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Time links

The classical GPS common-view technique based on C/A-code measure-ments obtained from single-
channel receivers has been extended for use with multichannel dual-code dual-system (GPS and
GLONASS) observations, to improve the accuracy of time transfer. Also, TWSTFT links are used in
the computation of TAIL In addition, the BIPM Time section continues to test other time and frequency
comparison methods, such as phase measurements.

Global Positioning System (GPS) and Global Navigation Satellite System (GLONASS) code
measurements

i) Current work

The BIPM publishes an evaluation of the daily time differences (UTC — GPS time] and [UTC -
GLONASS time] in its monthly Circular T and routinely issues GPS and GLONASS international
common-view schedules. The international network of GPS single-time links used by the BIPM
follows a pattern of local stars within a continent. All GPS links are corrected for ionospheric delays
using IGS maps [24], as well as for satellite positions using IGS post-processed precise satellite
ephemerides.

if) Determination of differential delays of GPS and GLONASS receivers

Part of our work is to check the differential delays between GPS receivers which operate on a regular
basis in collaborating timing centres. A series of differential calibrations of GPS equipment involving
the European time laboratories equipped with two-way time-transfer stations began in June 1997. In
December 1999, differential calibrations of GPS/GLONASS multichannel dual-code receivers were
initiated involving laboratories in Australia, Europe, Japan, South Africa and the United States. The
first trip ended in March 2000 and the results are under evaluation.

iii) Standards for GPS and GLONASS receivers

The Time section is actively involved in the work of the CCTF Group on Global navigation satellite
systems Time Transfer Standards (CGGTTS). It has recently contributed to the development of
technical guidelines for manufacturers of receivers used for timing in global navigation satellite
systems. A staff member of the BIPM provides the secretariat of the CGGTTS.

iv) Multichannel GPS and GLONASS time links

Multichannel GPS links have been used in the computation of TAI since the beginning of 2000. The
introduction of multichannel GPS+GLONASS links into TAI is also under study. Moreover,
procedures for the use of multichannel GLONASS P-code and GLONASS precise ephemerides have
been established.

Phase measurements

GPS and GLONASS time and frequency transfer may also be carried out using dual-frequency carrier-
phase measurements in addition to code measurements. This technique, already in common use in the
geodetic community, can be adapted to the needs of time and frequency transfer.

Studies using an Ashtech Z12-T GPS receiver in operation at the BIPM have been continued. A
method has been developed for performing the absolute calibration of Z12-T hardware delays and
using it for differential calibration of similar receivers [16, 17,20]. Two absolute calibration
measurements of the Z12-T have been carried out at the U.S. Naval Research Laboratory (NRL) in
May-June 2000 and April-May 2001 and the results are being compared. A trip was started in January
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2001 to make differential calibrations of all similar receivers in time laboratories worldwide. A JPS
Legacy GPS/GLONASS receiver, acquired in 2000, also serves as a reference with which the Z12-T is
compared while at the BIPM. These studies are being conducted in the framework of the IGS/BIPM
Pilot Project with a view to providing accurate time and frequency comparisons using GPS phase and
code measurements.

The 3S Navigation receivers in operation at the BIPM have the capability of providing GLONASS
phase measurements; software has been installed to allow automatic data retrieval. One such 3S
receiver has been collecting data for IGEX’98 since October 1998. This experiment ended in 1999 and
has been continued by the International GLONASS Service Pilot Project (IGLOS-PP) sponsored by
the IGS, in which the BIPM participates. The objective of this project is, among others, to produce
post-processed precise GLONASS satellite ephemerides.

Two-way satellite time and frequency transfer (TWSTFT)

Two meetings related to TWSTFT activities have been held since October 2000. The BIPM collects
two-way data from seven operational stations and undertakes treatment of some two-way links [4].
Five TWSTFT links have been introduced into the computation of TAI, and six other TWSTFT links
are in preparation for their introduction into TAIL. The BIPM is also involved in the calibration of two-
way time-transfer links by comparison with GPS. The Time section continues the issue of BIPM
TWSTEFT reports and a staff member of the BIPM provides the secretariat of the CCTF Working
Group on TWSTFT.

Pulsars

Because millisecond pulsars have the potential to sense the very long-term stability of atomic time,
collaboration is maintained with radio-astronomy groups observing pulsars and analysing pulsar data.
The Time section provides these groups its post-processed realization of Terrestrial Time
TT(BIPM2000). A small collaboration is continuing with the Observatoire Midi-Pyrénées (OMP) in
Toulouse to complete the processing of a small programme of survey observations carried out over the
past few years [22].

Space-time references

The BIPM/IAU Joint Committee on General Relativity for Space-time Reference Systems and Metrology
(JCR) has collaborated with the TAU Working Group on relativity for celestial mechanics and
astrometry (RCMA) on problems of astronomical relativistic space-time reference frames. The website
(http://www.bipm.org/WG/CCTF/JCR) provides general information on the JCR. After discussion at
the TAU Colloquium 180 in March 2000 [18], the report of the JCR was presented at the 24th IAU
General Assembly in August 2000. The Resolutions prepared by the JCR were adopted as Resolution
B1.5, “Extended relativistic framework for time transformations and realization of coordinate times in
the solar system”, and Resolution B1.9, “Redefinition of Terrestrial Time TT”. The adoption of the
new Resolutions by the IAU completes an important part of the original objectives of the JCR
concerning time and frequency applications. The BIPM and the IAU therefore decided in January 2001
to terminate the Joint Committee and to continue to collaborate in the framework of the RCMA
Working Group, renamed RCMAM (where the final M stands for metrology).

Uniformity in the definition of space reference systems is becoming of importance to basic metrology.

Such uniformity is essential for activities that use sets of measurements that are not local, as is the case
for astro-geodetic techniques contributing to the International Earth Rotation Service (IERS). In
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response to a call for participation in the IERS, the BIPM and the USNO have been working together
to provide information for the Conventions Product Centre (CPC) of the IERS since 1 January 2001.
Activities related to the realization of celestial reference frames and series of Earth rotation parameters
are being developed by E.F. Arias in cooperation with the IERS [1, 9, 10, 23] and La Plata
Observatory (Argentina) [7, 8].

Other studies

In collaboration with the BNM-LPTF/OP, scientists of the section are involved in the evaluation of the
possible use for international time keeping of highly stable and accurate space clocks, in particular
those that will be operated within the ACES (Atomic Clock Ensemble in Space) experiment on board
the international space station in 2003. Because of the micro-gravity environment such laser-cooled
clocks are expected to reach relative uncertainties in the low 107'® region, hence presenting an
improvement by at least one order of magnitude with respect to current primary standards. They will
therefore be of primordial interest for the establishment of TAI accuracy. Recently a complete
theoretical treatment of the relevant relativistic corrections affecting the clocks as well as the time
transfer has been carried out and published [6] in collaboration with the Observatoire de Paris and the
Ecole Normale Supérieure (ENS).

More generally the active field of atomic interferometry using laser-cooled atoms on the ground and on
board satellites stimulates collaboration between the Time section and laboratories involved in these
developments. As a consequence P. Wolf spent on a one-year secondment with the BNM-LPTF/OP on
a CNES (Centre National d’Etudes Spatiales) grant to study possible applications of this technology in
fundamental physics and metrology. A first study concerned the possibility of detecting gravitational
waves using a space-borne gyroscope based on atom interferometry. The results (partly published)
showed that such detection was unlikely given the present and expected state of the technology. The
major part of the collaboration was then devoted to the investigation of systematic effects in primary
frequency standards due to the quantization of external states of the atomic wave packets arising from
the microwave recoil. Simple order of magnitude calculations show that such effects should give rise
to shifts in relative frequency of at least a part in 10'® and up to a part in 10'° for increased microwave
power, which is of the same order as the uncertainty of the best current frequency standards. However,
a more detailed theory and numerical simulation showed that these shifts cancel to a large extent owing
to multiple atomic wave interference in standing microwave fields. The same theory predicts an
observable effect on the contrast of the interference pattern (Ramsey fringes) under certain conditions.
Experiments are under way at the BNM-LPTF/OP to verify those predictions which would
experimentally justify neglecting corrections arising from such recoil effects in the frequency
evaluations of the best primary frequency standards.
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