the interferometer negligible
as source of error in optical frequency comparisons over fibre.
The performance and the reproducibility of the frequency transfer over the 1400 km long fibre-loop PTB–
University of Strasbourg–PTB has been studied in-depth [3]. This fibre link combines in-field fibre Brillouin
amplifier modules with an in-field repeater laser station. 82 continuous measurement runs longer than 20000 s
were analysed, establishing a baseline against which future improvements can be assessed.
Improvements to the software of Brillouin amplifier modules (FBAMs) and automatic polarisation controllers in
use on the PTB-UoS and LPL-NPL link have already resulted in a reduced need for human intervention. The
evaluation of the performance will continue and will be used for tweaking the algorithm further.
A different approach to polarisation tracking, borrowing from technology widely used in optical data
transmission systems, has also been developed and demonstrated [4]. This alternative approach is based on
a dual-polarization coherent receiver (optical hybrid) and digital signal processing. It has been shown to be
extremely robust against polarisation changes, even very fast ones which tend to defeat polarisation controllers
based on mechanical actuators.
Objective 3
The implementation of metrological time and frequency transfer systems in DWDM networks is a possibility for
telecommunication equipment suppliers, especially in transferring uni-directional foreign signals. Already, tests
of frequency transfer (uni-directional) in a DWDM network have been carried out [5], demonstrating the
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limitations of this approach. One of six vendors reject the possibility of modifying equipment for bi-directional
transfer, the rest are open to experimentation but approach it with great reserve.
The amount of phase noise induced (Cross-phase modulation) by intensity-modulated wavelengths on
coherent channels can be investigated by simulation campaigns. The results from this project estimate the
phase noise with respect to system parameters, as frequency spacing, dispersion, dispersion compensation,
etc. So far, analyses do not include polarisation effects – these are currently under investigation.
Parallel data traffic and bi-directional metrological systems in the C-band have previously been used
successfully on the RENATER network. Within this project, this technology has been implemented on one
other network, following intensive talks and detailed technical discussions with the network operator(s). No
issues resulting from the sharing of the fibre with data traffic have been observed in several months of operation
of this network.
The tendency of DWDM hardware vendors to integrate several optical modules into a single card, especially
combining RAMAN with EDFA amplifiers, presents hurdles for the parallel transfer of data and metrological
signals in the C-band with conventional solutions. In collaboration with the GÉANT Project GN4-3, solutions
for the transfer of metrological signals in the L-band are being tested using newly implemented transmission
systems in the GÉANT network.
A dedicated testbed for bi-directional transfer tests using a DWDM system has been assembled. The testbed
includes EDFAs, Raman amplifiers and optical switching functionality and can simulate several 100 and 200
Gbps coherent data channels. A portable version of a hybrid RF and optical carrier time & frequency transfer
solution has been prepared for installation at the testbed.
Objective 4
Contact has been sought and a scientific discussion has been established with specialists on Earth rotation.
Work is being aligned with the H2020 project CLONETS-DS, to exploit synergies and maximise the impact of
both projects.
A 1300 km optical frequency transfer link has been established between the radio observatories of Medicina
and Matera (Italy) and has been used to perform common-clock very long baseline interferometry (VLBI) [6].
The results confirm that this novel approach, which directly addresses the clock-related uncertainty of the VLBI
global solution, is feasible. Moreover, the two VLBI facilities now can build on the state-of-art time and
frequency standard disseminated by INRIM, in line with our objective of making the power of metrologicalgrade instruments available to science users.
Impact
Early outputs from the project have been accepted for presentation at several national and international
conferences. The major European conference in the field, EFTF 2020, was subsequently cancelled due to the
COVID-19 pandemic. However, 4 submissions to EFTF from the consortium were later transferred to IFCSISAF 2020, which was held online in July. Output so far includes 8 peer-reviewed publications, of which 3 have
resulted from international collaborations.
A 2-day virtual stakeholder workshop on “Time and frequency dissemination over optical fibre networks” is
being organised for 9-10 February 2021. Speakers have been confirmed and registration is open. The agenda
also includes discussion sessions to collect information from the participants about their requirements, and a
post-workshop survey has been prepared to follow up on this. The workshop is being advertised through
partners’ networks and directly to the participants and interested parties of the in-person workshop planned for
March 2020, which had to be cancelled.
Impact on industrial and other user communities
Hardware and software developed within this project, for example [2], [4], [7], will be incorporated, over time,
into commercial products. Commercial systems, sub-systems and components resulting from outputs of this
project will, in turn, facilitate the uptake of time and frequency services by the metrological and wider scientific
community. The benefits of optical time transfer in supporting 5G networks have been highlighted recently in
IEEE Communications Magazine [8].
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Best practices regarding the compatibility of time and frequency services and data traffic will be communicated
to network operators (specifically NREN) and equipment manufacturers and will enable new fibre links being
implemented. Our ongoing cooperation with GÉANT, Europe's leading collaboration on e-infrastructure and
services for research and education, is an example of such activity.
Impact on the metrology and scientific communities
Improvements to the ability to inter-compare optical frequency standards will be immediately available to the
existing core network NPL-SYRTE-PTB-INRIM. Added time transfer capability will enable connected NMIs to
inter-compare their time scales with higher accuracy and more rapidly. Benefits of fibre-based synchronisation
identified in this project have or will be made available to a number of space-geodetic facilities including Matera
and Medicina observatories, where a first experimental demonstration has been performed [6]. Chronometric
levelling and other scientific applications will benefit from enhanced reliability and automation. Always-on fibre
links and an “open data” approach have the potential to transform the way tests of fundamental physics are
performed.
Longer-term economic, social and environmental impacts
Time and frequency dissemination technology developed within this project, along with optical frequency
standards, could lead to an improved international time scale UTC, with applications in monitoring
telecommunication networks and GNSS ground clocks, such as the Galileo Precision Timing Facility. Fibre
optic delivery of secure, traceable timing could also help increase the resilience of critical infrastructure
otherwise reliant on GNSS synchronisation. Improvements in geodetic and gravimetric measurement
capability resulting from this project could contribute to tackling environmental challenges related to e.g.
terrestrial water storage, ice mass changes and sea level variability. Chronometric levelling can provide longterm stable fix points for height grids leading to the unification of European height systems.
The high density of inter-connected (or inter-connectable) clocks puts Europe in a unique position to play a
leading role in the redefinition of the SI second. It also facilitates large-scale dissemination of time and
frequency references that otherwise would only be available at a few laboratories, to scientific or industrial end
users. This project is another step towards a pan-European fibre network for time and frequency dissemination,
and it will help ensure that European businesses and society are first to benefit from optical timing.
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