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In this work we demonstrate for the first time that it is pﬁ?s?lgll;at?)ttransfer simultaneously an ultra-stable optical frequency
and a precise and accurate timing over 540 km using a public telecommunication optical fiber networks with Internet data.
The optical phase is used to carry both the frequency information and the timestamps by modulating a very narrow optical
carrier at 1.55 um with spread spectrum signals using two-way satellite time transfer modems. The results in term of absolute
time accuracy (250 ps) and long-term timing stability (20 ps) well outperform the conventional Global Navigation Satellite
System or geostationary transfer methods.
1. Introduction

In the last five years ultra-stable optical fiber links have been successfully developed enabling precise and accurate frequency
transfer with fractional frequency stability in the range of 10™ after only 3 hours of measurement. Recently ground-breaking
frequency transfer has been demonstrated on a record distance of 920 km on dedicated fiber [1]. We extended this technique
to public fiber network with simultaneous data traffic, providing a scalable technique for the extension at the continental level
[2,3]. This approach is much more accurate than satellite-based frequency comparisons using the Global Paositioning System
(GPS), or other satellite-based techniques. This opens the way to accurate remote clocks comparison, when modern atomic
clocks have already demonstrated accuracy in the range 10°-10™" [4-8]. This is a key-point in advanced time-frequency
metrology and for advanced tests of fundamental physics [9]. Accurate frequency plays also a key role for geodesy, high
resolution radio-astronomy, modern particle physics, and for the underpinning of the accuracy of almost every type of
precision measurement. For all these applications, accurate timing is also essential and gives the opportunity to precisely
synchronise distant experiments. A salient case is the neutrinos speed measurement from CERN to Gran Sasso. Fiber-optical
two-way time transfer methods have been demonstrated on dedicated links with an accuracy of the order of a few tenspstoa
fraction of a ns [10,11]. Long distance accurate time dissemination is usually based on the signals of the Global Navigation
Satellite System (GNSS), or dedicated geostationary satellites, with timing accuracy of the order of 1 ns in the best case
[12,13]. In this work we present a novel method to simultaneously disseminate an ultra-stable optical frequency and accurate
timing over a public telecommunication network on a 540 km optical link simultaneously carrying Internet data traffic, using
a dedicated “dark” channel.

2. Experimental set—up description.
This method exploit an ultra-stable laser at 1.55 pum to carry both the frequency information as shown in Ref [3] and the
timing signal through optical phase modulation. Figure 1 shows the scheme of the experiment. The 540 km-long optical link
(LPL-Reims-LPL) depicted in Fig. 1 (i) is identical to the one reported in [3]. The link starts and ends at the LPL laboratory
(Laboratoire de Physique des Lasers, Université Paris 13) in order to have the possibility to compare the signals at both ends
and evaluate the distribution performance. It uses the fibers of the French National Research and Education Network
(NREN) RENATER. It is composed of five different fiber spans. In each span, there are two identical parallel fibers. The
third, fourth and fifth spans are long-haul intercity simultaneously carrying internet data traffic. Optical Add-Drop
Multiplexers (OADMs) enable to extract and insert the science signal into the telecommunication fibers. Total end-to-end

attenuation for the 540 km link is in excess of 165 dB. With the help of six bidirectional EDFAs and a total amplification



about 100 dB, the net optical losses exceed 6%idBre 1 (i) shows the hybrid time comparison altd-stable optical
frequency distribution system. The detailed detsonpf the ultra-stable optical frequency dissextiim is given in [3].

Here we briefly recall the operation of the optiaiita-stable frequency transfer: the frequencyatigonsists of the
frequency of an ultra-stable cavity-stabilisedrashich feeds the optical fiber. The fiber progegenoise is detected and
compensated by comparison of the input optical elwith the signal phase after a round-trip, thatoksin optical
interferometer. Corrections are applied using ausin-Optical Modulator (AOM) operating around 4611 For sake of
simplicity we gather all error signal processingchions into a symbolic box called Optical Phasdifstation Unit (OPSU).
At the far end of the link the optical signal igeeerated by a narrow linewidth laser (3 kHz), pHasked on the incoming
light, and frequency-offset by 79 MHz. The optitatjuency transfer stability is obtained by measittie optical beat-note
between the ultra-stable laser A and the laser B.

Concerning time transfer, signals are provided pgiaof two-way satellite time transfer modemg|.[These signals are
generated by relating the phase of a pseudorandz@ modulation (20 Mchip/s) on a radio frequerayier signal (50-
80 MHz) to the one-pulse-per-second (1 pps) andV/iddb reference signal from a common clock. Orthej@pecific
pseudo-random codes are allocated to each modére.devis equipment correlates the received sigitlala local replica
of the signal expected from the transmitting sité measures the time of arrival of the receivedasigith respect to the
local clock. A computer collects the time of arfivBboth modems and computes the differential tielays.

We implement an approach similar to the one usedherent optical telecommunication to encodeirthe signal on the
optical carrier. At each link end the laser is phramdulated by a fiber pigtailed electro-opticalduiator (EOM) with
frequency shifted replicas of the time signal & Mtz and 700 MHz respectively. These frequendsshie chosen to
avoid interferences between optical signals anavalefficient filtering of the time comparison sidg1 The low modulation
depth (~1%) and the spread spectrum nature of duilaiing time signals lead to very pure opticacgiim, allowing
optical frequency carrier transfer to operate withdegradation. The time signals are recovered ryogtical
heterodyne beat-note of the local laser with treoining signal at each link end. After successiegdency
mixing and filtering the spread spectrum time sigrexe processed by the modems. This step is ividltr
considering the frequency width of the pseudo-ramdodes (~20 MHz) and the large dynamic of thealigm
the detection system, where parasitic signals dstray reflections are 40 dB larger than usefyhai.

3. Results and discussion.

The frequency transfer stability and the timindpiitg/jitter were simultaneously measured and@otted in Fig. 2. The
frequency stability of the link reaches a resatuti 10" at 30 000 s averaging time, which is almost idahtd the one
reported in [3]. The time stability shows a noiless than 20 ps over the whole measurement tiniedp

The delay calibration is a prerequisite of acculasemination of timing signals. Since the fibatical length is unknown
and fluctuates over time, a rigorous calibraticat i needed to guarantee the independence ofsteensfrom the fiber
length. This calibration procedure is a standarthoaein time&frequency metrology [15]. We change fitopagation
length by “shortcuts” in the accessible placesgtbe long-haul optical link. We vary the link Iémdgrom 10 m to 94 km,
400 km and the total length of 540 km. The ovéréllattenuation is maintained nearly constantiwi#f? dB by inserting a
variable optical attenuator into the common fibathpThis minimizes the impact of the received padependent delay
variations in the modems. We measure that theatitial time delay variation versus distance im@ast 50 ps. In addition
we checked the system sensitivity by changing diseepof the signals from the optical detectionaifheé modem input. As
long as the modems operate in optimal conditienl@w input power level), the system shows a mefit below 15ps/dB.

We also perform several tests of disconnectionftiom, power shutdown and restart without meagappreciable time



delay variation. Test on fiber spools of 25 kmkB() 75 km and 100 km are consistent with the abeperted results. This
method is strongly immune against fiber chromasipetsion due to the very low frequency/waveledgtarence between
the two counter-propagating time signals (abou@®42/2.4 pm). The overall effect for the 540 knk lis below 25 ps. The
timing fluctuations due to Polarisation Mode Disjmen (PMD) penalty is also well below 20 ps derifiesin previous
telecommunication fiber network characterizatioraddition, we vary the input polarization staiegitefevre’s three-loop
rotating wave plate and we did not observe anyfisignt variation within a measurement resolutiéd@ps. It is worth to
note that both time measurements are collocattisiexperiment so that the set-up is not sensdivigagnac effect. The
preliminary conservative accuracy budget of 253 psainly dominated by phase jumps of about 50s80he Figure 3
shows typical data over a period of more than Xsvgmissing data are due to technical issues)ofigies of such jumps
are clearly related to the propagation in the lasgl- Internet fiber link. Additional tests perfornBy replacing the long-
haul link with fiber spools did not reveal any phasnps over several days of measurements. The ohsisch behavior is
not yet well understood. Its analysis is difficat these scarce phase jumps happens randomlythéss the system is
quite robust, in addition to the results preseintdeigure 3, we have several runs of about one Vaekhich the peak-to-
peak time fluctuations are below 200 ps while oag-fluctuations are in excess of 10 ns. The resulisrms of timing
stability and accuracy clearly outperform the iébchniques [12].

We believe that in the case of slightly lower filmsses and better distribution of the optical #ation such a link can be
extended over more than a thousand of kilometias. method of accurate time transfer can be extetmleegmented
optical links with intermediate optical regenenat&iations [2,3] providing RF signal processindnb@ues coupled with
calibration procedures. This method can be imprdyedeveloping new modems with wider pseudo-randodes for
instance. The scheme proposed here can be dhasiicgdlified if one focus only on time transferras ultra-stable laser is
needed anymore. It is important to point out thatuse of heterodyne detection method allows dpenaith very large
optical losses, for which classical Intensity Madioh (IM) techniques are ineffective so far. Tristhod has been proven
to be adequate to non-dedicated fiber and instaliggthaul fiber link carrying Internet data. Thigens the way to wide
frequency and time dissemination on a continentdéssince NRENSs together with transnational fil@works such as

GEANT in Europe could be used for that purpose.
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Figure Captions

Figure 1 (i) layout of the long distance optichkfi link, OADM (Optical Add-Drop Module), DWDM (Dee Wavelength Division
Multiplexing), DCF (Data Center facility) (i) Sheft of the experimental set-up; FM : Faraday mife@,: photodiode, AOM : acousto-
optic modulator, EOM : electro-optic modulator, @QRP®ptical Phase Stabilization Unit, PLL : Phaseked Loop.

Figure 2 fractional optical frequency stabilitygbk circles, left scale) and timing stability ircpseconds (red squares, right
scale) for the 540-km fiber link.

Figure 3: One-way time delay (blue plot, right gvasd differential delay (black plot, left axis)rgas time for the 540-km
fiber link (constant calibration time offset remaven both plots).
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