Absolute calibration of an ashtech z12-T GPS receiver
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ABSTRACT

Dual-frequency carrier phase and code measurements from geodetic type receivers are a promising tool for frequency and time transfer. In order to use them for clock comparisons, all instrumental delays should be calibrated. We have carried out the calibration of one such receiver, an Ashtech Z12-T type, by two different methods: first by absolute calibration using a GPS simulator; second by differential calibration with respect to a time transfer receiver that had previously been calibrated. We present the experimental set-ups and the results of the two experiments and estimate the uncertainty budget. An ultimate uncertainty of order one nanosecond in the absolute calibration seems to be attainable.

1. INTRODUCTION

Time comparisons are usually carried out with GPS time receivers using C/A code measurements. A small 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 (Schildknecht & Dudle, 2000). It has been shown that the relative frequency stability between two independent Ashtech Z12-T systems in a short-baseline common-clock configuration is below 1x10-16 for an averaging duration of half a day (Petit et al., 1999a), and that an intercontinental frequency comparison could be achieved with an uncertainty of 1.5x10-15 over a day (Petit et al., 1999b), a necessary requirement to compare recently developed frequency standards. 

In order to be used also for time comparisons, such receivers should be calibrated to obtain the absolute values of the electrical delays. In principle, a direct measurement of all propagation delays is the preferred calibration technique (absolute calibration). In practice, once a receiver system has been absolutely calibrated, it is easier to calibrate other receivers using differential measurements of the two systems operating side by side. Calibration allows the use of the raw measurements, which are referred to a reference point inside the receiver, to obtain clock comparisons which are referred to an external event, usually a given voltage on the rising edge of a pulse (1PPS) derived from the clock frequency. In section 2, we define what we consider to be the internal reference of the Ashtech Z12-T receiver and how we relate it to an external 1PPS. We then present the calibration of one Z12-T unit owned by the BIPM, its temperature-stabilized antenna, and the antenna cable and DC block, forming one complete receiver system. We describe in section 3 the absolute calibration performed at NRL, and in section 4 its differential calibration with respect to a classical NBS-type time receiver operated by its side at the BIPM. In section 5 we compare the two results and estimate the achieved uncertainty as well as the possible improvements.

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

The Ashtech Z12-T receiver performs pseudorange and carrier phase measurements that 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 geodetic Z12 receiver 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 clock is the input 20 MHz signal 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 clock 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 clock is known with respect to the local reference with that same uncertainty. In addition, the relative phase of the 20 MHz internal clock and 1-PPS input signals may not be set to an arbitrary value: for proper operation of the receiver, this relative phase must take a defined value (within a range of about +/- 5 ns) where the 1 PPS input match either the rising or falling zero crossing of the internal clock in the receiver.  There is an internal jumper setting to select which edge is being used. The test receiver was configured to use the rising edge in all the calibration experiments. The oscilloscope display allows checking the proper configuration of the signals (see an example in Figure 1). In the following, we always consider the internal reference as the first positive zero-crossing of the internal clock following the 1PPS input.

In addition, the receiver provides a 20 MHz output which is specified to be the internal clock delayed by 2.4 ns. It is therefore also possible to use the 20 MHz output signal to monitor the relative phase of the 1PPS and the internal clock. Using either of these two methods, it should be possible to relate the internal reference of the Z12-T to an external 1PPS reference with an uncertainty lower than, or of order, one nanosecond. Nevertheless, for the configurations described in this paper, we have not been able to confirm the equivalence of the two methods at this level of uncertainty. Work is under way to explain the observed discrepancies, which sometimes reached 3 ns.

3. ABSOLUTE CALIBRATION OF AN ASHTECH Z12-T RECEIVER

Method and results

This calibration was done by comparing the measured pseudorange on a per satellite basis with the true range as generated by the simulator. The measured offset of the receiver 20 MHz internal reference to the simulator 1 PPS was used to determine the time of the internal clock in the receiver, thus allowing determination of the internal delay of the receiver, D (see Figure 2).  Delays external to the receiver were independently calibrated and compensated.  Figures 3 and 4 show the configurations used.

In the direct connection method, Figure 3, the relationship between the simulator RF output and the simulator 1 PPS is determined by calibration.  The calibration is done so that all delays, including the cables used to connect the receiver and the counter are included.  The only additional correction needed is the cable from the receiver 20 MHz output to the oscilloscope.  A number of test runs were made to verify that consistent readings were obtained.  Tests were also done using different cable configurations with different delays to verify that these configurations produced consistent results.  Table 1 summarizes the tests performed

In the radiated test mode, Figure 4, the receiver's antenna was placed in an anechoic box with calibrated signals from the simulator radiated directly to it.  In this case, the simulator RF to 1 PPS calibration is done as before.  The RF and 20 MHz calibration portion is not shown in Figure 4 but is the same as in Figure 3. The remaining cables and antenna are calibrated independently using a vector network analyzer. This configuration also includes a DC block and short RF cable that allow the antenna preamplifier to be powered through the receiver antenna cable. The receiver's own antenna delay was also measured independently using the network analyzer technique providing the opportunity to compare the system level calibration for consistency with the direct connection method.  The measurement of the antenna was the noisiest of the network analyzer measurements with an uncertainty of about 2 ns.  The uncertainty is most likely due to residual multipath in the chamber.  The delay was measured using both transmitted and reflected techniques with similar results. The antenna delay for signals at L1 was 30.7 ns and the delay at L2 was 23.7 ns. 

The measurements of the receiver delay are very repeatable.  The test runs reported here were taken over a period of several days and include many equipment power cycles.  Table 1 shows a summary of the final set of calibration measurements. The standard deviation for the entire set is 1.2 ns.  That number is driven by run "T" where the receiver L1 phase was about 1 meter greater than other runs made under an identical test configuration.  Without run "T", the standard deviation is 0.6 ns. 

The 20 MHz reference bias for these runs was constant.  It was determined as follows: the measured bias from the 20 MHz output port on the receiver to the 1 PPS signal that provided to the receiver was 20.0 ns.  From Figure 2, we infer that the internal 20 MHz reference trails the 1 PPS input signal by 27.6 ns.

Discussion on uncertainty sources:

The primary uncertainty sources in this calibration are

1. Calibration of the GPS signal simulator.  This calibration is done by the method previously reported (Brad et al., 1995).  The method is consistent to better than one nanosecond.

2. Ashtech internal clock.  The offset of the Ashtech internal 20 MHz reference to the 1 PPS input to the Ashtech can be measured to a precision of better than 0.3 ns.  NRL used a broad bandwidth oscilloscope to make the measurement.  Use of a time interval counter can skew the 20 MHz phase due to bandwidth limitations.  It was found that the use of a Stanford Research SR620 counter gave a 2 n bias.  Using a different broadband oscilloscope gave the same results as the initial oscilloscope measurements.  There is also some uncertainty in how closely the relationship between the 20 MHz reference and the 1 PPS reference can be determined due to delays in the receiver and possible 50 ns ambiguities in defining the correct 20 MHz cycle.

3. Absolute delay of the antenna.  The delay in the reference antenna in the NRL anechoic test box is only known to about 2 ns.  Future work should improve on that number.

To use these calibration results in a given configuration, the contributions of the different components must be added. For the nominal BIPM configuration, the numbers to be used are given in the Table 2 below for the P1 signal. The complete L1/L2 calibration is under way and will be reported later. The calibration should then be reported from the internal reference to an external 1PPS signal according to the procedure outlined in section 2.

4. DIFFERENTIAL CALIBRATION OF AN ASHTECH Z12-T VS. A NBS RECEIVER

In order to perform the differential calibration of the Ashtech Z12-T and its temperature-stabilized antenna (TSA) with respect to the NBS receiver and antenna at the BIPM the two units have been set up with a common reference clock as shown in Figure 5 (Petit et al., 2000). The Z12-T pseudorange measurements (only P1 will be used here) for all satellites in view are taken from the RINEX files, at the nominal sampling rate of 30 s while the NBS pseudoranges (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 pseudoranges, two effects have to be taken into account: the geometric effect due to different positions of the phase centers 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 a measurement uncertainty of the daily mean at the 0.3 ns level. We could greatly increase the number of measurements by taking 1-second measurements with the Z12-T and by optimizing 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). In addition, other sources of noise such as code multipaths do not average out like white noise with a larger number of measurements. According to the set-up shown in Figure 5, and taking into account cable delays determined in section 3, it is possible to infer from the difference of the pseudoranges the value of the sum of A, the antenna delay, and D, the internal delay of the receiver at the L1 frequency (see Figure 6).

The BIPM NBS51B unit has been directly differentially calibrated with respect to the NIST NBS10 in May 1998 with an uncertainty of 2 ns. The NIST NBS10 has itself been absolutely calibrated at the NRL in 1986, 1987 and 1998, with the uncertainty of the latest being 2.8 ns. Other occasional differential calibrations have been conducted between the BIPM and the LPTF and the results are in agreement with the above mentioned uncertainties In addition, the BIPM receiver is continuously compared to other time transfer receivers and 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 ). We thus conclude that the electrical (antenna +receiver) delay of the BIPM NBS51B unit is known with an uncertainty of 3 ns.

The differential calibration of the Z12-T vs. NBS has been performed over 18 days in October 1999, January and February 2000. The 18 daily means of the pseudorange differences have a normal distribution and a standard deviation of 0.5 ns and the overall mean value is P1(Z12-T) – C/A(NBS51) = 269.1 ( 0.3 ns. Because the Z12-T and NBS measurements can be reported to the same reference (output of the pulse distribution amplifier, see Figure 6), we may infer A+D from the measured difference P1(Z12-T) – C/A(NBS51). We find A+D = 310.5 ns, and the dominant uncertainty in this result originates in the (antenna +receiver) delay of the NBS receiver used as a reference, about 3 ns.

5. CONCLUSIONS

Because the differential calibration (section 4) only allows the determination of the sum of the internal delay, D, and of the antenna delay, A, only A+D may be compared. In section 3, we determined D = 281.1 ( 1 ns and A = 30.7 ( 2 ns, thus A+D = 311.8 ( 2.2 ns. In section 4 we determined A+D = 310.5 ( 3 ns, therefore the two determinations are consistent within the stated uncertainties. Incidentally, this also verifies the absolute calibration of the NIST NBS10 receiver and the differential calibration procedures that have been used to obtain this result (section 4). If we consider the whole Z12-T system (Table 2), we see that the antenna delays presently are the largest source of uncertainty at 2 ns. This is currently limited by multipath distortion of the calibration signals but it is expected that this source could be reduced to 1 ns. Relating the Z12-T internal reference to an external 1PPS relies on using a specific procedure (section 2) whose uncertainty has to be taken into account in the overall budget. This procedure is to be carried out whenever some change occurs in the set-up and it is expected that the uncertainty in its realization should be smaller than 0.5 ns, limited by impedance and bandwidth considerations in the measuring device. Work is under way to determine a practical way of ensuring that this uncertainty would be achieved at each set-up of the receiver system.

This calibration of an Ashtech Z12-T system allows use of its L1/P1 measurements for clock comparisons. Work is under way to perform the calibration of the P2 signals, a necessary step because significant P1-P2 biases are present both in the receiver and the antenna. For the L1 frequency, the achieved uncertainty is of order 2 ns and is already similar to, or better than, that of the classical GPS time transfer receivers. This opens the way to using such GPS receivers for clock comparisons, e.g. for regular use in TAI computation.
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FIGURE CAPTIONS

Figure 1: Oscilloscope display of a valid configuration for the relative phase of the 1-PPS and the 20 MHz input signals. The 20 MHz input signal, inverted and delayed by 15.8 ns, shown as a thick line, represents the internal clock (not measurable). The chosen internal reference is the first positive zero crossing of the internal clock after the rising edge of the 1-PPS signal.

Figure 2: Principle of the determination of the internal delay, D, of the Z12-T receiver by use of a calibrated GPS simulator. The simulator generates a signal corresponding to a known pseudorange (True PSR), which is measured as XZ12T by the receiver. D is obtained from the measured value of (XZ12T – True PSR) by adding the delay of the Z12-T internal reference with respect to the simulator reference (27.6 ns).

Figure 3. Absolute calibration at the NRL: experimental set-up for the direct connection calibration

Figure 4. Absolute calibration at the NRL: experimental set-up for the radiated calibration.

Figure 5: Experimental set-up for the differential calibration at the BIPM. Known values are: RN = 4.8 ns (cable delay to the reference); IN = 47.8 ns (NBS receiver + antenna internal delays); AN = 154.1 ns (NBS antenna cable delay); AZ = 205.7 ns (Z12-T antenna cable delay).

Figure 6: Principle of the determination of the internal delay, D, of the Z12-T receiver by comparison to a calibrated NBS time transfer receiver: The same pseudoranges from satellites are measured as XNBS and XZ12T by the two receivers. D is obtained from the measured value of (XZ12T – XNBS) by adding the delay of the Z12-T internal reference with respect to the Pulse Distribution Amplifier reference (50 ns) and accounting for the other known delays.

TABLES

Test ID
Test type
Comments
L1 Rec. Bias/ ns

P
Direct
Direct with minimal cables
281.4

Q
Direct
Add in BIPM cables
280.1

R
Direct
Remove long BIPM cable
281.0

S
Radiated
Baseline radiated 
279.7

T
Radiated
Same as “S” but cal to top of box
284.0

V
Radiated
Same as “T”
280.7

W
Radiated
Same as “T”
280.7

X
Radiated
Same as “T”
280.7

Y
Direct
Similar to “Q”, NRL cable removed
281.2

Z
Direct
Same as “Y”
281.5

Table 1.  Test configurations and results for the absolute calibration

Component
L1 delay in ns

Receiver (to the internal reference)
281.1 ( 1

DC Block and short cable
5.1 ( 0.2

Antenna Cable
200.6 ( 0.2

3S Antenna
30.7 ( 2 

Table 2.  Summary of measured delays at L1 frequency and their estimated uncertainty 

