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Abstract

The Russian Navigation Satellite System (GLONASS) provides interesting opportunities for
international time metrology. The GLONASS constellation isnow in the final stage of
construction andcan alreadybe used for international time transfer At least19 national time
laboratories arenow equipped withthe most recent GPS/GLONASS time receivefie BIPM
collectsdata from hese receivers anig now publishingrelated time links. GLONASS links are
now compared ora regular basis ® GPSlinks and will also soonbe comparedo TWSTFT
links. This paper reportghe latest resultfrom the BIPM.

INTRODUCTION

Over the last 50 yearshe accuracy of atomic clocks has improved by an order of magnitude &very
years. Today, in metrology, we are witnessing the birth of a number of new and innovative frequency
standards.These devices have accuracy of abopift in 10 and seem to have shderm instability
approaching Jart in10'®. This corresponds ta clock having the capabilityf maintairing a kevel of
performance corresponding 1® picoseconds/dayAs the newest devices are not transportable dmnd

not operate continuously, it is importantite able tacompare themwithin a reasonablkength oftime in

order to determine the existence gfstematic differences A measurement with a precision of 1
nanosecond over a bur period corresponds 110 i n frequency. Therefore,
levels, it would take weeks to compare two such devices. That is why it is important to develop and
improve time transfer methods to allow these comparisons to be made within a redsoggiotd time.

For this reasaorthe timing community iglevoting much effort téthe development of new approaches to
time and frequency comparisondmong them arglobal navigation satellite systef®@SS techniques

based on mulchannel GPSand GLONASSC/A-codes, P-codes and carrierphase masurements,
temperaturestabilizzd antenng and standardaion of receiver software.

One of the newstapproaches to time and frequency comparisons consists of using GLONASS (Global
Navigation Satellite Systen}/A-code andP-code Use of GLONASS in standard CGGTT®mmon
View modewas proposed in 199&,2], has been the object of several stufi&es].

GLONASSsystemtime is steered to the Russian representation of UTC to keep the system time within
microsecond of UTGSU). But unlike GPS time GLONASS timdollows UTC seconds, so it is not a
continuous timescale Unfortunately during adjustments for leap secondscess to GLONASSignals

is subject to discontinuitiesThis creates some problenizut does not hava significantimpact on the

use of GLONASS for time metrology.In fact, GLONASS is the onfGNSS complyingwith all
international recommendations related to U@lthoughis payingfor thisas mentionedbove.
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In this paperwe reporton GNSS timereoording at the BIPMand especially o GLONASS time Next,
we describe calibration adhe GLONASS time links, and computation of GLONASS Comrwew
(CV) time links and their comparison with GPS -AllView (AV) time links. Finally, we describehe
introduction of GLONASS CV time links intthecomputation of TAI/UTC.

GNSS SYSTEM TIMES

All the GNSS rely on precise time to enable precise ranging measurements for positioning, where the
requisite is intresystem consistent synchronizatiofhey maint@ internal system times to provide this
navigational service, and these system times do not need to be related to external standards. System times
are formed using system clock ensembles. They may be steered to an external time scale considered to be
the reference maintaining constraints on their maximum tolerated departure.

This is the caseof GPStime, which follows UTC modulo 1 secondvia its local representation

UTC (USNO) maintainedat the U.S. Naval Observatory (USNO) (see Figute3). GPS timeis
continuous and is not adjusted for leap seconfisis currently 15 seconds ahead of UTC within a
precision limitof less than tens of nanoseconds.

GLONASS timas steered to the Russian representation of UTC to keep the system time Mwithin
microseond of UTC(SU) (see Figure). However unlike GPS time GLONASS timéollows UTC
seconds, so it is not a continuous tiswale Unfortunately during adjustments for leap secondscess

to GLONASS might be subject to discontinuitiek.should be nted thatthe GLONASS timeeceivers
were not calibratedbsolutely, and their readings hareaccuracy only of some hundreds of seconds.

Safe operation of GNSS requires system tithes should preferablyhot apply UTC leap second6].

This request is ausing major difficulties to designers of GNSS, as there is not an ideal solution for
choosing a reference epofdr numbering secondsThe ypcomingsystemsi such aslapanese QZSS,
Chinese BEIDOUandCOMPASS, and Indian GAGAN an&INSSi face similar dificulties.

It should be stressl that system times are pseditioe scales, which are not dedicated for metrological
applications. They shalld be regarded as beimgernal technical parametei@nd not as reference time
scales.

However, the GNS&epreent by far the moswidely availablemeans to obtaiaccurateJTC; GPS and
GLONASS respectivelydisseminatecorrectionsto their systemtime to obtain UTC (USNO) and
UTC (SU). Galileo will also broadcast a physical realization of UTQyithgrobably theother GNSS.

The recording and publishing GPS timeand GLONASS timén BIPM Circular T[7] are reported in
Figures 1 and 2.
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[UTC-GPS time] from Circular T since year 2004
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Figure 1. [UTC-GPS timé (in blue) and Figure Yalues of JTC-GPS timé(in pink)
[UTC-UTC(USNO]) (in pink ) fromCircular T and UTC-GLONASS time(in blue) from
sincetheyear 2004. Circular T sincetheyear 2004.

ConcerningGalileo Syssm TimgGST), we address here onthe numbering of seconds and ribeother
characteristics of GSTFromthe very begining of the Galileo projecit wasdecided thatGST should
fulfill all international recommendatiof8]; however like GPS timeijt should be a continuous tinseale
without leap seconds.

At first, the use of TAlwas considereds reference foGST. However, there was concetinat in this
way GST would become theniquephysical realization of TAI This could lead ta@orfusion, asTAl
was never intendefor broadcasting. Finally, for the sake of interoperabilitwith GPS,it has been
decided that GST will have the sam#mbering of secondsGPS timgsee Figure).
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Figure 3. TAI'T Time scale (i) for UTC, GPS time GLONASS timeand Galileo time
(differences in secondsNote change of definition d@balileo time
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Table 1. Differences in seconds between various GNSS times TAIl, and UTC in
November 2009 (differems smaller than 1 s aneglected).

GPS time: steered to UTC(USNO) modulo 1s
[TAIT GPStimg= 19s
[UTCi GPStimg=1 15s
GLONASS time: steered to UTGU) with leap secord
[TAIT GLONASS time=34 s
[UTCi GLONASS timMle=0 s
Galileo time: steered to @&tsof EU UTC(k) modulo 1 susing GPS time seconds
[TAIT Galileo timg = 19 s
[UTCT Galileotimg= 1 15s
COMPASS time: will be steered to set of Chinese YR)Gnodulo 1 s
[TAIT COMPASS time= 33 s
[UTC i COMPASStime= T 1s

GLONASS STATUS

The first GLONASS satellite was launched 1882. By November 200919 satellites were in orbitf
which 16 were operational anthree weran maintenance.The full 24-satelliteconstellations expected
to be operationalithin a couple ofyears. The GLONASS time reference is describedtive previous
section lIts reference frame is P20, which is designedto be closely alignedo the International
Terrestrial Reference FramdTRF). GLONASS las been declared bythe Russian Federation
governmento beduatuse(civil and military) technology.

The GPS and GLONASS systems share basically the same comt@apever a substantial difference
betweenthem liesin thar signal structure.GPS uses Code Division Multiple Aess (CDMA): every
satellite transmits the same two carriers modulated by-&Rids particular to each satellit6LONASS

uses Frequency Division Multiple Access (FDMA): two individual carrier frequencies are assigned to
each satellite, but the PRd®des e the same for all satellites.

Both GPS and GLONASS have freely accessible-@ide that modulates L1 only. Like the GPS
precision code, the GLONASS-ddde modulates both carriers, but unlike GR&de AntiSpoofing
(AS), GLONASS Pcodeis freely acessible. The GLONASS Rode offerstwo main advantages for
high-precision time transfer.Firstly, the GLONASS Rode modulation on both L1 and L2 carrier
frequencies allows higprecision measurements of ionospheric del&escondly, the GLONASS-8ode
chip rate is ondenth that of the GLONASS C/8ode and ondéifth that of the GPS C/Aode. This
means that GLONASS-Bode pseudoange measurements are much more precise tharC@R&deor
GLONASS C/Acode measurements.

Today, in itsfinal stages otonstructionthe GLONASS constellatiocanalreadybe usedfor operational
international time transfer

CALIBRATION OF GLONASS TIME LINKS

It should be noted first thain this study delay differencedntroduced by the differenGLONASS

frequences have beeneglected. This is possible asin modernGLONASS time receiversunlike in
older onesthese differencearesmall[8].
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To differentially calibrate GLONASS time linksve use previouslyatibrated GPS linksFigures4 and 5
showGPS and GONASS links before and afteGLONASScalibration. After calibration of GLONASS
against GPamixing of GPS and GLONASS commatiew data is possible (see Figurg But this is not
main object of this study.
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Figure 4. Comparison of clocks between Figure 5. Comparison of clocks between
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GPS and GLONASS time transfer. usingGPS+GLONASS Ptode time
transfer technique, rms = 1.8 ns.

For this studyand for considered operational use of GLONASS for, T¥d have compareithetime link
SU/PTBcomputedby calibrated GPS AV linkandthe urcalibrated GLONASSCV link for May 2009.

SU represents the time servia# the National Research Institute for Physicotechnical and Radio
Engineering Measurements (VNIIFTRI) located in Mendelesgar M&cow, Russian Federation, and
PTB represents the time service of BteysikalischTechnische Bundesanstalt, located in Braunschweig,
Germany. The two sites are separated by abd8)0 km Both sitesusethe same doubisystem
GPS/GLONASS time receiverd he links were calculated under thenditionsdescribedelow.

The dfference betwee the two techniques waitially 92.5 ns and theGLONASS CV link was
therefore corrected by this valueThe esults are reported in Table 2

Table 2 Differences between GLONASS CV and GPS AV before and after apglyawaibration
correctionfor the SU/PTBIink in May 2009

GLONASS CVi GPS A} /ns
UTC (SU)i UTC (PTB) ( v

Mean rms
Before calibration 1925 0.9
After calibration 10.0 0.9
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GLONASS COMMON -VIEW TIME TRANSFER
Nineteen laboratoriemrenow equipped witldoublesystem GP&LONASS time receivers

The @mputation of GPS and GLONASS links ftig gudy was conductednderthe following
conditions

Only C/A-code wasised

ESA preciseephemerides, clock correction, a@& ionospheric mapsereappled to
GLONASSGPSCGGTTS data

0 Ground GPS/GLONASS antersand precise ephemeridegreexpressed ithe I TRF
1 No GLONASSfrequency delay cddration

1 Differential calibration of GLONASS CV link bg GPS AV calibrated link

{ Data collected fob months: May September 2009

O¢ O«

To evaluatghe quality ofthe GLONASS time linls, we computed botlGLONASS CV and GPS
AV for links betweenthe PTB (Germany) andSU (Russian FederationAstro-geodynamical
Observatory AOS, Poland) and Ulusal Metroloji Enstitist (UME, Turkey). These three

GLONASSIinks were calibrated against GP&s described ithe previous sectiomhe results
for SU/PTB and AOS/PB are detailedn Figure6, andmean differencebetween GLONASS

and GPS fothethree links arsummarizedn Table 3.

Table 3 Comparisorof GLONASS CV versus GPS AV fdvlay-September 2009

. Mean(GLNT GPY| G ( GP|G ( GL 0 GLNT GPS | Baseline
Link
Ins Ins Ins Ins /km
AOS-PTB i 0.2 0.9 1.3 1.8 400
SU-PTB i 0.2 1.1 1.0 1.2 1800
UME-PTB i 0.3 1.3 1.4 1.3 1900

The Type A uncertaity of GLONASS C/A CV links issimilar to that of GPSC/A AV for
baselines up to@0 km. CalibratedGLONASS CVtime links match theGPSAV links to
within a few hundreds of picosecondsComparison carried out ovéy months proves the
stability of both the GPS andGLONASS calibratiors. The SUPTB GLONASS CV link was
introduced intahe BIPM Circular Tin November 2009

In Tables 4a ah4b, we report egerptsfrom BIPM Circular Tfor October2009andNovember
2009 showing the switcfrom the SU/PTB GPS AV link tahe SU/IPTB GLONASS CV link. It
is sea thatthe uncertainty othe link is unchanged.
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SU-PTB AOS-PTB
GLNblack-GPSblue GLNblack-GPSblue
Mean=-0.2 ns Mean=-0.2 ns;0=1.8 ns
0=1.2 ns

Figure & Comparison of GLONASS CV to GPS AV for the SU/PTB and AOS/PTB
links during ab-monthperiod(May-September 2009)

Table 4a.Excerptfrom BIPM Circular T Section 6of October 2009

Link Type UuA/ns uB/ns Calilation Type Calibration Dates

AOS/PTB GPSAV 15 50 GPS EC/GPS EC 2007 Jan/2006 Sep
SU /PTB GPSAV 15 50 GPS EC/GPS EC 2008 Sep/2006 Sep
UME /PTB GPSAV 15 7.0 GPS EC/GPS EC 2005 Det&ep

Table 4b. Excerptfrom BIPM Circular T Section 6of November2009

Link Type UuA/ns uB/ns Calibration Type Calibration Dates
AOS/PTB GPS AV 15 5.0 GPS EC/GPS EC 2007 Jan/2006 Sep
SU /IPTB GLNQY 15 5.0 LC(GPS AV) 2009 May

UME /PTB GPSAV 15 7.0 GPS EC/GPS EC 2005 Dec/2006 Sep

CONCLUSIONS

We have demonstrate the stateof-the-art of GLONASS time transfer atthe BIPM. The Type A
uncertainty ofGLONASS C/A CV links is similar to that of GPE/A AV for baselines up to@0 km.
A 5-month comparison withGPSproves the stability of the GLONAS&libration. GLONASS links
and link comparisons to GPSave beenavailable since May 2009 on the BIPM ftgite
ftp://tai.bipm.org/TimeLink/LKkC/ In November 2009a GLONASS CV, for SU/PTB, wastroduced
into the computationof TAI for the first time
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