RECENT RESULTS WITH TRANSATLANTIC GeTT CAMPAIGN

R. Dach, T. Schildknecht, T. Springer Astronomical Institute University of Berne Sidlerstr. 5 3012 Bern, Switzerland tel +41-31-6313802 fax +41-31-6313869 e-mail dach@aiub.unibe.ch

G. Dudle, L. Prost Swiss Federal Office of Metrology Lindenweg 50 3084 Wabern, Switzerland

Abstract

A dedicated time and frequency transfer experiment over the Atlantic by GPS Carrier Phase (GPS CP) has now been running for more than one year. For this experiment a geodetic time transfer terminal (GeTT) was installed at the PTB and another at the USNO. The data is processed in the framework of a small network of IGS stations most of which are driven by H-masers. Frequent comparisons between GPS CP and TWSTFT throughout the campaign allow a comparison of the long term stability of the two entirely independent techniques. Small discrepancies between the time transfer by GPS CP and the time transfer by TWSTFT have been observed.

INTRODUCTION

The Astronomical Institute of the University of Berne (AIUB) is operating the Center of Orbit Determination in Europe (CODE) which is one of the analysis centers of the International GPS Service (IGS). CODE routinely analyzes a global network of GPS stations to produce improved orbits, Earth orientation parameters, ionosphere models, station coordinates and their velocities, as well as additional results for geodetic and other purposes. Since spring 1998 a small subnetwork of stations is processed separately in the framework of a time transfer experiment (see figure 1). The procedures used in this experiment are focusing on the estimation of receiver clocks using all available code and phase observations. The network has currently produced a time series of time transfer data of more than 450 days.

The network includes two special Geodetic Time Transfer terminals (GeTT) developed at the Swiss Federal Office of Metrology (OFMET) – see [1] for more details. THey are located at the Physikalisch-Technische Bundesanstalt, Braunschweig, Germany (PTB) and at the U.S. Naval Observatory, Washington, DC (USNO, the GPS station is named USNB). These terminals are based on the geodetic Ashtech Z-XII receiver. This receivers provides not only the code measurements on both frequencies but also the carrier phase. For the time transfer purpose the receiver is driven directly by an external clock. All electronic equipment is installed in a thermostatic box together with the receiver itself. This design should minimize the influence of temperature changes on the time transfer. [2]

OBSERVATION EQUATION AND ANALYSIS STRATEGY

The observation equation for GPS phase observations of a station i to a satellite k may be written as (see e.g. [3]):

ϕ^k_i = fi fi fi⃗r^k(t � τ^k_i ) � ⃗r_i(t) fi fi fi � c � δ^k � I^k_i + T^k_i + c � δi + λN^k_i + ϵ^k_i (1)

ϕ^k_i Phase observation in m ⃗r^k(t � τ^k_i ) Position of the satellite k at transmission time t � τ^k_i

⃗r_i(t) Position of the station i at receiving time t δ^k Error of the satellite clock w.r.t. the GPS time I^k_i Delay of the signal due to the ionosphere (ionospheric refraction) T^k_i Delay of the signal due to the neutral atmosphere (tropospheric refraction) δ_i Error of the receiver clock w.r.t. the GPS time N^k_i Initial phase ambiguity parameter ϵ^k_i Term of observation errors

In influence of multipath is neglected here. The position of the satellite ⃗r^k(t � τ^k_i ) can be assumed to be known because of the high quality of the orbits provided by the IGS [4]. The ionospheric refraction I^k_i is taken into account by forming a linear combination of the phase observations on the two frequencies transmitted by the GPS satellite. All other terms in equation (1) – execpt the error term – have to be estimated. Some of them are highly correlated like model parameters of the tropospheric refraction and the station height (see e.g. [5]), the phase ambiguity parameters and the receiver clock error as well as the station height and the receiver clock error.

To reduce the number of parameters to be estimated in one program run we use the standard geodetic approach in our software by forming double differences of the original observations. This means: at first differences between two simultaneous measurements to the same satellite from two different stations will be computed (the so-called single differences). In a second step the differences between two simultaneous single difference observations to two different satellites are formed. In this way the influence of some error sources (e.g. orbit error) on the results can be reduced or eliminated. The observation equation for double differences corresponding to equation (1) reads as follows:

ϕ_{ij} kl = (ϕ^k_i � ϕ^k_j ) � (ϕ^l_i � ϕ^l_j) = fi fi fi⃗r^k(t � τ^k_i ) � ⃗r_i(t) fi fi fi �^fi⃗r^k(t � τ^k_j ) � ⃗rj(t)^fi �^fi⃗r^l(t � τ^l_i ) � ⃗ri(t)^fi +^fi⃗r^l(t � τ^l_j) � ⃗rj(t)^fi �(I^k_i � I^k_j � I^l_i + I^l_j) + (T^k_i � T^k_j � T^l_i + T^l_j ) + λN^{kl}_{ij} + ϵ^{kl}_{ij} (2)

A solution for the global network using these double differences of the original observations is performed routinely. The results from this computation can be introduced into equation (1) for the clock estimation. The only remaining parameters are the ambiguity parameters and the clock errors for the satellites and the stations. (Note that there is one clock error parameter per epoch for each station and each satellite.)

Because GPS is an interferometric method one of the clocks has to be defined to be the reference clock. For all results shown in the next sections PTB was selected as the reference clock. If there are no data from this station over one day the solution is not included in the time series.

The code measurements of GPS are less accurate than the phase observations by a factor of about 100. Nevertheless they can help to solve for the ambiguity parameters and the clock errors because they are strongly correlated. Therefore both observation types will be instroduced into a common parameter estimation.

RESULTS

In the discussion of the results we will focus on the baseline between PTB and USNB which is equipped with the two GeTT terminals described above. The time series of the time transfer experiment is shown in figure 2. This figure demonstrates the high density for the GeTT values in comparison to the other time transfer methods: two way satellite time and frequency transfer (TWSTFT) and Circular T (derived from GPS common view observations). The results of the GeTT may be available about 20 hours after the measurement which is much faster than for the other two methods.

Due to the high rate of values obtained from the GeTT some of the “noise” of the TWSTFT can be explained as real signal. This is difficult to do between TWSTFT and the Circular T values because of the different epochs for these data.

In figure 3 the difference between the GeTT – from the corresponding epoch only, no smoothing was applied – and the TWSTFT measurements is shown. The question of the characteristics of this data points can be explained only with a long time series (negative linear trend up to MJD 51150, an one year periodic function, or noise only?). All differences before MJD 51389 have a standard deviation of 2 ns. Assuming any systematics in this difference this value will decrease. The correlation (Four- Field-Correlation^1 see [6]) between the time series of GeTT results and TWSTFT measurements becomes 0.98.

An other interesting phenomenon in this figure is the jump in the difference with a size of about 20 ns at MJD 51389. The reason for this could not be explained at present. Both original curves in

1The Four-Field-Correlation is independent from the distribution characteristics of the two data series, equidistant values are not necessary – like for the computation of the usual cross correlation.

figure 2 – the time series of GeTT as well as the time series of TWSTFT – look each itself normally. Due to the comparison of the two independent measurement techniques with an equivalent accuracy it is possible to detect such a phenomenon.

Figure 4 shows the difference between the Circular T values and the GeTT solution. It shows similar characteristics as figure 3, but it is more noisy. The jump is smaller and at a different epoch. The standard deviation of the differences – assuming no systematics – becomes 3 ns.

If one assumes an annual periodic function as a possible systematics in the two diagrams of the figures 3 resp. 4, it comes probably from the GeTT solution. An annual periodic function in GPS time series can also be found in the coordinate solution with an amplitude of less than 2 cm in the vertical component. However, in figure 3 the amplitude of an annual term would be about 1 ns, which corresponds to 30 cm. In a next step we will have to focus on these discrepancies and carefully analyze all potential correlations between the different parameters estimated in the GPS CP technique.

CONCLUSIONS

Two dedicated geodetic time transfer terminals have been built by the OFMET and set up on an intercontinental baseline between PTB, Braunschweig, Germany, and USNO, Washington, D.C. The terminals continuously acquire data since July 1998.

The data is routinely processed at the AIUB on a daily basis in the framework of a small subnet of IGS stations taking full advantage of the official IGS products (orbits, Earth rotation parameters, etc.). The results for the experimental time transfer between these two stations using the GeTT method have been compared with results from the TWSTFT technique and Circular T values.

A good long time stability has been achieved. The standard deviation of the differences between the GeTT results and TWSTFT measurements is of the order of 2 ns. It becomes less if one assumes an annual term in this time series of differences. At the epoch of MJD 51389 a jump in this differences of the order of 20 ns has been detected. There is no obvious problems with the original data series from each technique. The GPS CP has clearly proven to be competitive with the most accurate currently available time transfer techniques in the field. At the same time the GPS CP results have a higher resolution (up to 30 sec.) and are available much more rapid (within 20 hours).

REFERENCES

[1] Dudle, G., F. Overney, L. Prost, T. Schildknecht, and T. Springer, \First Results on a Transatlantic Time and Frequency Transfer by GPS Carrier Phase", Proc. 30th Precise Time and Time Interval Systems and Applications Meeting, Dec. 1998 [2] Overney, F., L. Prost, U. Feller, T. Schildknecht, and G. Beutler, \GPS Time Transfer using Geodetic Receivers: Middle Term Stability and Temperature Dependence of the Signal Delays", Proc. 11th European Frequency and Time Forum, pp. 504-508, 04-07 Mar. 1997

[3] Teunissen, P.J.G. and A. Kleusberg, \GPS Observation Equations and Positioning Concepts", in Volume 60 of Lecture Notes on Earth Sciences: Kleusberg, A. and P.J.G. Teunissen, GPS for Geodesy, Springer-Verlag, Berlin, Heidelberg, New York, 1996

[4] Kouba, J. and Y. Mireault, \Analysis Coordinator Report", in Mueller, I., R. Neilan, and K. Gowey, 1997 Technical Reports, IGS Central Bureau, pp. 23-72, 1998

[5] Rothacher, M. and G. Beutler, \The Role of GPS in the Study of Global Change", Physics and Chemistry of the Earth , vol. 23(9/10), pp. 1029-1040, 1998

[6] Taubenheim, J., \Statistische Auswertung geophysikalischer und meteorologischer Daten", Akademische Verlagsgesellschaft Geest & Portig K.G., Leipzig, 1969

[7] Springer, T., \Modeling and Validating Orbits and Clocks Using the Global Positioning System", Ph.D. Theses at Philosophisch-naturwissenschatliche Fakultät, University of Berne, Berne, 1999

Figure 1: Geographical distribution of the stations in the network for the clock solution a) original Circular T resp. TWSTFT data are used without any corrections

b) TWSTFT data and Circular T are corrected corresponding to e-mail from J. DeYoung from 05.Jan.2000 resp. p.c. G. Petit at PTTI’99 meeting

Figure 2: Experimental time transfer between PTB and USNB using the GeTT terminals in comparison to the TWSTFT results and the Circular T values. (The values of the different techniques haven been shifted arbitrary.)

a) TWSTFT data used originally from the anonymous FTP server

b) TWSTFT data corrected corresponding to e-mail from J. DeYoung from 05.Jan.2000

Figure 3: Differences of the time series of the experimental time transfer results for the baseline

PTB � USNB using the GeTT terminals and the TWSTFT.

a) original Cricular T values are used

b) Circular T values are corrected for the change in the modelling of the ionosphere (p.c. G. Petit at PTTI’99 meeting)

Figure 4: Differences of the time series of the experimental time transfer results for the baseline

PTB � USNB using the GeTT terminals and the Circular T values