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ABSTRACT

Dual frequency carrier-phase and code measurements from geodetic like receivers are a promising tool for frequency and time transfer. We have carried out the differential calibration of two such receivers of Ashtech Z12-T type, by comparing their raw pseudo-range measurements with those of classical NBS-type time receivers operated side by side. We then perform a time comparison between the BNM-LPTF and the BIPM using both classical time receivers and Ashtech Z12-T and compare the results.

1. INTRODUCTION

Time comparisons are usually carried out with GPS time receivers using C/A code measurements. A few number of these receivers have had their electrical delays absolutely calibrated with an uncertainty of a few nanoseconds. By differential measurements of receivers operated side by side, it has been possible to calibrate over the years most of the receivers operating in time laboratories worldwide so that time comparisons used e.g. for TAI are expected to be accurate to within a few nanoseconds. Such an exercise of differential calibration is also being carried out for multi-channel code receivers. 

Recently the use of dual frequency carrier-phase and code measurements from geodetic like receivers has emerged as an outstanding tool for frequency comparisons. It has been shown that the relative frequency stability between two independent Ashtech Z12-T systems is below 1(10-16 for averaging durations of half a day [1], and that an intercontinental frequency comparison could be achieved with an uncertainty of 1(10-15 over a day [2], a necessary requirement to compare recently developed frequency standards. Numerous groups have initiated time and frequency experiments with such geodetic receivers, including comparisons with other time transfer techniques [3,4].

In order to be used also for time comparisons, such receivers should be calibrated to obtain the absolute values of the electrical delays. Although a direct measurement of the propagation delays is in principle the preferred calibration technique, it is in practice easier to carry out differential calibration so only this technique is considered here. The carrier-phase measurements cannot be used for time comparison, because of the ambiguity, but they are used to smooth the pseudo-range measurements which, therefore, should be calibrated. The outline of the paper is the following: First we define in section 2 what we consider the time reference of the Ashtech Z12-T receivers. Then we present in section 3 the differential calibration of two such receivers obtained by comparing their raw pseudo-range measurements with those of classical NBS-type time receivers operated side by side. We then perform a time comparison between the BNM-LPTF and the BIPM using both NBS-type time receivers and Ashtech Z12-T, the results of which are presented in section 4.

2. THE INTERNAL REFERENCE OF THE ASHTECH Z12-T RECEIVER

The Ashtech Z12-T receiver performs pseudo-range and carrier phase measurements which are referred to an “internal reference”. This reference is derived from an externally provided 20 MHz signal. An important modification of the Z12-T version with respect to the Z12 is that an externally provided 1 PPS signal allows the receiver to unambiguously choose one particular cycle of the 20 MHz to form the internal reference, therefore providing repeatability of this reference in case of any interruption of the tracking or operation of the receiver. According to the Ashtech documentation, the internal reference is the input 20 MHz inverted and delayed by 15.8 ns. Since the usual time reference in time transfer is a 1-PPS signal, it is necessary to compare the Z12-T internal reference to this signal. To do so, we direct the 1-PPS and the 20 MHz signals on two channels of a digital oscilloscope where the 1-PPS signal triggers the data acquisition. By direct measurement on the oscilloscope display (Figure 1), it is possible to determine the relative phase of the two signals with an uncertainty lower than one nanosecond. It is then possible to ensure that, when the equipment is put into operation in a new location or after a power off, the relative phase of the internal reference is known with respect to the local reference with that same uncertainty. In addition, the relative phase of the 20 MHz and 1-PPS input signals may not be set to an arbitrary value: for proper operation of the receiver, the relative phase must take a defined value (within a range of about +/- 5 ns). The oscilloscope display also allows to check the proper configuration of the signals (see an example in Figure 1).
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Figure 1: Oscilloscope display of two different valid configurations for the relative phase of the 1-PPS and 20 MHz (Trace 6 and 7) signals. Trace 7 is offset by 7.1 ns from Trace 6. 

3. DIFFERENTIAL CALIBRATION OF ASHTECH Z12-T VS. NBS RECEIVER

In order to perform the differential calibration of the Ashtech Z12-T with respect to the NBS receiver at the BIPM and the BNM-LPTF, in each laboratory the two units have been set up with one reference clock as indicated in Figure 2. The Z12-T pseudo-range measurements (P1 and P2) for all satellites in view are taken from the RINEX files, at the nominal sample rate of 30 s while the NBS pseudo-ranges (C/A) are obtained every second as an auxiliary output, for one given satellite at a time according to the BIPM international tracking schedule. Before forming the difference of the pseudo-ranges, two effects have to be taken into account: the geometric effect due to different positions of the phase centres of the antennas and that of the different timing of the measurements (emission time for the NBS, reception time for the Z12-T). In the configuration described above, 1248 differential measurements may be obtained for each day which, owing to a measurement uncertainty of order 10 ns, provides an uncertainty on the daily mean of order 0.3 ns. We could greatly increase the number of measurements by taking 1-second measurements with the Z12-T and by optimising the NBS schedule, but the above mentioned uncertainty is sufficient given the uncertainty in the Z12-T reference (see section 2) and in the NBS calibration (see below).

Figure 2: Experimental set-up at the BIPM. The set-up at the BNM-LPTF is similar. 

The calibration of the two NBS units has been obtained as follows: The BNM-LPTF NBS51A unit has been compared to the NIST NBS10 through seven calibration trips (differential calibration with a travelling receiver) between 1986 and 1996 and the dispersion of the seven results is 2 ns (1 ). The BIPM NBS51B unit has been directly differentially calibrated with respect to NBS10 in May 1998 with an uncertainty of 2 ns. Occasional calibration trips have been conducted between the BIPM and the BNM-LPTF and the results are in agreement with the above mentioned uncertainties. It is to be noted that the NIST has sent to the BIPM results of absolute calibrations of its NBS10 carried out in 1986, 1987 and 1998, the uncertainty of the latest being 2.8 ns. In addition, both the BIPM and the BNM-LPTF NBS receivers are continuously compared to other time transfer receivers in each laboratory. The daily mean of these differences show some long term signatures that may be attributed to a sensitivity to the environment but the dispersion of the values is only of order 1 ns (1 ) in both laboratories.

To conclude, we believe that the electrical delays of the NBS receivers at the BIPM and the BNM-LPTF are known within an absolute uncertainty of 3 ns but their difference is known somewhat better, with an uncertainty estimated to 2 ns. Therefore a time link between the BIPM and the BNM-LPTF performed with NBS receivers is accurate to that same uncertainty.
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The differential calibration of the Z12-T vs. NBS has been performed for the BIPM units over 18 days in October 1999, January and February 2000 and for the BNM-LPTF units over 5 days in February 2000. The results obtained are the following:

P1(Z12-T) – C/A(NBS51) = +148.2 ( 0.3 ns (LPTF)

P1(Z12-T) – C/A(NBS51) = +269.1 ( 0.3 ns (BIPM)

The 18 daily means obtained at the BIPM have a normal distribution and a standard deviation of 0.5 ns. A study is under way in both laboratories in order to assess the long term stability of this differential calibration.

It should be stressed that this calibration concerns only the P1 measurement of the Z12-T. In general, when operating such geodetic receivers, the ionosphere-free linear combination of P1 and P2 (so called P3) is used. The differential calibration of the P2 vs. the P1 measurement, allowing a differential calibration of a P3 link, will be the subject of a later work.

4. TIME TRANSFER COMPARISON

With the equipment described above, it is possible to compare the BNM-LPTF and BIPM clocks (over a distance of 8.5 km) by several different methods (see Figure 3).

The first method is the classical “Common View” technique (CV) using the NBS-type receivers. Owing to the knowledge of differentially calibrated internal delays and measured delays due to the cables, this method directly provides the difference (Clock(BIPM)- UTC(OP))CV for about 48 13-min measurements per day. The other methods are clock solutions based on processing Z12-T phase and code measurements with the Bernese V4.1 software [5]. This may be performed using either single frequency (L1/P1) measurements or a ionosphere-free linear combination of dual frequency measurements (L3/P3). The Bernese clock solutions provide the difference between the internal references of the two receivers at any multiple of the sampling rate of 30 s, we choose here 15-minute intervals. By using the differential calibration described above, the L1/P1 solution yields the difference (Clock(BIPM)- UTC(OP))Z12/P1. The three computations (CV, L1/P1, L3/P3) of the BIPM-LPTF time link have been carried out over a period of 5 days from MJD 51578 to 51582 (days 35 to 39 of year 2000). Figure 4 shows the comparison of (Clock(BIPM)- UTC(OP))Z12/P1 with (Clock(BIPM)- UTC(OP))CV after application of the differential calibration of section 3 and Figure 5 shows the two Bernese clock solutions L1/P1 and L3/P3, without any calibration applied.

Figure 3: Clock comparison techniques between the BNM-LPTF and the BIPM. The known or measured calibration delays are indicated between each set of measurements.

In order to compare the different methods, we first have to estimate the possible effect of different uncertainty sources. In all methods, the antenna phase centre coordinates are considered known to within a few centimetres and contribute less than 0.1 ns to the time link uncertainty. The differential effects of uncertainties in the tropospheric delays on the time link are expected to be lower than 0.1 ns due to the short distance, but will cancel even better in the comparison of different methods. The differential effects of uncertainties in satellite ephemerides are also estimated to be lower than 0.1 ns. Finally, also due to the short distance, differential ionospheric effects present in the CV and L1/P1 methods should affect the time link by less than one nanosecond, on average. They should cancel even better when comparing CV to L1/P1 and should affect the comparison between the L1/P1 and L3/P3 solutions only at the sub-nanosecond level, on average. 
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Figure 4: Comparison of the time link (Clock(BIPM)- UTC(OP)) by Z12-T L1/P1 (crosses) and NBS CV (open circles) after application of the differential calibration. 

Figure 5: Comparison of the time link between the internal references of the BIPM and BNM-LPTF Z12-T by the L1/P1 and L3/P3 methods. 

As shown in Figure 4, we observe that the CV method and the L1/P1 method, after differential calibration, are equivalent at the level of 0.1 ns to compute the time link between Clock(BIPM) and UTC(OP) over the indicated period. It remains to be seen whether this level of agreement may be reached over any time interval because the long term stability of the differential calibration has not been studied yet. In practice, we may expect that the level of 1 ns could be reached because this corresponds i) to the observed level of the long-term stability of calibration delays of NBS receivers (section 3) and ii) to the level to which the Z12-T internal reference may easily be compared to the NBS reference (section 2).

As shown in Figure 5, we observe that a differential calibration of the P2 and P1 measurements is necessary to use the L3/P3 method for a time link, as is required for any distance above a few tens of kilometres. We could use the result obtained here as a calibration of the difference of the two receivers: [P3(Z12BIPM)- P1(Z12BIPM)] – [P3(Z12LPTF)- P1(Z12LPTF)] = 6.1 ns. However it is not advisable to do so because it would be valid only for the link between these two receivers in the configuration used for this experiment. Differential calibration of the P2-P1 delay for each instrument (main unit + antenna) should be performed. There are different ways to achieve this, one being to use a calibrated signal simulator, another one being to correct the P1 and P2 measurements for the ionospheric delays by using ionosphere models, such as those that may be derived from the IGS ionospheric maps [6]. Work is being carried out in these two directions.

5. CONCLUSION
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We have performed the differential calibration of two Ashtech Z12-T systems with respect to NBS time transfer receivers, which allows to use the L1/P1 measurements of the Z12-T for clock comparisons. We have shown that, over a short distance link, the NBS and Z12-T clock comparisons are equivalent at the sub-nanosecond level. We expect that the long term stability of such differential calibrations may reach 1 ns. Work is under way to calibrate the Z12-T P2 measurements so as to be able to use ionosphere free measurements for long distance time links. When this is achieved, it will be possible to use such GPS receivers for clock comparisons, e.g. used in TAI computation.
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