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ABSTRACT

We present the current developments performed aE-BMRTE, to produce a new time reference, called
UTC(OP)_Maser. This time reference aims at takiagdifits of our clock ensemble: the short term #tglnf a
hydrogen maser, the mid term stability of our enslenof industrial cesium clocks, and the accuracguw three
cold atom fountains. This paper describes an algarthat produces a timescale optimised in termgaifility over
averaging periods of 1-2 months, with a weightedrage of the cesium clocks data. We also presenstéering
processes, involving the fountain calibrationsdtive the timescale towards UTC, and to control iydrogen
maser. The simulations, based on past data, shoim@mvement of a factor of 5, in terms of time @exy,
compared to the current UTC(OP). The first expentakresults demonstrate a gain of more than oderoof
magnitude on the short term stability.

INTRODUCTION

The time reference UTC(OP) is the real time re#iiraof the Coordinated Universal Time (UTC) foraRce,
produced at Observatoire de Paris. It is curremtlyed on the manual steering towards UTC of theubsignal of
a single industrial cesium beam clock, accordingth® departures monthly published by the BIPM (Bure
International des Poids et Mesures) in the CircllaiWith this system, we maintained the differejodC -
UTC(OP)| below 80 ns over the past 10 years. UTG(©RIso the pivot for the time comparisons witir other
industrial clocks (seven cesium beams and fourdgein masers), and the time reference for the tiarester links
by GPS and TWSTFT, that allows distant comparigorather laboratories and the connexion to the BIPM the
other hand, we use the output signal of a freeingnhydrogen maser as a stable frequency referfendée time
transfer links. This frequency reference is alsstriiuted to our four Primary Frequency Standatls,thermal
beam JPO, and the three cold atom fountains FO2,df@d FOM, and to the other experiments under dpvetnt
in the laboratory (optical clocks, miniature clocks.

In this paper, we describe the current status et#velopment we have undertaken a few years ddo {thprove
the performances of UTC(OP). We have developednatimescale UTC(OP)_Maser, based on the steeririgeof
output signal of a hydrogen maser by a weightedamesof the industrial cesium clocks data, to tadweefits of the
short term stability of the maser and of the logignt stability of the clock ensemble. The free ragniimescale is
then steered towards UTC using its calibration rggaihe Primary Frequency Standards, and usindréaeiency
departures of TAI from the Sl second, as publishethe Circular T by the BIPM. The stability algimin, inspired
from AT1 developed by National Institute of Stardfaand Technology (NIST) [2, 3], is described iatieam 1. We
present the steering processes in section 2 arfiighexperimental results in section 3, beforedaclude.

STABILITY ALGORITHM

We have developed a robust algorithm based on ghtexl average of the industrial clocks data to pceda free
running timescale, called EAL(F), optimised in terof stability for averaging times of 1-2 monthsisl period

corresponds to the delay before the availabilityedv calibration data from the Primary Frequenan8ards and
from the Circular T, for the steering of the timalgctowards UTC.

The stability algorithm is based on the AT1 metlisdeloped at NIST years ago [2, 3]. This was chadethe

beginning of the study because of the simplicitg dhe reliability of the algorithm that demonstsatgood

performances. The method is based on the phas¢hanflequency predictions of the clocks with respgecthe

ensemble, determined at each step of the calcnlafioe clock model also includes a possible frequetrift. The

weight attributed to each clock is calculated fribva phase error between the predictions and theunements. In
order to smooth the clock fluctuations, the aldornitalso includes exponential filters on the freqiesy the
frequency drifts and the prediction errors.



We have implemented and optimised this algorithimmgueur cesium clocks data accumulated over thepgears.

These data stem from daily comparisons betweenltioks and UTC(OP), measured by time interval cexsntTo

face events such as missing data, phase and fregetaps, or the failure of a clock, unavoidablerdeng periods
on a real time operational timescale, we have implged in the algorithm a default detection modihiat

automatically excludes the defective clock from #msemble. For that purpose at each step of thoeithlign, we

calculate phase predictions of the clocks, and @eephem to the measurements. The clock is elieihdtthe

difference is higher than a threshold of 20 nsefsure the phase continuity during the rejectios compute one
step back the timescale for two times, with anchauit the defective clock. The phase continuity ections to be
applied to the remaining clocks for the next stepthen the differences between the phase predsctibtained in
both calculations. On the other hand, if the falaf the clock disappears, or if a new clock isilabée, the

algorithm automatically introduces the clock in #resemble. This is performed after an observat@iog of 10 or
180 days of the clock against the timescale, ferinitialization of its parameters.

We tried to optimise the stability of the EAL(F)itlvother weighting methods, such as the Alland#ad deviation
at 30 days. Indeed, once the timescale computéiparformed, one can calculate the Allan deviatwer a given
averaging period for each clock against the ensenWike estimated that 180 days was long enoughtitnas the
Allan deviations at 30 days with a sufficiently lastatistical uncertainty. This induces that a longleservation
period is necessary for the introduction of a néwelg compared to the weighting with predictioncer¢10 days).
This could affect the robustness of the algoritintase of a low number of clocks in the ensemble.t¥¢ted a
third weighting method based on a simple averagiefrediction errors and the Allan standard dena. The
initial idea was to affect a stronger weight to ttlecks the most stable both on the short termly(daiediction

error) and on the long term (Allan standard dewigti

We also try to reduce the timescale long term feegy fluctuations, which depends on the clock feagies. The
more the weight of a clock is growing, the more frefjuency of EAL(F) depends on this clock. In @arly

computations, the initial frequency of a clock wast an evaluation against the timescale. One cexjibct to
reduce the fluctuations of the timescale, if we pensate the initial clock frequencies. This hasltested with
two methods: the correction corresponds to thquigacy of the clock either at the beginning of dfservation
period or at the end of the observation period,mthe weight is allowed to grow.
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Fig. 1: Overlapping Allan deviation of the free nimg timescale compared to UTC, after removing adgatic fit
on the phase comparison. The timescale is comgatetie different combinations of the three differeveighting
processes (Black: prediction error; Red: Allan dtad deviation, Blue: the average of both), assediavith the
three methods to correct the frequency of the dogken introduced in the ensemb®: (no correction;O:

correction at the beginning of the observation qukrih : correction at the end of this period). Black fitgpical
stability of a single cesium beam clock.



In Fig. 1, we present Allan deviations of the diffiece between UTC and EAL(F), computed with thekldata of
the past ~5 years, after removing a quadraticrfitte phase comparisons. The nine dot curves qamesto the
different combinations of the three weighting presms, and the three initial clock frequency coiwacimethods
when introduced in the ensemble. We observe tieashiort term stabilities are almost the same feraming times
lower than 30 days. There are small variations betwl and 2 months, which is our integration peabuhterest.
If we compare the first two initial clock frequencgrrection methods (no correction or at the bdgmrof the
observation period), we observe no significanteddfices, for a given weighting method. If we lookhese 6
curves, as a function of the weighting process,deduce that using the Allan standard deviation awes the
stability. The best results are obtained with thiedtclock initial frequency correction method (elehined at the
end of the observation period). The stability isslsensitive to the weighting process in thesescadle reach a
stability better than 3 x 18. This is a gain of a factor of ~2 compared torlsi cesium clock (black line in Fig.
1). This is consistent with what could be expecttdie consider the number of weighted clocks ie timescale
(between 4 and 6, over the computation period).

STEERING PROCESSES OF AN HYDROGEN MASER TOWARDSUTC

The role of EAL(F) is to produce a stable referekeeping the memory of UTC between two publicatiohshe
Circular T. At this step of the discussion, theefreinning timescale has arbitrary phase and frexyueffsets
against UTC. Thus, before to steer the hydrogeremase calculate an intermediate calibrated timlescalled
TA(OP). For that purpose, we have taken benefithef three atomic fountains currently in operatednLNE-
SYRTE: FO1, FO2 and the mobile fountain FOM. Theusacies are ~ 4 x 1 for the first two fountains and
~ 7 x 10" for the third one [4,5]. The operation of the Rxiyn Frequency Standards is almost continuous since
few years, and data are regularly transmitted ¢oRHPM to participate to the monthly steering ofiss Atomique
International (TAI) and to the computation of thesBcond. These data are also used internallyh®frequency
correction of the other French timescale TA(F)1pB,The steering method of EAL(F) is somehow simitathe one
applied to TA(F). We estimate monthly a frequencyrection from the average frequency differencenvben
EAL(F) and the fountains. But contrary to TA(F), ialnis a post processed timescale, we use thigction as a
prediction of EAL(F) frequency for the following mth. In addition, a second correction is necesdary
compensate the small departure between the fregpseof UTC and the Sl second. The value of thifedéhce is
given by the parameter d = TAI - Sl published ie fBircular T. Fig. 2-a gives the resulting phaséedinces
TA(OP) - UTC over the past 540 days. We observeTA4OP) is affected by a residual phase drift @iolly due to
the delay of 1 month for the calibration of EAL(&Qainst the fountains. The corresponding averagguéncy of
TA(OP) with respect to UTC is of the order of 8 % We have plotted in Fig. 2-b, the overlapping Alla
deviations of EAL(F) - UTC and TA(OP) - UTC. Theaghs show that the steering has no major effedhen
stability for averaging periods lower than 10 d&Bst it produces a ~ 3 x ¥®bump around 30 days, as expected.
For longer periods, the frequency drift of the fremning timescale is well compensated and theil#jabf
TA(OP) - UTC reaches 1 at 60 days.
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Fig. 2: (a) Phase comparison of TA(OP) and UTC(®MASER to UTC; (b) Overlapping Allan deviation of
EAL(F) - UTC, TA(OP) - UTC and UTC(OP)_MASER - UTC



The main difficulty in the steering of a hydrogeasar towards UTC using TA(OP), is to find the hiesde-off that
preserves the short term stability of the maserthedong term stability of TA(OP). We have thuosbn to use
adjacent averages of the comparisons between therraad the steered timescale, in order to smbetkHhort term
fluctuations of TA(OP). The steering is appliedigaind consists in the sum of three correctionst,fa frequency
correction based on the average evaluated ovgra$ie10-20 days; second, a frequency drift cowaalietermined
over the last 30-40 days; and third, a frequencyection based on an initial evaluation of the irexacy difference
between UTC and TA(OP). The value of this manuadjfiency correction is 7.8 x 10 The averaging periods
depend on the maser behaviour and are determirptimentally. The best results are currently olgdiwith the
maser H890, which is the most predictable. It Has the lowest frequency drift. The overlappingahlldeviation

of UTC(OP)_MASER - UTC is plotted in Fig. 2-b. Themp on the stability at 30 days increases to 4%,1
compared to TA(OP), because of the additional ctioes. The deviation is also slightly degraded Ilfmmger
averaging periods. We observe an improvement avanaging period of 5 days. This is due to the fhat the
stabilities of the maser and of UTC are both bettan the one of TA(OP) for this integration tinfdais indicates
that the steering process does not dramaticallgcathe short term stability of the maser. The phdifference
UTC(OP)_MASER-UTC for the last ~540 days is plotiedrig. 2-a. We observe that the departures reieliow

15 ns, which is a very good result. We are nevirtiseaware that the difference could increase énfiiture.
Indeed, a residual slope is clearly visible on UDEB] MASER — UTC. It corresponds to a frequency of
~ - 4 x 10" Hence, to compensate from slow evolutions oftitnescale or the hydrogen maser, we will probably
have to change the manual correction in the fuflinés correction might be updated by considering plast ~ 6
months.

FIRST EXPERIMENTAL RESULTSON UTC(OP)_MASER

The automatic daily calculations of EAL(F) and TX) have been implemented since the middle of 280¢he
beginning of 2010, we have also started to produpaysical signal of UTC(OP)_MASER. For that puose
use the backup micro-phase stepper of UTC(OP)eter gshe output of the maser. To characterize thg term
performances of the new timescale, we have instale additional time interval counter, operatedhwit PPS
signals, to measure the phase differences UTC(OBYE€(OP)_MASER. The comparison to UTC will be
performed by using the differences UTC - UTC(OP)lizhed in the Circular T. The number of accumuatata is
nevertheless not sufficient for the moment to agtles time accuracy with respect to UTC of the tievescale. To
evaluate the short term performances, we used @uMHz mutli-channel phase comparator. This deidda fact
already used to monitor continuously our four hygdno masers. We have added the measurements ofMiéz5
output signals of UTC(OP) and UTC(OP)_ MASER, afteguency multiplications by a factor of 20.

Fig. 3 gives the Allan deviations we obtain, afdmost 2 months of continuous measurements. Thedbw
deviation corresponds to the comparison betweeroH88 H890. The stability of the comparison de@edsom
10" at an averaging period of 1 s to*#Gbove 3000 s. The stability reaches then a flidlaar, before to be
degraded because of the masers drift. The bluesdarthe deviation of the comparison between the funning
H890 and UTC(OP), dominated by the noise of the tieference. The stability is characterised by #entpise of

8 x 10" x 12 over any averaging period, except before 4 s, where we probably see the lock of the imtlern
quartz oscillator on the cesium atoms resonance. tl@n red curve, we have the deviation of H890 -
UTC(OP)_MASER. For integration times lower thari 30 the stability is degraded by the micro-phasepstr.
Indeed, this device is more adapted to the perfoces of a cesium clock. We had tested earlier gfegation of
this actuator, and we found out that the deviceraips with phase steps of several ps, with a rapetrate
depending on the applied frequency correction. @be curve shows the deviation obtained for a fregye
correction of 5 x 18% which is a factor of 2-3 higher than the currstetering of H890 in the new timescale. This
stability is comparable to the red curve. The glighiference is probably due to changes in the mnessent
conditions. The red curve shows also that the raiseto the micro-phase stepper reaches the niasemabove an
averaging period of . For integration times of about 1 day, we bégisee the frequency steering. These results
show that the short term stability of the new tinsds UTC(OP)_MASER is dominated by the noise aduethe
steering actuator. This is nevertheless an imprevgraf more than 1 order of magnitude comparedhe¢octrrent
UTC(OP).
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Fig. 3: Allan standard deviation of H890 - H889,9498 UTC(OP) MASER and H890 - UTC(OP). The firsttpat
each plot is made from a set of rough data measwitbda sample time of 1 s. The second part is nfexta data
averaged over 1/100 day. The circles correspoiaah tarlier characterization of the micro-phasepstep

CONCLUSION

We presented in this paper the development anduhent status of the new timescale UTC(OP)_MASERS
time reference aims to combine the good short ®ahbility of a hydrogen maser, the mid-term dewiatof our
ensemble of industrial cesium beam clocks and ¢baracy of our three cold atom fountains. In & itep we have
developed a robust and reliable algorithm, base®lk&T AT1, that computes a weighted average ofcégum
clock data. This algorithm produces the free rugrimescale EAL(F), optimised in terms of stabildayer 1-2
months. The time reference is then steered towdnds to produce TA(OP), by using the frequency calilons
against the atomic fountains. We apply an additidrequency correction based on the departure miwbe
frequencies of TAI and of the Sl second, as catedland monthly published by the BIPM. We finaltges the
hydrogen maser towards this calibrated timescajecdmpensating the frequency and the frequency dfithe
maser against TA(OP). The determination of theseections is performed while using adjacent averggif the
past data to smooth the short term fluctuationAfOP). We also apply also a manual correction tase an
initial evaluation of the frequency difference betm TA(OP) and UTC. The simulation of UTC(OP)_MASER
performed with the last 540 daily measurementssgts a departure to UTC between +/- 15 ns. Wertimless
anticipate possible higher fluctuations in the fatuVe hope that with updates of the manual frequenrrection,
evaluated over periods of ~6 months, it will be glole to maintain the timescale within +/- 30 nghaiespect to
UTC. We have implemented a complete setup for #ve timescale. We use the backup of UTC(OP) micrasph
stepper to control the output of the maser H890tarroduce a physical signal. The characterisatiote short
term stability of the time scale shows an improveimef more than a factor of 10 compared to the esurr
UTC(OP). We observe nevertheless a degradationialtiee micro-phase stepper. We are currently etialyahe
long term performances of UTC(OP) MASER against UT@is validation will last until the beginning ofext
year before to replace the current UTC(OP).

According to the good short term stability of thagsers, the accuracy of the fountains and their stimoattended
operation for 1 or 2 years, we are planning to peoed in the future, the time reference with theeentde of masers.
For that purpose, we have started to adapt theritiiges described here to the behaviour of the nsasEne
objective is, in a first step, to produce a moebk and accurate frequency reference that widisgibuted in the
laboratory to the time transfer links, to the prisnfrequency standards and to the optical clocke delivery of a
new maser this year should help for the robustoEse new reference.
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