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1. Background

In Sept. 2003, the IVS, recognizing the limitations of existing VLBI infrastructure and the increasing requirements of space geodesy, established Working Group 3 (WG3): VLBI2010 (Niell, A.E. et al, 2006) to investigate options for modernization.

Based on emerging space geodesy science and operational needs, WG3 established challenging goals for the next generation VLBI system, e.g.:

· 1 mm position accuracy on global scales; 

· Continuous measurements for time series of station positions and Earth orientation parameters; and 

· Turnaround time to initial geodetic results of less that 24 hrs. 

In its final report, WG3 proposed strategies to move toward the unprecedented 1 mm accuracy target and broad recommendations for a next generation system based on the use of smaller (~12 m) fast-slewing automated antennas. To help make these recommendations more specific, the report additionally suggested a series of 13 studies and development projects.

Recognizing that a more permanent organizational element was required to maintain the momentum of WG3, the IVS established the VLBI2010 Committee (V2C).

2. Introduction

This report summarizes the first phase of the V2C IVS modernization effort, mainly the studies and development projects suggested in the WG3 final report. Detailed system specifications will be the main focus of the next phase of the project. See Appendix B for a preliminary list of items that need to be considered. It is expected that the system will be fully specified by the end of 2010, at which time design and implementation of operational systems can begin.

The primary means of carrying out the studies in this report are Monte Carlo simulators, source structure simulators and a NASA sponsored proof-of-concept project. The Monte Carlo simulators are described in Section 3, while the proof-of-concept project and the source structure simulators are described in Sections 4.4.2 and 4.6.3 respectively.

The largest error sources currently limiting VLBI performance are the atmosphere, instrumentation and source structure. Strategies for reducing these error sources are analyzed in Section 4. Impacts of these strategies on system definition are considered in Section 5. Risks to achieving the VLBI2010 goals are discussed in Section 6. 

3 Monte Carlo Simulators

3.1 Stochastic processes

In VLBI analysis the stochastic processes related to the antennas, the clocks, and the wet delays play a key role. Thus, in order to get reasonable estimates for the accuracy of geodetic parameters like baseline lengths, station coordinates, earth orientation parameters, scale, but also wet delays, it is necessary to simulate the observables (o-c) (‘observed minus computed’) of VLBI sessions by adding the stochastic processes as described in Equation 1.
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The parameters wzd1 and wzd2 are the equivalent wet zenith delays at station 1 and 2, respectively, clk1 and clk2 are the clock values, and wn is the white noise that is added per baseline observation to account for the thermal noise. The wet mapping functions mfw are assumed to be known, and since (o-c) is the input to the least-squares adjustment, no other possible error sources (neither random nor systematic) are taken into account. 

The equivalent wet zenith delays are simulated following Nilsson et al. (2007) who are using the turbulence theory, and the algorithm has been provided as source code by Boehm et al. (2007). It is important to use the same structure constants Cn and the effective wet heights H of the atmosphere for all schedules. The values as provided by the Onsala Space Observatory, together with constant wind speeds (as applied by the IGG in Vienna) are summarized in Appendix A. Clocks are simulated as sum of a random walk and an integrated random walk, both corresponding to a certain Allan Standard Deviation ASD (Herring et al., 1990). These values for the ASD typically are set to 1(10-14@50 min, 1(10-14@15 min, or 2(10-15@15 min depending on the accuracy of the clock. Source code for the simulation of clock values is provided by Boehm et al. (2007). The white noise wn that is added per observation is now consistently set to 4 psec, although earlier investigations also applied 8 and 16 psec (Wresnik et al., 2008a).

VLBI2010 Monte Carlo Simulations are characterized by the simulation of 25 24-hour sessions, i.e. for every schedule, 25 sessions with artificial observations (o-c) are generated. All parameters like Cn, H, wind velocity or ASD of clocks are identical for each session. Only the random numbers that are driving the processes for each session are changed. These 25 daily sessions are analyzed, and standard deviations ('repeatabilities') of baseline lengths and station coordinates are determined. Andrea Pany assessed this strategy with her Precise Point Positioning software (Pany and Böhm, 2007) and came to the following conclusion: 1) It is not so important to use real wind speeds, at least if the troposphere parameters are estimated every 6 minutes or shorter (V2C email on 11 October 2007). 2) 25 new sets of random numbers can considerably change the repeatabilities of station heights (V2C email on 17 October 2007).

In conclusion, the wet delays are not only the limiting factor for the accuracy of VLBI2010 simulations (compared to the contribution from the clocks or the antennas), also the simulation of the wet delays itself seems to be the most critical and uncertain part of the Monte Carlo Simulators.

3.2 Software packages

Monte Carlo simulations are carried out with three VLBI software packages: with Solve at the Goddard Space Flight Center (Dan MacMillan), with the Occam at the IGG in Vienna (Joerg Wresnik), and with Precise Point Positioning (PPP) simulations at the IGG in Vienna (Andrea Pany). Whereas the Solve solutions are determined in a classical least-squares adjustment (Gauss-Markov model) and the Occam solutions are determined with a Kalman Filter, the PPP software can do both, classical least-squares adjustments and Kalman Filter solutions. Although the PPP software cannot run network solutions, it can provide median values over all stations of 3D rms values. 

However, the analysis of VLBI2010 schedules reveals the limits of present software packages. With 16, 24, 32, or 40 network stations and observations every 30 seconds, the number of observations in a 24-hour sessions easily exceeds several hundreds of thousands. Furthermore, investigations showed that the time intervals for the estimation of troposphere parameters need to be reduced to 6 minutes (or even shorter), which partly is beyond the limits of the existing software packages.

3.3 Limitations

Apart from the fact that the error contribution from the sources is not included in the Monte Carlo simulations, and that the generation of wet delays is still uncertain, there are other effects that should be considered. 

So far, we assume the wet mapping functions to be without error and we do not account for the hydrostatic delays. Niell (2006) assessed the accuracy of mapping functions by comparison with radiosonde data and found that the accuracy of the Vienna Mapping Function 1 (Boehm et al. 2006) is as good as 2-3 mm if expressed as station height standard deviation and if a cutoff elevation angle of 5° is applied. If the cutoff elevation angle is increased to 10° or 15°, the contribution from the mapping functions decreases considerably, and equivalent station height errors are well below 1 mm. Downweighting of observations at low elevations corresponds the an increase of the cutoff elevation angle.

Thermal deformation and gravitational sag of VLBI telescopes is a critical issue for the accuracy, in particular for the present antennas with diameters of tens of meters. For the new VLBI2010 antennas with diameters of about 12 m, the problem will be less critical; however, it needs to be taken into account.

3.4 Comparisons with CONT05 and RDV

In order to evaluate whether the simulations are realistic, Monte Carlo simulations have been carried out for CONT05 and compared against real observations. For the simulation, the schedule of the first 24 hours of CONT05 is taken. Equivalent wet zenith delays are simulated according to Nilsson et al. (2007) with the exact wind velocity over the stations at that time, the clocks correspond to an ASD of 1(10-14@50 min, and the formal errors were taken from the real observations. Figure 1 shows the baseline length repeatabilities for the real and the simulated CONT05 sessions as derived with the Occam Kalman Filter. The agreement for the shorter baselines is high. However, there is disagreement for a few baselines longer than 6000 km, where the difference between the repeatabilities from real and simulated observations lies in a range of ± 1 cm. For baselines shorter than 6000 km, these differences are less ±2 mm. Figure 2 shows the baseline length repeatability comparison determined from Solve solutions. There is generally good agreement between repeatabilities from real and simulated observations. The average ratio of repeatabilities from real and simulated observations is 1.5. 

[image: image11.wmf]
Figure 1. Baseline length repeatabilities of the real CONT05 sessions (black circles) and the Monte Carlo simulation (grey squares) determined with the Occam Kalman Filter. There is a good agreement, especially for baselines shorter than 6000 km.

[image: image12.emf]0

5

10

15

20

25

0 2 4 6 8 10 12 14

Baseline Length (1000 km)

Length WRMS (mm)

Observed

Simulated


Figure 2. Baseline length repeatabilities observed from actual CONT05 sessions (black circles) and simulated (grey squares) determine by Solve analysis. The ratio of observed to simulated values is on average 1.5.

We also compared length repeatabilities from a series of real RDV (Research and Development VLBA) sessions and simulated for a single RDV session. RDV sessions are run 6 times a year using networks consisting of the 10 VLBA antennas plus 8 to 10 geodetic VLBI antennas. The turbulence modeling was not as time-specific as for the CONT05 case. Turbulence parameters were chosen very approximately: Cn = 1.33 x 10-7 m-1/3 corresponding to 40º latitude for all sites except for Cn = 2.85 x 10-7 m-1/3 for SC-VLBA (St. Croix) at latitude of 17º (based on a latitude-dependent model derived by T. Nilsson). Figure 3 shows the comparison between simulated length repeatabilities for a single RDV session and observed repeatabilities for series of actual RDV sessions. The plot only shows a comparison of the general level of repeatabilities since only one session was actually simulated.
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Figure 3. Baseline length repeatabilities observed from actual RDV sessions (black circles) compared with repeatabilities simulated for a single RDV session (RDV61) with the Solve analysis program.

3.5 Test networks

Networks of 16, 24, 32 and 40 stations have been arranged. Partly, islands are considered even if there is no fiber connection. More details can be found in the IVS Memorandum by Niell (2007) or in the Appendix.

4 Strategies to achieve 1 mm accuracy

At the most basic level, VLBI error sources can be split into either random or systematic errors. Important examples of random errors are the atmosphere, the hydrogen maser reference oscillators, and the per observation delay measurement error. Examples of important systematic errors are antenna deformations, drifts of the electronics, and source structure. Achieving 1 mm position accuracy will require careful attention to all of these. In this section, strategies for reducing error are discussed and analyzed.

4.1 Optimization of schedules

Traditionally, the stochastic behaviours of both the wet component of the atmosphere and the hydrogen maser reference oscillators have been extracted directly from the VLBI data. The separation of these trends from the geometric parameters of interest has been achieved through the use of optimized schedules in which source direction and elevation angle vary dramatically during the course of each stochastic estimation interval. Due to the hemispheric nature of most current networks, extensive sub-netting has been used to ensure access to the required low elevation sources. Although the development of optimal scheduling strategies has been a key element for achieving VLBI’s current level of performance, it is well known that current approaches do not fully account for the complex temporal and spatial behaviour of the atmosphere. To help address this shortcoming, it was proposed, in the WG3 final report that the number of observations per unit time be increased dramatically for VLBI2010.

It is already clear that making the most of the new VLBI2010 operating modes will require re-optimization and perhaps re-conceptualization of scheduling strategies. Higher observation density, global distribution of networks and the quality of UV coverage for source structure corrections are all new factors that need to be incorporated. Since it has been shown in the past that scheduling is an important element for improving performance, it is recommended that a continued focused effort be directed there. The optimization process will be greatly empowered by the Monte Carlo simulators, which provide invaluable realistic feedback on the effectiveness of new strategies.

Already, two efforts have been initiated in this direction. The first is a straightforward extension of the well-known GSFC sked program, which is currently used operationally to schedule IVS sessions. The primary criterion for the new sked VLBI2010 optimization is to maximize the total number of observations in a session. In addition to some tweaks to improve efficiency of source switching and the introduction of a new larger and improved source list (either 100 or 200 sources used), two main tactics were emphasized, those being:

· The maximization of the number of stations in a scan, and

· The minimization of slew times between scans.

Results are plotted in Figure 4. For comparison, a typical CONT05 24-hour schedule resulted in about 7000 scans, while RDV sessions can have as many as 25,000. The new VLBI2010 schedules were tested extensively with the Monte Carlo simulators with promising results. One shortcoming of the schedules is that, over short intervals, the observations are not uniformly distributed across the sky. Work continues on extensions to sked for VLBI2010.
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Figure 4. Number of observations relative to antenna slew rate for 3 scheduling strategies using sked.  The first is with the original algorithm and source list.  The other two are for the improved algorithm and either 100 or 200 sources from the new source list.
At NRCan, there was a second effort to produce schedules. Those schedules were used primarily for studying the relation between observation density and performance and hence are described in section 4.3 where they are used. 

4.1 Optimization of analysis strategies

The new VLBI2010 operating modes, specifically greater observation density, more precise delay observables, and more stations per scan, have stimulated a review of optimal analysis procedures:

· Greater observation density make the following strategies possible:

· Shorter atmosphere estimation intervals. For least squares (LS) analysis, many more observations per unit time enable the use of shorter atmosphere estimation intervals (and perhaps looser constraints as well). These help account for the rapidly changing wet zenith delay (wzd) associated with the translating turbulent screen characteristic of the wet atmosphere.

· Larger atmosphere a priori variances. For the same reasons, many more observations per unit time enable Kalman filter (KF) analysis to use larger atmosphere variances.

· Rapid spherical harmonic estimates. Many more observations per unit time (plus uniform sky coverage over short intervals) enable the use of very rapid spherical harmonic estimates of the atmosphere. These help account for the rapidly changing asymmetries associated with the translating turbulent wet atmosphere screen. [Note: Rapid estimates of atmosphere gradients are a low order variation of the more general spherical harmonic approach. These have been studied extensively as well.]

· Elevation angle weighting. More precise delay observables emphasize the enhancement of atmospheric noise at low elevation angles. Elevation angle weighting of the input observables reduces the impact of the low angle atmosphere. A more general atmosphere treatment including spatial correlations of observables (Lanyi & Truehaft), is another possibility that should be evaluated in the future.

· Correlations between baselines. Because VLBI2010 schedules include scans with large numbers of stations, applying terms to account for correlation of station noise between baseline observables becomes more important.

Although these strategies have all been considered before, the new VLBI2010 operating modes emphasize their importance. Although it is not possible for all Monte Carlo packages to handle these new strategies, where possible, they have been applied and their impact on performance evaluated. Results are summarized in Table 1.  None of the packages was capable of all options.  Improvement in results can be expected if more analysis optimization strategies are implemented.  The remainder of analysis results use the “best” solution for each package.


	
	Base Solution
	Elevation Dependent Weighting
	Sperical Harmonics
	Correlations of Observables
	“Best” Solution

	Solve (mm)
	1.85
	1.64
	-----
	-----
	1.64

	OCCAM(mm)
	1.52
	1.52
	-----
	-----
	1.52

	PPP (mm)
	1.41
	1.29
	1.21
	-----
	1.13


Table 1. Effect of analysis optimization strategy on position accuracy.
4.2 An order of magnitude increase in the number of observations per session

In the WG3 final report, it was proposed that the number of observations per unit time be increased dramatically. The impact of this strategy on performance is considered in this section. A series of five schedules were generated, each with a different source-switching interval. Criteria for the generation of the schedules are:

· Regular switching intervals. Source switching occurs at regular specified intervals.

· The use of source pairs. Two sources, roughly 180 degrees apart, are always scheduled together, resulting in a pair of simultaneous scans with one half of the stations observing one source while those in the opposite hemisphere observe the other. 

· Uniform sky coverage over short intervals. Since the stations are globally distributed, uniform sky coverage can be accomplished simply by ensuring that the sources chosen over a specified interval are uniformly distributed on the celestial sphere. Uniform coverage of the celestial sphere is accomplished by always selecting a source to fill the largest hole in the sky coverage.

· Uniform number of observations of the source. Each source is observed roughly an equal number of times. This was done to assure adequate UV coverage to enable the source imaging required for effective structure corrections.

Since no attempt was made to consider antenna slew characteristics when generating these schedules, the resulting source-switching times tended to be very long. After the fact, the schedules were optimized by re-ordering each sequence of 5 source-switches to minimize slew time and eliminating the slowest antenna of each source-switch. Median station position error is plotted against switching interval in Figure 5.
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Figure 5. Median station accuracy vs switching time for Solve, OCCAM and PPP

4.3 Improved delay measurement precision

4.3.1 Broadband delay (bbd) concept

In the WG3 final report, a per observation delay measurement uncertainty of 4 ps was proposed as a minimum for achieving the 1 mm position accuracy target.  This is nearly an order of magnitude improvement over current performance.  With existing dual-band group delay systems, measurement precision can be improved only by increasing SNR or by using wider spanned bandwidth at X-band.  Unfortunately, there is no practical way that either of these approaches can achieve the required precision increase.  The development of broadband (1-12 GHz) data acquisition systems for astronomy, however, has opened up the possibility of using multiple widely spaced frequency bands to resolve the highly precise RF phase delays, even at modest SNR’s.  This has been demonstrated theoretically (ref), and has allowed the contemplation of systems that simultaneously have very good delay precision but without the need for the high sensitivity that forces the use of large antennas.  The use of smaller antennas has been the key factor enabling the higher slew rates necessary for an order of magnitude increase in the number of observations per session.  A NASA-sponsored proof-of-concept project is underway to test this idea experimentally and at the same time gain experience with practical forerunners of VLBI2010 sub-systems.  The delay derived by using multiple widely spaced bands to successfully resolve the phase delay has come to be known as the “broadband delay”.

4.3.2 Description of the NASA broadband delay proof-of-concept system

To receive multiple bands the system consists of a broadband feed that covers the frequency range ~2 GHz to ~13 GHz in two linear polarizations and a low noise amplifiers (LNA) for each polarization. The feed and LNAs are both cooled to approximately 20K. The output of each LNA is carried over wideband “RF” optical fiber to the control room where the signal is split into four paths corresponding to the four frequency bands. An Up-Down Converter (UDC) translates both polarizations of each band to a common intermediate frequency band (IF) to be digitized, sampled, and filtered by the Digital Back End and recorded on a Mark5B+ recorder. To observe in four bands requires four UDCs, four Mark5B+s and two dual-board DBEs at each site (Figure 6)
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Figure 6. Diagram of the main components of the broadband delay data acquisition chains from feed through data recorder. The Dewar containing the feed and LNAs is mounted on the antenna. The components from the splitters down are located in the control room.

In order to demonstrate that the concept is feasible, all of the components of the broadband delay system will be implemented on both the Westford and MV-3 antennas. The combined area of these two antennas is somewhat less than that of two 12 m antennas but should be sufficient to demonstrate that the concept can be achieved. The demonstration has been funded by NASA’s Earth Surface and Interior Focus Area through the efforts of John Labrecque, Chopo Ma, and Herb Frey.

The feed for our initial tests is a commercial wideband (2-18 GHz) antenna, chosen because it is readily available and relatively inexpensive.  We know that the particular combination of the commercial wideband feed and the optics of both MV3, which is Cassegrain, and Westford, on which the feed will be mounted at prime focus, is far from optimum. This is mainly due to under illumination of the subreflector at MV-3 and under illumination of the main reflector at Westford.

At the Dewar output a common phase calibration signal will be injected through a directional coupler in each polarization path before the transition to optical fiber. In the final configuration the RF signal will be carried from the Dewar to the control room on optical fiber. In the control room following the optical fiber receiver each RF signal will be split into four paths 

The UDC utilizes a common oscillator for both polarizations of each band to reduce phase differences between the polarizations. As configured for the prototype the signals for two Nyquist zones at each polarization are output, each having gain and programmable attenuation. The RF filter in each polarization is 2 GHz wide. To match the capability of the Digital Back End the NZ filters are approximately 500 MHz wide. For the broadband demonstration only one Nyquist zone from each polarization at each band will be sampled and recorded.

The bandwidth-limited signals from both polarizations of one band are input to a two-channel eight bit analog to digital converter (ADC) in the Digital Back End. The sampled data are passed to the iBOB board containing the XYLINX fpga chip which, for this application, provides sixteen two-bit 32-MHz wide channels from each polarization. (The iBOB board is the product of the CASPER group at UC Berkeley (ref?), and the DBE is a joint development of that group and Haystack Observatory.) In order to keep the number of recorders to four at each site the eight odd numbered 32-MHz channels from each polarization are combined on one of the two outputs from the iBOB for a data rate to each Mark5B+ recorder of 2048 megabits per second. With four recorders the total data rate will be 8192 megabits per second at each site.

4.3.3 Current status and results

To evaluate the system design, one Dewar containing the feed and the LNAs was constructed and mounted on MV-3, a five meter antenna now permanently installed at the Goddard Geophysical and Astronomical Observatory (GGAO) just outside of Washington, D.C., USA. A prototype of the UDC was completed for use at MV3. When connected to a DBE and Mark5B+ these components provide the signal path for both polarizations in one 512 MHz band. The RF for one polarization channel was carried from the antenna to the control room on coax cable, while the other used optical fiber.

The VLBI tests were made with the Westford 18 m antenna as the other interferometer element. At Westford the standard NASA geodetic feed, receiver, and coax down to the control room were used. The frequency band was chosen to be the upper half of X-band in order to observe with no changes to the front end. In the control room the IF was split and both signals were connected to the DBE and passed to the Mark5B+ recorder identically to the connections of the two linear polarizations at MV-3. Thus the two MV-3 linear polarizations were cross-correlated against the same circularly polarized signal from the Westford antenna, and the characteristics of the two polarizations of the MV-3 system could be directly compared.

Fringes were first detected on 2007 Nov 19. The observed signal to noise ratios (SNR) were within 10% of the values expected based on system temperature and efficiency measurements of the antennas. It was especially rewarding to obtain a system temperature at zenith of approximately 35K on the fiber channel.

On 2008 Jan 4 the source 2134+004 was tracked for six hours to evaluate the phase and amplitude behavior over a longer period. The main goal was to look for differences in the two polarization paths. The largest effect was expected to be due to differences in the coax and fiber. Unfortunately phase calibration was not implemented at MV-3 for this test. The differences in interferometer phase between the two polarizations (converted to delay) are seen in Figure 7 along with the differences in multiband group delay. .
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Figure 7. Blue cross: The differences in phase delay between the two linear polarizations at MV-3 correlated with the same circular polarization signal at Westford. Red circle: The differences in multiband delay for the same correlations.

Neither the change with time for the phase and group delay differences nor the apparent difference between the phase and group delays is understood. The most obvious candidate is the change in electrical length of the coax with temperature. Although qualitatively similar to what is expected, the calculated effect is too small by about a factor of four. This variation with time also mimics the residual (to the correlator model) total delay which is probably due to the unmodeled atmosphere delay at the correlator. It is difficult to diagnose the phase error without a phase calibration signal to monitor the changes in the two polarization paths.

4.3.4 Plans

Mounting the single-band system on MV-3 has demonstrated that the components all work as expected. Comparison of the correlations using the common circularly polarized signal from Westford shows that the phase differences through the UDC, DBE and Mark5B+ are less than 1 degree at X-band, consistent with the observed SNRs. Therefore we can proceed with construction of the second system for Westford and the additional UDCs and DBEs for the full 4-band demonstration.

Two important improvements will be made for the next stage. All signals will be brought down from the antenna to the control room on optical fiber for both polarizations at both antennas. Equally important, a phase calibration system is under development and is expected to be available when demonstrations proceed.

The primary goal of the four-band system will be to demonstrate that the unambiguous phase delay can be determined. The main limitations are expected to be the phase deviations with frequency due to source structure and the effect of correlation of the structure phase with the charged particle phase dispersion. While it is expected that the phase differences between the two polarizations will be explained through the use of the optical fiber downlink and the implementation of phase calibration, this must be demonstrated. As with any new experimental technique, the appearance of other unanticipated errors is likely and will have to be understood.

The main component for further development is the broadband feed. The commercial version being used for the demonstration is not matched to the antenna geometry and the phase center is frequency dependent. At least one new feed that is anticipated to reduce these limitations is under development but is unlikely to be available for this program.


4.3.5 

4.3.6 
4.3.7 
4.3.8 
4.3.9 
4.3.10 Larger and Better Distributed Networks

In the WG3 final report, larger and better-distributed global networks were proposed as a means of improving VLBI performance for both EOP and TRF scale. Schedules were generated, one each for a 16, 24 and 32 site network respectively. Scale and EOP performance are plotted relative to network size in Figures 8 and 9.  [Note: These are older results awaiting an update.]
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Figure 8.  Scale vs network size
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Figure 9.  EOP vs network size

4.4 Reduced Systematic Errors

Typically, systematic errors are reduced through careful design, calibration, and modelling. The application of these approaches to antenna deformations, drifts of the electronics, and source structure is discussed in the following sections.

4.4.1 Antenna Deformations and site ties

Antenna structures undergo both thermal and gravitational deformations:

· Gravitational deformations. Gravitational sag of the antenna reflector and feed support structure cause the feed to move nearer the dish while pointed in the zenith than while pointed at the horizon. This produces an elevation dependent delay change that biases the height estimate. Unfortunately, measurements and calculations required to determine gravitationally induced height bias are complex. One possibility for handling this in the future is to construct antennas that are stiff with respect to gravitational deformation. This is easier to achieve for smaller antennas, which bodes well for the 12 m antennas proposed for VLBI2010. Another approach that has been suggested (Koyama et al) is to perform local connected-element geodetic interferometry observations to a small structurally well-understood antenna that can then be accurately connected to an external survey reference point.

· Thermal deformations. Thermal deformations can be further classified into deformations of the antenna reflector (and feed support structure) and those of the antenna tower. In the former case, the delay dependence is generally considered to be benign. Its clock-like character can be removed as part of the clock estimates. In the case of the antenna tower, thermal expansion and contraction cause the VLBI reference point to move up and down (and to a smaller extent side to side) and bias the station height estimate. For larger antennas, annual signatures can be in excess of 10 mm p-p and can clearly be seen in current data records. Three main approaches have been developed to measure or model the thermal deformations: 1) The deformation between a fixed point on the ground and the antenna intersection of axes is monitored using an invar rod; 2) The deformation is modeled based on antenna materials and simple physical models, and 3) The deformation is modeled using more complex analysis involving multiple temperature sensors and comparisons with invar rods. Another approach being considered is to build antennas out of materials with low coefficient of thermal expansion like composites based on Kevlar or carbon fibre. Once again, the use of a small antenna to perform local connected-element geodetic observations would be another effective way to build up a thermal model for the antenna, and at the same time connect to an external survey point on the ground.

4.4.2 Stability of the Electronics

In current geodetic VLBI systems, electronic delays are calibrated using a pulse calibration system. A clean 5 MHz signal is transmitted by cable to the antenna focus where it triggers a tunnel diode to generate a very narrow (~30ps) pulse. The pulse is injected into the signal path prior to the first amplifier and follows the signal through to digitization where the phase of its composite tones are extracted individually. To connect the epoch of pulse generation to a reference time on the ground, a cable calibration system monitors the delay of the uplink 5 MHz signal.

A similar system is envisioned for the VLBI2010 system. Tunnel diodes, however, which are now nearly impossible to find, will be replaced by ultra-fast modern integrated circuits, and the cable calibration system will be re-thought. Possibilities for handling the up-link cable delay range from the simple use of a phase stable cable to options that involve the accurate monitoring of a two-way delay. Due to challenges with the new broadband feeds, one major question for the pulse calibration system remains the injection point for the pulse. Options include launching from a small calibration antenna either inside or outside the cryogenic dewar, or injection into the signal path after the LNA. Pros and cons of the various options are being considered and tested in the NASA proof-of-concept system (section 4.4). Slow random drifts of the electronics are not as damaging to geodetic results as biases that correlate with antenna position. In this regard, either calibration or stabilization of the mechanically induced cable delay variations through cable wraps need to be considered a priority, since they correlate with antenna position.

In addition to the revised pulse calibration system, a revised amplitude calibration system is also planned. As in current systems, it will be based on a calibrated noise diode, but in the new version it will use the 80 Hz synchronous detection process that has become standard in radio astronomy. An upgraded amplitude calibration system is essential to support the source structure corrections contemplated for VLBI2010 (section 4.6.3). As with the pulse calibration system, the injection point for the calibration signal remains an open question.

4.4.3 Source Structure

The ideal radio source for reference frame definition has no structure or apparent variation in position. Real sources, on the other hand, typically have measurable structure, and to make matters worse, structure that varies noticeably with time. Structure is manifest as a variation in interferometer delay, phase and amplitude with respect to baseline geometry. Temporal variation is usually manifest as apparent motion of the source. It is not uncommon for ICRF sources to exhibit tens of ps of delay error due to source structure. This is a direct risk for achieving the VLBI2010 goal of 1 mm position accuracy. It has also been shown that it will greatly degrade the ability to resolve the broadband delay (section 4.4).

Up to the present time, issues related to source structure have been handled by selecting sources known to have minimal structure. Although current lists were based on small amounts of data and are hence somewhat flawed, new lists have recently been compiled, which are considerably more reliable. However, even these sources have noticeable degradation relative to the 1 mm target and will degrade the ability to successfully resolve the broadband delay.

Another strategy for mitigating the reference frame degradation due to source structure is to actively monitor that structure and correct for it. This has not been done routinely in the past because current operational geodetic/astrometric schedules do not include enough source observations to allow the creation of high quality images.

The anticipated VLBI2010 operating modes resulting from rapid slewing antennas, higher data rates and broadband operation enable the possibility of a manifold increase in the number of observations per session. This opens up the practical possibility of routinely generating active source structure corrections from each operational geodetic/astrometric observing session.

Generating source structure corrections involves three steps (ref):

· The first step involves making images of the source. Based on the resulting maps, it is then possible to calculate, on a band-by-band basis, structure corrections for each input observation. The quality of the maps is dependent on two factors: UV coverage and signal-to-noise ratio (SNR). UV coverage is a measure of the number of different geometries from which the source is observed. The new operating modes anticipated for VLBI2010, including larger global networks and many more observations per session, promise a quantum improvement in UV coverage. The high imaging potential of the VLBI2010 observing modes has been demonstrated through simulations. Although noise has not yet been included in the analysis, this extension of the simulations is expected in the near future.

· The second step in generating structure corrections involves aligning the map centres in different bands. VLBI observations are typically carried out in a number of frequency bands. In VLBI2010 observing modes, it is anticipated that four or more bands, spread over a frequency range of 2-15 GHz, will be used to both remove the effect of the ionosphere, and enable the use of the VLBI phase delays. Since the maps generated in the step one above lack information about their absolute positions, the images in the different bands need to be aligned after the fact. Fortunately, the output group and phase delays contain sufficient information to simultaneously resolve phase ambiguities and align the map centers. The precision with which this can be done is dependent both on the frequency of the band and the number of observations of the source. Simulations indicate that in almost all cases, even for the lowest frequency band, it is possible to align the bands to better than about 20 uas (at the 1 sigma level). [Although these results are promising, it has yet to be shown what the impact of uncalibrated instrumental errors will be on the process of aligning map centers.]

· The final step in applying source structure corrections is to identify a reference point in the map. Without corrections, this is naturally placed at the centroid of illumination. Unfortunately, the centroid is typically not fixed over time. What would be better for geodesy/astrometry would be to associate some feature of the map with a positionally invariant physical feature of the source, typically the black hole at its core. The problem is that the majority of radio emission from the source is generated by dynamic jets emanating from the core, but not the core itself. Some success has been achieved by modeling the core-jet nature of the source as a point plus elliptic component [Fomalont]. Another tantalizing possibility presents itself with the multiband VLBI2010 data. The jet is usually viewed nearly end-on, and the image represents the point at with the jet becomes optically thick at that frequency. The higher the frequency, the closer the image is to the core. It may be possible to use the series of multi-frequency images enabled by the VLBI2010 operating modes to point towards (and perhaps infer) the position of the positionally invariant core of the quasar.

Although more simulation work needs to be done, this work has shown that anticipated VLBI2010 operating modes are likely to enable the implementation of effective source structure corrections making it possible to better associate VLBI observations with the positionally invariant point in each observed radio source.

5 Impact of VLBI2010 Strategies on System Parameters

5.1 Implication for Clock Performance

The WG3 final report cautioned that achieving 1 mm accuracy with current systems and switching rates would require effective H maser performance of a few parts in 10**16 for averaging times longer than about an hour. This is a daunting spec given that laboratory H maser’s barely achieve this level of performance, and that the observatory clock distribution system itself degrades effective performance significantly. What was not known at the time of WG3 was the degree to which the VLBI2010 rapid source switching strategy would ease the spec. The Monte Carlo simulators developed since then have been used to answer that question. In Fig.?, median station position accuracies, base on Monte Carlo simulations, are plotted against clock behaviours of 2.e-15@50min, 1.e-14@50min, and 5.e-14@50min. Clearly, with the VLBI2010 operating modes, geodetic performance is not degraded significantly for clock systems that perform better than about 1.e-14@50min. The good news it that this is approximately the level of performance measured currently for deployed H masers and their associated clock distribution systems. All the same, timing is at the root of all precise geodetic VLBI delay measurements. Efforts need to be made to ensure as stable an operating environment (e.g. temperature, magnetic fields, vibration, etc) as possible for the H masers and close attention to detail needs to directed towards the design of the clock distribution system, e.g. ultra stable distribution amplifiers, phase stable cables, a well regulated thermal environment, and calibration where possible.
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Figure 10. Median station accuracies vs clock performance

5.2 Implication for Delay Measurement Error

A preliminary calculation in the WG3 Observing Strategies final report (ref) indicates that a per observation delay measurement precision of 4 ps is required to achieve the 1 mm position accuracy target. Given the existence of other VLBI2010 constraints such as the need to switch rapidly between sources and the need for sufficient sensitivity to detect sources down to about the 200 mJ level, the only method that could be conceived to achieve the 4 ps target was the broadband delay (bbd) techniques described in section 4.4. Risks to successful implementation of bbd have been identified related to source structure. Given the importance assigned, in the WG3 final report, to the 4 ps delay precision target, and the current experimental nature of the “broadband delay” approach, the analytic power of the Monte Carlo simulators was directed at evaluating the relation between position accuracy and the delay measurement precisions. In Fig.?, median station position accuracies are plotted against delay measurement precisions of 4, 8, 12, and 16 ps. 
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Figure 11. Median station position accuracies plotted against delay measurement precision

5.3 Implications for Sensitivity

Competing VLBI2010 requirements for rapid source switching, detection of sources with fluxes as low as about 200 mJ, and moderate overall system cost, all constrain the range of possible values for VLBI2010 antenna diameter and data acquisition bit rate. Since, from section 4.3, it is clear that achieving 1 mm position accuracy will require source-switching intervals significantly shorter than 60 s, it is necessary that both antenna slew time and source detection integration period be short. Each of these requirements pushes the antenna diameter specification in opposite directions (faster slewing is best done with a small antenna, while shorter integrations are best done with a large antenna) while pushing the data acquisition rate to be as high as is practical.

The current state-of-the-art for sustained acquisition bit rate is in the range of 2 Gbps (e.g. Mk5B+, Japanese equivalent, Finns?) with 4 Gbps systems (e.g. Mk5C, others?) currently being in an advanced state of specification. Since it is assumed that initial operations for VLBI2010 will not begin until at least 2012, and that commercial disc and network capabilities will continue to advance rapidly, a sustained bit rate of 8 Gbps has been specified for the start of VLBI2010 operations. It is clear that the risk in this assumption is low since, in a worst-case scenario, 8 Gbps could be accomplished using a pair of 4 Gbps systems. In the end, the planned bit rate will not likely be a limiting factor for VLBI2010, although the related media and shipping issues will almost certainly have an impact on practical 24 hour a day / 7 day a week operations, at least at the outset. Fortunately, bit density has a long history of advancing with time, so limitations can be expected to ease in the future.

The initial concept for a 12 m VLBI2010 antenna began with proposals for the NASA Deep Space Network (DSN) array and the Square Kilometre Array (SKA) where thousands of inexpensive 12 m antennas are required. The availability of a really low cost antenna with good efficiency made this option attractive. Unfortunately, with a 12 m antenna and a bit rate of 8 Gbps, an integration period of x(?) s is required to achieve the needed SNR threshold for a 200 mJ source. On its own, this is clearly too long for the required VLBI2010 source switching intervals. However, the possibility exists to implement a burst data acquisition capability in which data is acquired into RAM in real time at 32 Gbps and then written to disk at the slower rate of 8 Gbps while the antenna slews. The burst capability reduces the required on source time by a factor of 4 to y(?) s, which will work very well for the required source switching rates. Clearly, a diameter of 12 m is the minimum acceptable. Larger fast slewing antennas are desirable if affordable.

5.4 Implications for Slew Rate

From Figure 5 in section 4.3, it is possible to associate a switching rate with a particular level of station position accuracy. Since the OCCAM package results show the middle performance in Figure 5, the corresponding line for that package is used in the rest of this section to associate a switching rate with a level of position accuracy.  

For example, from Figure 5, a position accuracy of 1.25 mm can be associated with a switching interval of  37 s on the OCCAM line.  Using the selected value for switching rate, it is then possible to go back to one of the original schedules and calculate a family of drive systems that can achieve that switching rate and hence that level of performance. In Figure 12, three curves of azimuth (az) and elevation (el) slew rates are drawn, one each for slew accelerations of 1.3, 2.15 and 3.00 deg/s/s, assuming accelerations in both axes are the same.  The curves in Figure 12 were calculated assuming an azimuth/elevation (az/el) drive with 5 to 90 deg elevation range and –270 to +270 azimuth range. The dots in the figure represent respectively the performance of a Patriot antenna (azimuth rate = 5 deg/s; elevation rate = 1.25 deg/s; and slew accelerations = 1.3 deg/s/s) and those specified for twin telescopes being built for Wettzell (azimuth rate = 12 deg/s; elevation rate = 6 deg/s; and slew accelerations = 3 deg/s/s).
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  Figure 12.  az/el/acc plots for single antennas for 1.25 mm position accuracy.
The asymptotes in the curves in Figure 12 represent conditions where the impact of drive speed saturates. The optimum combination of az /el rates can be found at the knee of each curve. For the standard az/el drive, the optimum az:el ratio is very roughly 4:1. Assuming these ratios, it is then possible to plot, in the same figure, curves of acceleration against az rate for a number of different performance levels. This has been done in Figures 13 and 14, where Figure 13 is for a single antenna and Figure 15 is for a pair of telescopes (twin).  In the plots, performance levels range from 0.75 to 1.75 mm in step of 0.25 mm.
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Figure 13. Azimuth slew rate vs acceleration for a single antenna assuming four position accuracies ranging from 1.02 to 1.75 mm.
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Figure 14. Azimuth slew rate vs acceleration for a pair of antennas assuming four position accuracies ranging from 0.8 to 1.1 mm.

In Figure 15, position accuracy is plotted against number of antennas in a cluster, both for the Patriot antenna and the Wettzell antenna.
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Figure 15. Position accuracy (mm) vs. number of antennas in a cluster assuming cluster of Patriot and Wettzell antennas respectively.  
It is generally true that performance predicted in simulations is better than experienced in the real world. This depends on the level of realism incorporated in the models used to generate the Monte Carlo fake data. For example, in our simulations, errors in the mapping function have been ignored. It is difficult to assess the cumulative impact of ignored effects since not all effects are necessarily known. A rough estimate, based on the RDV comparison (Figure 3), would be that about 50% position accuracy de-rating should be applied to the idealized performances in Figures 12, 13, 14, and 15.

5.5 Implications for legacy sites

The majority of this report emphasizes aspects of the VLBI2010 system required to achieve 1 mm position accuracy. At the same time, it is recognized that existing and special purpose IVS antennas will continue to play important roles into the VLBI2010 era.  Examples of these roles follow:

· Long careful uninterrupted legacy data records (for some sites, decades long) are important for revealing scientific insights.

· Increasing the number of collocated VLBI sites improves inter-technique comparisons.

· Increasing the number of collocated VLBI sites improves the transfer of VLBI scale to other techniques.

· Increasing the number of VLBI sites improves both the VTRF and ITRF.

· Larger more sensitive antennas (even if slow slewing) greatly strengthen the radio CRF, enabling observations of weaker sources.

In order for legacy stations to contribute to VLBI2010, it is only required that they be made compatible in terms of broadband high date rate performance.

Once VLBI2010 is operational, the core of the observing program will be built around a group of antennas that are capable of nearly continuous operation. On any given day, 80-90% of these antennas will be operational, with the rest being off-line for scheduled maintenance and repair. Since legacy antennas have typically not been operated with continuous use in mind, the majority of these daily-use sites will have new antennas and hence meet VLBI2010 specs for 1 mm performance, including those for slew rates. Some fraction of these antennas will also have access to an affordable high performance eVLBI network. If so, these antennas can contribute to the IVS rapid EOP products.

The key to making use of the legacy and special purpose sites is the development of a correlator that can handle a significantly larger number of sites than the daily-use sites. This will allow several extra antennas to be scheduled on any given day for special TRF and CRF programs. Many of these antennas will be either from the legacy group or from a group of antennas that have special attributes such as large collecting area. Examples of special programs might include:

· Using the largest antennas available to monitor fainter sources.

· Using a larger global network to improve the measurement of scale

· Using a regional network for smaller scale studies, e.g. Europe, Asia or the Pacific.

· Extending the VTRF to more stations

The added antennas will not typically observe as a separate sub-net, but will observe in concert with the daily-use antennas so that their products will be well integrated into that framework. In this way, each day’s observations coherently enhance the ICRF, ITRF and EOP. The only difference is that certain days will emphasize some aspects more than others. 

6 Risks

In this section, risks are considered to accomplishing the goals of VLBI2010. These are divided below into technical and organizational risks:

6.1 Technical Risks

The VLBI2010 project has three goals: 1 mm position accuracy, continuous operations, and latency of no more than 24 hours to initial results. Technical risks to achieving the 1 mm goal are discussed below:

· Simulation accuracy. Since not all factors can be accurately included, simulators do not perfectly represent reality. Typically, their results are optimistic. This needs to be kept in mind when setting VLBI2010 specs. Some level of adjustment is required.

· Antenna Slew parameters. According to Figure 15, demanding slew rates are required to achieve 1 mm performance, even in the absence of simulation derating. In addition to the capital costs required for fast-slewing antennas, enhanced recurring costs related to power consumption, repair, maintenance, etc also need to be considered. It is possible that a solution involving a pair of slower-slewing, and hence lower cost, antennas (see Fig.?) will achieve the same level of performance but be more cost-effective. The “two antenna” option also has the (possible) advantage of allowing a phased investment, i.e. one antenna of the pair is acquired at a time. At the outset, it is only necessary that a site be chosen that can handle both antennas.

· Sensitivity. Adequate sensitivity is required to observe enough sources to establish a robust connection to the ICRF. Modern source lists include about 200 high quality sources with fluxes above 200 mJ. To match this, the VLBI2010 flux limit was set at 200 mJ. It was shown theoretically that a 12 m antenna with 50% efficiency and 50 K Tsys is capable of successfully resolving the broadband delay for a 200 mJ source, provided that an instantaneous bit rate of 32 Gbps and sustained record rate of 8 Gbps can be achieved. In the calculations, a margin of sqrt(2) was allowed. Real world limitations such as RFI, source structure, etc may push the credibility of the level of margin. Fallbacks include the use of longer integrations, higher bit rates and a higher minimum source flux. Each has a down side. Longer integrations increase the source-switching interval and push the already high costs of shipping and media; increased bandwidth is hampered by the fact that there is no longer much useable bandwidth remaining in which to expand; increasing the flux limit degrades the connection to the ICRF. One final option is a larger antenna, but this results in higher cost, especially when fast slewing is required.

· Data volume. Achieving VLBI2010 sensitivity with a 12 m antenna will require a sustained bit rate of about 8 Gbps. Anticipated shipping and media costs for continuous observations with a network of 16 or more antennas are much higher than those of today, and may not be operationally sustainable at the outset. Fortunately, there is a long history of bit density increasing with time, resulting in a decrease in both shipping and media costs in the future. If necessary, on the short term, less aggressive observing scenarios may need to be considered. 

· Broadband delay (bbd). Although the NASA bbd proof-of-concept project is underway, the bbd technique remains, at the time of writing, unproven. Although no fundamental limitations have been identified, complications with source structure, uncertainties due to linear polarized signals, calibration, etc may delay its deployment or perhaps make its unachievement impractical. As a fallback, a two band system, similar to the X/S system but with wider bandwidths and different frequencies, has been considered.  Resulting delay measurement precisions degrade from 4 ps to the 8 to 12 ps range. Figure 11 indicates that the expected level of performance degrades slowly.

· Correlator. VLBI correlators, in the past, have required on the order of a decade to develop. It is expected that software or hybrid correlators will require less time. All the same, the timing for the start of the correlator should be considered. Channelization specifications need to be defined so that designs can begin. 

· Analysis. Development of analysis packages needs to keep pace with VLBI2010 development. Current packages need to be upgraded to handle: the larger size of VLBI2010 data sets, source structure corrections, automation, rapid turnaround of results, and more advanced optimization strategies such as correlation of observables, elevation angle down-weighting, correlation of observables, etc.

6.2 Organizational Risks

A list of organizational risks and questions follows:

· Successful projects are usually characterized by well-defined requirements, agreed upon specifications and schedules, and control of resources and personnel. The VLBI2010 project, as it stands today, is weak in nearly all of these aspects. Although much of the current work of the V2C will continue, the goal over the next two years is to better define the requirements, specifications and schedules for the project. However, control of resources and personnel remains an open question for the foreseeable future.

· Large successful projects usually establish a project office with a permanent leader. Will VLBI2010 eventually require a project office with permanent coordinator, or will the V2C plus best effort mode of operation be adequate for a successful completion of the project?

· There are currently very few resources allocated specifically to VLBI2010. How cam VLBI2010 be promoted to get the required funding?

· Will the right personnel be available to make VLBI2010 happen? Currently, capabilities to develop new VLBI technology exist in Europe, USA and Japan. However, over the 40-year history of VLBI, the most widely used geodetic systems have been developed, deployed and maintained by Haystack Observatory. Unfortunately, the personnel that has been relied upon over that period is now over, at or nearing retirement age, and the current market for hi tech skills is currently too hot to establish a meaningful succession plan.

7 Conclusions

The studies suggested in the IVS WG3 have been carried out and reported here.  In general, it appears that predicted station accuracy is approaching the 1 mm level, provided that sufficient effort is expended, i.e. pairs of fast slewing antennas, improved scheduling and analysis strategies, broadband delay, attention to systematic errors, etc. 
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Appendix A. List of Sub-systems that need to be specified

· site criteria

· foundation and geological stability (bedrock?)

· favorable troposphere

· local stability network

· Antenna

· efficiency

· optics

· surface accuracy

· blockage

· slew rates and accelerations

· cable wrap

· deformation

· thermal

· gravitational

· connection to the reference point

· MTBF / life-time

· Feed

· Lindgren

· Kildal

· ATA

· Site ties

· Front end

· Tsys

· Calibration (pcal, cable cal, amplitude cal)

· LNA (T?)

· Cryogenics

· Polarization

· Signal transmission to the control room (fiber?)

· Up-down converter

· Back end

· Samplers

· Channelization

· Truncation

· Data quality analysis (PCAL, cable cal, autocorrelation)

· Radiometry

· Model corrections ?

· RFI handling

· Data transmission to the correlator

· Disc recording

· Media requirements

· EVLBI

· Bandwidth requirements

· Correlator

· Requirements

· Architecture

· Special purpose monolithic

· Software

· Hybrid

· Monolithic vs distributed

· Post processing

· Broadband delay handling

· Calibrations

· Source structure corrections

· Polarization handling

· Data handling

· WG4

· Analysis

· New strategies, e.g. correlation of observables, spherical harmonics, etc.

· Modernization

· Scheduling

· Optimization

· Observing Strategies

· Operations

· Maintenance schedule

· Spare parts

· Automation

· Site operations

· Scheduling

· Analysis

· Transition plan

Appendix B. Structure constants and wet effective heights.
%--------------------------------------------------------------------------

% Parameters for atmospheric modeling (turbulence) for 40 VLBI2010 stations 

%--------------------------------------------------------------------------

% - Cn based on model-fit to high-resolution radiosonde observations

% - mean Trop-h based on fit to ERA40 data for March 2002

% - mean Wind at 850 hPa from ERA40 data for March 2002

%--------------------------------------------------------------------------

% R.Haas and  T. Nilsson, 2007-11-06

% Chalmers University of Technology, Onsala Space Observatory

%--------------------------------------------------------------------------

%ID      Station name    average Cn    mean Trop-h    mean wind at 850hPa

%                        [m^(-1/3)]        [m]        speed [m/s] az [deg]

%--------------------------------------------------------------------------

BA
BADARY 

0.860027e-7

1815.4943

 4.7496  86.9933

BN
BAN2 


2.466039e-7

1678.9426

 4.0975 -32.4796

HH
HARTRAO 

2.028542e-7

1851.3535

 3.4897 -54.3323

HO
HOBART26 

1.157924e-7

2043.1756

11.5446  74.7812

KK
KOKEE 

2.297883e-7

1779.4592

 5.5165 -37.5167

NY
NYALES20 

0.349468e-7

1844.9730

 7.4829   4.0280

TS
TSUKUB32 

1.445493e-7

1911.5739

10.5455  84.3789

WZ
WETTZELL 

0.938080e-7

1856.2057

 7.9631  32.0023

FT
FORTLEZA 

2.466039e-7

2141.9338

 7.6980 -67.6056

GC
GILCREEK 

0.554994e-7

1963.2784

 7.5199 -59.6379

KE
KERG 


0.931880e-7

2088.5080

17.8279  79.0009

KW
KWJ1 


2.466039e-7

1628.8475

 9.5635 -99.8577

MS
MAS1 


1.906584e-7

1890.5852

 7.6967   6.8017

TA
TAHITI 

2.466039e-7

2077.6285

 5.5753 -12.1229

TC
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				1.75		3.05				0.03		1		0

				1.77		3.03		12		0.01		0		0

				1.8		3		11.98		0.06		0		0

				1.82		2.97		11.86		0.05		0		0

				1.85		2.94		11.76		0.05		0		0

				1.87		2.92		11.67		0.06		0		0

				1.9		2.9		11.58		0.07		0		0

				1.92		2.88		11.5		-0.08		0		0

				1.95		2.86		11.43		0.03		0		0

				1.97		2.84		11.36		0.05		0		0

				2		2.82		11.29		0.09		0		0

				2.02		2.81		11.23		-0.06		0		0

				2.05		2.79		11.18		0.07		0		0

				2.07		2.78		11.12		-0.08		0		0

				2.1		2.77		11.07		0.07		0		0

				2.12		2.75		11.02		-0.08		0		0

				2.15		2.74		10.97		0.08		0		0

				2.17		2.73		10.93		-0.08		0		0

				2.2		2.72		10.88		0.09		0		0

				2.22		2.71		10.84		-0.07		0		0

				2.25		2.7		10.8		0		0		0

				2.27		2.69		10.77		0.08		0		0

				2.3		2.68		10.73		-0.08		0		0

				2.32		2.67		10.7		0.12		0		0

				2.35		2.67		10.66		-0.04		0		0

				2.37		2.66		10.63		0.04		0		0

				2.4		2.65		10.6		-0.12		0		0

				2.42		2.64		10.57		0.09		0		0

				2.45		2.64		10.54		-0.07		0		0

				2.47		2.63		10.52		0.02		0		0

				2.5		2.62		10.49		0.11		0		0

				2.52		2.62		10.46		-0.05		0		0

				2.55		2.61		10.44		0.05		0		0

				2.57		2.6		10.42		-0.11		0		0

				2.6		2.6		10.39		0.12		0		0

				2.62		2.59		10.37		-0.04		0		0

				2.65		2.59		10.35		0.06		0		0

				2.67		2.58		10.33		-0.1		0		0

				2.7		2.58		10.31		0.01		0		0

				2.72		2.57		10.29		0.12		0		0

				2.75		2.57		10.27		-0.04		0		0

				2.77		2.56		10.25		0.07		0		0

				2.8		2.56		10.23		-0.1		0		0

				2.82		2.55		10.21		0.02		0		0

				2.85		2.55		10.2		0.13		0		0

				2.87		2.54		10.18		-0.03		0		0

				2.9		2.54		10.16		0.09		0		0

				2.92		2.54		10.14		-0.08		0		0

				2.95		2.53		10.13		0.04		0		0

				2.97		2.53		10.11		-0.13		0		0

				3		2.52		10.1		0.14		0		0

						2.52		10.08		-0.03		0		0

						2.52		10.07		0.1		0		0

						2.51		10.05		-0.07		0		0

						2.51		10.04		0.06		0		0

						2.51		10.03		-0.11		0		0

						2.5		10.01		0.02		0		0

						2.5		10		-0.14		0		0

						2.5		9.99		0.15		0		0

		IPLOT=1		37

				0.03		3.05				130.29		1		0

				0.05		3.05				82.31		1		0

				0.08		3.05				61.25		1		0

				0.1		3.05				48.78		1		0

				0.12		3.05				40.31		1		0

				0.15		3.05				34.07		1		0

				0.17		3.05				29.24		1		0

				0.2		3.05				25.34		1		0

				0.22		3.05				22.11		1		0

				0.25		3.05				19.39		1		0

				0.27		3.05				17.05		1		0

				0.3		3.05				15.01		1		0

				0.33		3.05				13.21		1		0

				0.35		3.05				11.6		1		0

				0.38		3.05				10.16		1		0

				0.4		3.05				8.86		1		0

				0.43		3.05				7.68		1		0

				0.45		3.05				6.59		1		0

				0.48		3.05				5.59		1		0

				0.5		3.05				4.67		1		0

				0.53		3.05				3.82		1		0

				0.55		3.05				3.03		1		0

				0.58		3.05				2.28		1		0

				0.6		3.05				1.59		1		0

				0.63		3.05				0.94		1		0

				0.65		3.05		12		0.33		1		0

				0.68		2.48		9.92		0.01		0		0

				0.7		2.25		9.02		0.01		0		0

				0.73		2.14		8.57		0.08		0		0

				0.75		2.07		8.27		0.09		0		0

				0.78		2.01		8.04		0.06		0		0

				0.8		1.96		7.86		0.1		0		0

				0.83		1.93		7.71		0.02		0		0

				0.85		1.9		7.59		0.18		0		0

				0.88		1.87		7.48		0.18		0		0

				0.9		1.85		7.39		0.21		0		0

				0.93		1.83		7.31		-0.21		0		0

				0.95		1.81		7.24		0.09		0		0

				0.98		1.79		7.17		0.19		0		0

				1		1.78		7.12		-0.22		0		0

				1.03		1.77		7.06		0.17		0		0

				1.05		1.75		7.02		-0.23		0		0

				1.08		1.74		6.97		0.21		0		0

				1.1		1.73		6.93		-0.2		0		0

				1.12		1.72		6.89		0.29		0		0

				1.15		1.71		6.86		-0.13		0		0

				1.17		1.71		6.83		0.08		0		0

				1.2		1.7		6.8		0.31		0		0

				1.22		1.69		6.77		-0.1		0		0

				1.25		1.69		6.74		0.13		0		0

				1.27		1.68		6.72		-0.27		0		0

				1.3		1.67		6.69		0.31		0		0

				1.32		1.67		6.67		-0.11		0		0

				1.35		1.66		6.65		0.17		0		0

				1.37		1.66		6.63		-0.25		0		0

				1.4		1.65		6.61		0.04		0		0

				1.42		1.65		6.59		0.34		0		0

				1.45		1.64		6.58		-0.08		0		0

				1.47		1.64		6.56		0.23		0		0

				1.5		1.64		6.55		-0.2		0		0

				1.52		1.63		6.53		0.12		0		0

				1.55		1.63		6.52		-0.3		0		0

				1.57		1.63		6.5		0.01		0		0

				1.6		1.62		6.49		0.36		0		0

				1.62		1.62		6.48		-0.08		0		0

				1.65		1.62		6.47		0.27		0		0

				1.67		1.61		6.46		-0.17		0		0

				1.7		1.61		6.45		0.19		0		0

				1.72		1.61		6.44		-0.25		0		0

				1.75		1.61		6.43		0.11		0		0

				1.77		1.6		6.42		-0.32		0		0

				1.8		1.6		6.41		0.04		0		0

				1.82		1.6		6.4		-0.4		0		0

				1.85		1.6		6.39		0.38		0		0

				1.87		1.6		6.38		-0.06		0		0

				1.9		1.59		6.38		0.32		0		0

				1.92		1.59		6.37		-0.13		0		0

				1.95		1.59		6.36		0.26		0		0

				1.97		1.59		6.36		-0.18		0		0

				2		1.59		6.35		0.2		0		0

				2.02		1.59		6.34		-0.24		0		0

				2.05		1.58		6.33		0.14		0		0

				2.07		1.58		6.33		-0.3		0		0

				2.1		1.58		6.32		0.09		0		0

				2.12		1.58		6.32		-0.34		0		0

				2.15		1.58		6.31		0.05		0		0

				2.17		1.58		6.31		-0.39		0		0

				2.2		1.58		6.3		0		0		0

				2.22		1.57		6.3		0.41		0		0

				2.25		1.57		6.29		-0.04		0		0

				2.27		1.57		6.29		0.37		0		0

				2.3		1.57		6.28		-0.08		0		0

				2.32		1.57		6.28		0.33		0		0

				2.35		1.57		6.27		-0.12		0		0

				2.37		1.57		6.27		0.29		0		0

				2.4		1.57		6.26		-0.16		0		0

				2.42		1.56		6.26		0.26		0		0

				2.45		1.56		6.26		-0.2		0		0

				2.47		1.56		6.25		0.22		0		0

				2.5		1.56		6.25		-0.23		0		0

				2.52		1.56		6.24		0.19		0		0

				2.55		1.56		6.24		-0.26		0		0

				2.57		1.56		6.24		0.16		0		0

				2.6		1.56		6.23		-0.29		0		0

				2.62		1.56		6.23		0.14		0		0

				2.65		1.56		6.23		-0.32		0		0

				2.67		1.56		6.22		0.11		0		0

				2.7		1.56		6.22		-0.35		0		0

				2.72		1.55		6.22		0.08		0		0

				2.75		1.55		6.21		-0.37		0		0

				2.77		1.55		6.21		0.05		0		0

				2.8		1.55		6.21		-0.4		0		0

				2.82		1.55		6.21		0.03		0		0

				2.85		1.55		6.2		-0.43		0		0

				2.87		1.55		6.2		0		0		0

				2.9		1.55		6.2		0.45		0		0

				2.92		1.55		6.19		-0.02		0		0

				2.95		1.55		6.19		0.42		0		0

				2.97		1.55		6.19		-0.05		0		0

				3		1.55		6.19		0.4		0		0

						1.55		6.18		-0.07		0		0

						1.55		6.18		0.38		0		0

						1.55		6.18		-0.09		0		0

						1.54		6.18		0.36		0		0

						1.54		6.18		-0.11		0		0

						1.54		6.17		0.34		0		0

						1.54		6.17		-0.13		0		0

						1.54		6.17		0.32		0		0

		IPLOT=2		50

				0.03		3.05				117.29		1		0

				0.05		3.05				69.31		1		0

				0.08		3.05				48.25		1		0

				0.1		3.05				35.78		1		0

				0.12		3.05				27.31		1		0

				0.15		3.05				21.07		1		0

				0.17		3.05				16.24		1		0

				0.2		3.05				12.34		1		0

				0.22		3.05				9.11		1		0

				0.25		3.05				6.39		1		0

				0.27		3.05				4.05		1		0

				0.3		3.05				2.01		1		0

				0.33		3.05		12		0.21		1		0

				0.35		1.56		6.22		0.04		0		0

				0.38		1.44		5.75		0.15		0		0

				0.4		1.37		5.48		0.3		0		0

				0.43		1.33		5.3		0.01		0		0

				0.45		1.29		5.17		0.33		0		0

				0.48		1.27		5.07		0.34		0		0

				0.5		1.25		4.98		0.47		0		0

				0.53		1.23		4.92		-0.49		0		0

				0.55		1.21		4.86		0.36		0		0

				0.58		1.2		4.81		-0.57		0		0

				0.6		1.19		4.77		0.45		0		0

				0.63		1.18		4.73		-0.47		0		0

				0.65		1.17		4.69		0.68		0		0

				0.68		1.17		4.67		-0.24		0		0

				0.7		1.16		4.64		0.3		0		0

				0.73		1.15		4.62		-0.61		0		0

				0.75		1.15		4.6		0.74		0		0

				0.78		1.14		4.58		-0.19		0		0

				0.8		1.14		4.56		0.46		0		0

				0.83		1.14		4.54		-0.46		0		0

				0.85		1.13		4.53		0.21		0		0

				0.88		1.13		4.51		-0.69		0		0

				0.9		1.13		4.5		0		0		0

				0.93		1.12		4.49		0.75		0		0

				0.95		1.12		4.48		-0.18		0		0

				0.98		1.12		4.47		0.58		0		0

				1		1.11		4.46		-0.35		0		0

				1.03		1.11		4.45		0.43		0		0

				1.05		1.11		4.44		-0.5		0		0

				1.08		1.11		4.43		0.29		0		0

				1.1		1.11		4.43		-0.64		0		0

				1.12		1.1		4.42		0.17		0		0

				1.15		1.1		4.41		-0.76		0		0

				1.17		1.1		4.41		0.05		0		0

				1.2		1.1		4.4		0.91		0		0

				1.22		1.1		4.39		-0.05		0		0

				1.25		1.1		4.39		0.82		0		0

				1.27		1.1		4.38		-0.14		0		0

				1.3		1.09		4.38		0.74		0		0

				1.32		1.09		4.38		-0.22		0		0

				1.35		1.09		4.37		0.66		0		0

				1.37		1.09		4.37		-0.3		0		0

				1.4		1.09		4.36		0.58		0		0

				1.42		1.09		4.36		-0.38		0		0

				1.45		1.09		4.36		0.51		0		0

				1.47		1.09		4.35		-0.45		0		0

				1.5		1.09		4.35		0.45		0		0

				1.52		1.09		4.34		-0.51		0		0

				1.55		1.09		4.34		0.38		0		0

				1.57		1.08		4.34		-0.57		0		0

				1.6		1.08		4.34		0.33		0		0

				1.62		1.08		4.33		-0.63		0		0

				1.65		1.08		4.33		0.28		0		0

				1.67		1.08		4.33		-0.68		0		0

				1.7		1.08		4.32		0.23		0		0

				1.72		1.08		4.32		-0.73		0		0

				1.75		1.08		4.32		0.19		0		0

				1.77		1.08		4.32		-0.77		0		0

				1.8		1.08		4.32		0.15		0		0

				1.82		1.08		4.31		-0.81		0		0

				1.85		1.08		4.31		0.11		0		0

				1.87		1.08		4.31		-0.85		0		0

				1.9		1.08		4.31		0.07		0		0

				1.92		1.08		4.31		-0.89		0		0

				1.95		1.08		4.3		0.03		0		0

				1.97		1.08		4.3		-0.92		0		0

				2		1.07		4.3		0.98		0		0

				2.02		1.07		4.3		-0.02		0		0

				2.05		1.07		4.3		0.95		0		0

				2.07		1.07		4.29		-0.05		0		0

				2.1		1.07		4.29		0.92		0		0

				2.12		1.07		4.29		-0.08		0		0

				2.15		1.07		4.29		0.89		0		0

				2.17		1.07		4.29		-0.11		0		0

				2.2		1.07		4.29		0.86		0		0

				2.22		1.07		4.29		-0.14		0		0

				2.25		1.07		4.28		0.83		0		0

				2.27		1.07		4.28		-0.17		0		0

				2.3		1.07		4.28		0.81		0		0

				2.32		1.07		4.28		-0.19		0		0

				2.35		1.07		4.28		0.78		0		0

				2.37		1.07		4.28		-0.22		0		0

				2.4		1.07		4.28		0.76		0		0

				2.42		1.07		4.28		-0.24		0		0

				2.45		1.07		4.27		0.74		0		0

				2.47		1.07		4.27		-0.26		0		0

				2.5		1.07		4.27		0.72		0		0

				2.52		1.07		4.27		-0.29		0		0

				2.55		1.07		4.27		0.69		0		0

				2.57		1.07		4.27		-0.31		0		0

				2.6		1.07		4.27		0.67		0		0

				2.62		1.07		4.27		-0.33		0		0

				2.65		1.07		4.27		0.66		0		0

				2.67		1.07		4.27		-0.35		0		0

				2.7		1.07		4.26		0.64		0		0

				2.72		1.07		4.26		-0.36		0		0

				2.75		1.07		4.26		0.62		0		0

				2.77		1.07		4.26		-0.38		0		0

				2.8		1.07		4.26		0.61		0		0

				2.82		1.07		4.26		-0.39		0		0

				2.85		1.06		4.26		0.59		0		0

				2.87		1.06		4.26		-0.41		0		0

				2.9		1.06		4.26		0.58		0		0

				2.92		1.06		4.26		-0.43		0		0

				2.95		1.06		4.26		0.56		0		0

				2.97		1.06		4.26		-0.44		0		0

				3		1.06		4.25		0.55		0		0

						1.06		4.25		-0.46		0		0

						1.06		4.25		0.53		0		0

						1.06		4.25		-0.47		0		0

						1.06		4.25		0.52		0		0

						1.06		4.25		-0.49		0		0

						1.06		4.25		0.5		0		0

						1.06		4.25		-0.5		0		0

						1.06		4.25		0.49		0		0

		IPLOT=3		63

				0.03		3.05				104.29		1		0

				0.05		3.05				56.31		1		0

				0.08		3.05				35.25		1		0

				0.1		3.05				22.78		1		0

				0.12		3.05				14.31		1		0

				0.15		3.05				8.07		1		0

				0.17		3.05		12		3.24		1		0

				0.2		1.31		5.25		0.08		0		0

				0.22		1.1		4.42		0.08		0		0

				0.25		1.03		4.12		0.16		0		0

				0.27		0.99		3.96		0.47		0		0

				0.3		0.96		3.84		0.41		0		0

				0.33		0.94		3.76		0.65		0		0

				0.35		0.92		3.7		1.13		0		0

				0.38		0.91		3.65		-0.57		0		0

				0.4		0.9		3.61		0.1		0		0

				0.43		0.89		3.58		0.96		0		0

				0.45		0.89		3.55		-0.66		0		0

				0.48		0.88		3.52		0.31		0		0

				0.5		0.88		3.5		-1.27		0		0

				0.53		0.87		3.49		1.2		0		0

				0.55		0.87		3.47		-0.43		0		0

				0.58		0.86		3.46		0.8		0		0

				0.6		0.86		3.44		-0.8		0		0

				0.63		0.86		3.43		0.46		0		0

				0.65		0.86		3.42		-1.12		0		0

				0.68		0.85		3.41		0.19		0		0

				0.7		0.85		3.4		-1.38		0		0

				0.73		0.85		3.4		1.51		0		0

				0.75		0.85		3.39		-0.15		0		0

				0.78		0.85		3.38		1.32		0		0

				0.8		0.84		3.38		-0.33		0		0

				0.83		0.84		3.37		1.15		0		0

				0.85		0.84		3.37		-0.5		0		0

				0.88		0.84		3.36		1		0		0

				0.9		0.84		3.36		-0.64		0		0

				0.93		0.84		3.35		0.86		0		0

				0.95		0.84		3.35		-0.77		0		0

				0.98		0.84		3.35		0.74		0		0

				1		0.84		3.34		-0.89		0		0

				1.03		0.84		3.34		0.65		0		0

				1.05		0.83		3.34		-1		0		0

				1.08		0.83		3.33		0.55		0		0

				1.1		0.83		3.33		-1.08		0		0

				1.12		0.83		3.33		0.47		0		0

				1.15		0.83		3.33		-1.16		0		0

				1.17		0.83		3.32		0.39		0		0

				1.2		0.83		3.32		-1.24		0		0

				1.22		0.83		3.32		0.31		0		0

				1.25		0.83		3.32		-1.32		0		0

				1.27		0.83		3.32		0.25		0		0

				1.3		0.83		3.31		-1.38		0		0

				1.32		0.83		3.31		0.18		0		0

				1.35		0.83		3.31		-1.44		0		0

				1.37		0.83		3.31		0.13		0		0

				1.4		0.83		3.31		-1.5		0		0

				1.42		0.83		3.3		0.07		0		0

				1.45		0.83		3.3		-1.55		0		0

				1.47		0.83		3.3		0.02		0		0

				1.5		0.83		3.3		-1.6		0		0

				1.52		0.82		3.3		1.69		0		0

				1.55		0.82		3.3		-0.04		0		0

				1.57		0.82		3.3		1.65		0		0

				1.6		0.82		3.3		-0.09		0		0

				1.62		0.82		3.29		1.61		0		0

				1.65		0.82		3.29		-0.12		0		0

				1.67		0.82		3.29		1.58		0		0

				1.7		0.82		3.29		-0.16		0		0

				1.72		0.82		3.29		1.54		0		0

				1.75		0.82		3.29		-0.19		0		0

				1.77		0.82		3.29		1.51		0		0

				1.8		0.82		3.29		-0.22		0		0

				1.82		0.82		3.29		1.48		0		0

				1.85		0.82		3.29		-0.25		0		0

				1.87		0.82		3.28		1.45		0		0

				1.9		0.82		3.28		-0.28		0		0

				1.92		0.82		3.28		1.42		0		0

				1.95		0.82		3.28		-0.31		0		0

				1.97		0.82		3.28		1.4		0		0

				2		0.82		3.28		-0.34		0		0

				2.02		0.82		3.28		1.37		0		0

				2.05		0.82		3.28		-0.36		0		0

				2.07		0.82		3.28		1.35		0		0

				2.1		0.82		3.28		-0.38		0		0

				2.12		0.82		3.28		1.33		0		0

				2.15		0.82		3.28		-0.41		0		0

				2.17		0.82		3.28		1.3		0		0

				2.2		0.82		3.28		-0.43		0		0

				2.22		0.82		3.27		1.28		0		0

				2.25		0.82		3.27		-0.45		0		0

				2.27		0.82		3.27		1.26		0		0

				2.3		0.82		3.27		-0.47		0		0

				2.32		0.82		3.27		1.24		0		0

				2.35		0.82		3.27		-0.49		0		0

				2.37		0.82		3.27		1.23		0		0

				2.4		0.82		3.27		-0.51		0		0

				2.42		0.82		3.27		1.21		0		0

				2.45		0.82		3.27		-0.52		0		0

				2.47		0.82		3.27		1.19		0		0

				2.5		0.82		3.27		-0.54		0		0

				2.52		0.82		3.27		1.18		0		0

				2.55		0.82		3.27		-0.56		0		0

				2.57		0.82		3.27		1.19		0		0

				2.6		0.82		3.27		-0.57		0		0

				2.62		0.82		3.27		1.17		0		0

				2.65		0.82		3.27		-0.59		0		0

				2.67		0.82		3.27		1.16		0		0

				2.7		0.82		3.27		-0.6		0		0

				2.72		0.82		3.27		1.15		0		0

				2.75		0.82		3.27		-0.59		0		0

				2.77		0.82		3.27		1.13		0		0

				2.8		0.82		3.27		-0.6		0		0

				2.82		0.82		3.26		1.12		0		0

				2.85		0.82		3.26		-0.61		0		0

				2.87		0.82		3.26		1.11		0		0

				2.9		0.82		3.26		-0.63		0		0

				2.92		0.82		3.26		1.1		0		0

				2.95		0.82		3.26		-0.64		0		0

				2.97		0.82		3.26		1.09		0		0

				3		0.82		3.26		-0.65		0		0

						0.82		3.26		1.07		0		0

						0.82		3.26		-0.66		0		0

						0.82		3.26		1.06		0		0

						0.82		3.26		-0.67		0		0

						0.82		3.26		1.05		0		0

						0.82		3.26		-0.68		0		0

						0.82		3.26		1.04		0		0

						0.81		3.26		-0.69		0		0

		Type <R		ETURN> for		next p		age: Norm		al exit
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Sheet1

		

		switch interval		OCCAM 0_0		OCCAM 1_5		Solve base		PPP best

		15				0.86		0.96		0.676

		30		0.95		1.1		1.22		0.767

		45		1.28		1.33		1.53		0.995

		60		1.52		1.75		1.64		1.095

		120		3.38

				0.019		0.0193		0.0157		0.0099		slope

				0.395		0.535		0.75		0.512		offset

		accuracy (mm)

		0.6		10.7894736842		3.3678756477		-9.5541401274		8.8888888889

		0.7		16.0526315789		8.5492227979		-3.1847133758		18.9898989899

		0.75		18.6842105263		11.1398963731		0		24.0404040404

		0.8		21.3157894737		13.7305699482		3.1847133758		29.0909090909

		0.9		26.5789473684		18.9119170984		9.5541401274		39.1919191919

		1		31.8421052632		24.0932642487		15.923566879		49.2929292929

		1.1		37.1052631579		29.274611399		22.2929936306		59.3939393939

		1.25		45		37.0466321244		31.847133758		74.5454545455

		1.5		58.1578947368		50		47.7707006369		99.797979798

		1.75		71.3157894737		62.9533678756		63.6942675159		125.0505050505

		2		84.4736842105		75.9067357513		79.6178343949		150.303030303

		Patriot

		45.11		1.25209		1.405623		1.458227		0.958589		1

		21.78		0.80882		0.955354		1.091946		0.727622		2

		13.64		0.65416		0.798252		0.964148		0.647036		3

		9.68		0.57892		0.721824		0.901976		0.607832		4

		Wettzell

		23.25		0.83675		0.983725		1.115025		0.742175		1

		11.34		0.61046		0.753862		0.928038		0.624266		2

		7.47		0.53693		0.679171		0.867279		0.585953		3

		5.54		0.50026		0.641922		0.836978		0.566846		4

		1.458227		1.091946		0.964148		0.901976				Solve - Pat

		1.115025		0.928038		0.867279		0.836978				Solve - Wett

		1.405623		0.955354		0.798252		0.721824				OCCAM - Pat

		0.983725		0.753862		0.679171		0.641922				OCCAM - Wett

		0.958589		0.727622		0.647036		0.607832				PPP - Pat

		0.742175		0.624266		0.585953		0.566846				PPP - Wett

		0		45.1		23.24		0

		1.405623		45.11		23.25		0.983725

		0		1.405623		0.983725		0		0

		45.11		1.405623		0.983725		23.25		75

		0		21.77		11.33		0

		0.955354		21.78		11.34		0.753862

		0		0.955354		0.753862		0		0

		21.78		0.955354		0.753862		1.458227		75
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				2.62		2.52		10.08		0.12		0		0

				2.65		2.52		10.07		-0.03		0		0

				2.67		2.51		10.05		0.07		0		0

				2.7		2.51		10.03		-0.08		0		0

				2.72		2.5		10.01		0.02		0		0

				2.75		2.5		9.99		0.13		0		0

				2.77		2.49		9.98		-0.03		0		0

				2.8		2.49		9.96		0.09		0		0

				2.82		2.49		9.94		-0.09		0		0

				2.85		2.48		9.93		0.05		0		0

				2.87		2.48		9.92		-0.13		0		0

				2.9		2.48		9.9		0		0		0

				2.92		2.47		9.89		0.12		0		0

				2.95		2.47		9.86		-0.06		0		0

				2.97		2.46		9.85		0.06		0		0

				3		2.46		9.83		-0.09		0		0

						2.45		9.82		0.02		0		0

						2.45		9.8		-0.14		0		0

						2.45		9.79		0.13		0		0

						2.45		9.78		-0.03		0		0

						2.44		9.77		0.1		0		0

						2.44		9.75		-0.07		0		0

						2.44		9.74		0.06		0		0

						2.43		9.73		-0.1		0		0

		IPLOT=1		18.9

				0.03		3.05				119.36		1		0

				0.05		3.05				75.15		1		0

				0.08		3.05				55.69		1		0

				0.1		3.05				44.04		1		0

				0.12		3.05				36.12		1		0

				0.15		3.05				30.3		1		0

				0.17		3.05				25.8		1		0

				0.2		3.05				22.17		1		0

				0.22		3.05				19.17		1		0

				0.25		3.05				16.6		1		0

				0.27		3.05				14.45		1		0

				0.3		3.05				12.51		1		0

				0.33		3.05				10.84		1		0

				0.35		3.05				9.34		1		0

				0.38		3.05				7.99		1		0

				0.4		3.05				6.82		1		0

				0.43		3.05				5.74		1		0

				0.45		3.05				4.75		1		0

				0.48		3.05				3.83		1		0

				0.5		3.05				2.98		1		0

				0.53		3.05				2.18		1		0

				0.55		3.05				1.46		1		0

				0.58		3.05				0.8		1		0

				0.6		3.05		12		0.14		1		0

				0.63		2.39		9.58		0.04		0		0

				0.65		2.18		8.71		0.01		0		0

				0.68		2.05		8.22		0.02		0		0

				0.7		1.98		7.91		0.01		0		0

				0.73		1.94		7.74		0.07		0		0

				0.75		1.89		7.55		0.1		0		0

				0.78		1.85		7.41		0.01		0		0

				0.8		1.82		7.29		0.21		0		0

				0.83		1.8		7.18		0.2		0		0

				0.85		1.78		7.1		-0.23		0		0

				0.88		1.76		7.03		0.07		0		0

				0.9		1.74		6.95		0.13		0		0

				0.93		1.72		6.87		0.18		0		0

				0.95		1.7		6.8		-0.22		0		0

				0.98		1.68		6.74		0.09		0		0

				1		1.67		6.68		0.21		0		0

				1.03		1.66		6.63		-0.19		0		0

				1.05		1.65		6.59		0.25		0		0

				1.08		1.63		6.53		-0.17		0		0

				1.1		1.62		6.49		0.29		0		0

				1.12		1.61		6.46		-0.14		0		0

				1.15		1.61		6.43		0.1		0		0

				1.17		1.6		6.4		-0.3		0		0

				1.2		1.59		6.37		0.23		0		0

				1.22		1.59		6.35		-0.16		0		0

				1.25		1.58		6.32		0.08		0		0

				1.27		1.57		6.3		0.33		0		0

				1.3		1.57		6.27		-0.1		0		0

				1.32		1.56		6.26		0.2		0		0

				1.35		1.56		6.24		-0.23		0		0

				1.37		1.56		6.22		0.09		0		0

				1.4		1.55		6.21		-0.35		0		0

				1.42		1.55		6.19		0.35		0		0

				1.45		1.54		6.18		-0.08		0		0

				1.47		1.54		6.16		0.21		0		0

				1.5		1.54		6.15		-0.18		0		0

				1.52		1.53		6.13		0.12		0		0

				1.55		1.53		6.12		-0.29		0		0

				1.57		1.53		6.1		0.01		0		0

				1.6		1.52		6.09		0.38		0		0

				1.62		1.52		6.09		-0.05		0		0

				1.65		1.52		6.08		0.3		0		0

				1.67		1.52		6.07		-0.13		0		0

				1.7		1.51		6.06		0.22		0		0

				1.72		1.51		6.05		-0.2		0		0

				1.75		1.51		6.04		0.15		0		0

				1.77		1.51		6.03		-0.27		0		0

				1.8		1.51		6.02		0.09		0		0

				1.82		1.5		6.02		-0.34		0		0

				1.85		1.5		6.01		0.04		0		0

				1.87		1.5		6		-0.38		0		0

				1.9		1.5		6		0.37		0		0

				1.92		1.5		5.99		-0.05		0		0

				1.95		1.5		5.98		0.32		0		0

				1.97		1.49		5.98		-0.09		0		0

				2		1.49		5.97		0.27		0		0

				2.02		1.49		5.97		-0.13		0		0

				2.05		1.49		5.96		0.25		0		0

				2.07		1.49		5.96		-0.18		0		0

				2.1		1.49		5.95		0.21		0		0

				2.12		1.49		5.95		-0.2		0		0

				2.15		1.49		5.94		0.16		0		0

				2.17		1.48		5.94		-0.24		0		0

				2.2		1.49		5.94		0.18		0		0

				2.22		1.48		5.94		-0.28		0		0

				2.25		1.48		5.93		0.14		0		0

				2.27		1.48		5.93		-0.27		0		0

				2.3		1.48		5.93		0.11		0		0

				2.32		1.48		5.92		-0.3		0		0

				2.35		1.48		5.92		0.08		0		0

				2.37		1.48		5.92		-0.33		0		0

				2.4		1.48		5.92		0.08		0		0

				2.42		1.48		5.92		-0.37		0		0

				2.45		1.48		5.92		0.07		0		0

				2.47		1.48		5.91		-0.35		0		0

				2.5		1.48		5.91		0.04		0		0

				2.52		1.48		5.91		-0.38		0		0

				2.55		1.48		5.9		0.02		0		0

				2.57		1.48		5.9		-0.41		0		0

				2.6		1.47		5.9		0.49		0		0

				2.62		1.48		5.9		-0.44		0		0

				2.65		1.48		5.9		0.01		0		0

				2.67		1.47		5.9		0.46		0		0

				2.7		1.47		5.89		-0.03		0		0

				2.72		1.47		5.89		0.44		0		0

				2.75		1.47		5.89		-0.05		0		0

				2.77		1.47		5.89		0.42		0		0

				2.8		1.47		5.89		-0.07		0		0

				2.82		1.47		5.88		0.44		0		0

				2.85		1.47		5.88		-0.08		0		0

				2.87		1.47		5.88		0.42		0		0

				2.9		1.47		5.88		-0.1		0		0

				2.92		1.47		5.88		0.4		0		0

				2.95		1.47		5.88		-0.08		0		0

				2.97		1.47		5.88		0.37		0		0

				3		1.47		5.88		-0.11		0		0

						1.47		5.87		0.35		0		0

						1.47		5.87		-0.14		0		0

						1.47		5.87		0.33		0		0

						1.47		5.87		-0.15		0		0

						1.47		5.87		0.31		0		0

						1.47		5.87		-0.16		0		0

						1.47		5.87		0.33		0		0

						1.47		5.86		-0.19		0		0

		IPLOT=2		24.1

				0.03		3.05				108.96		1		0

				0.05		3.05				64.75		1		0

				0.08		3.05				45.29		1		0

				0.1		3.05				33.64		1		0

				0.12		3.05				25.72		1		0

				0.15		3.05				19.9		1		0

				0.17		3.05				15.4		1		0

				0.2		3.05				11.77		1		0

				0.22		3.05				8.77		1		0

				0.25		3.05				6.2		1		0

				0.27		3.05				4.05		1		0

				0.3		3.05				2.11		1		0

				0.33		3.05		12		0.44		1		0

				0.35		1.68		6.71		0.01		0		0

				0.38		1.5		6		0.01		0		0

				0.4		1.42		5.67		0.21		0		0

				0.43		1.37		5.47		0.26		0		0

				0.45		1.33		5.33		0.13		0		0

				0.48		1.31		5.23		0.12		0		0

				0.5		1.28		5.13		0.13		0		0

				0.53		1.26		5.04		0.22		0		0

				0.55		1.24		4.97		0.34		0		0

				0.58		1.22		4.9		0.51		0		0

				0.6		1.21		4.83		-0.34		0		0

				0.63		1.2		4.79		0.55		0		0

				0.65		1.19		4.75		-0.32		0		0

				0.68		1.18		4.71		0.09		0		0

				0.7		1.17		4.69		0.54		0		0

				0.73		1.16		4.66		-0.28		0		0

				0.75		1.16		4.63		0.25		0		0

				0.78		1.15		4.62		-0.59		0		0

				0.8		1.15		4.6		0.7		0		0

				0.83		1.15		4.58		-0.13		0		0

				0.85		1.14		4.56		0.39		0		0

				0.88		1.13		4.54		-0.39		0		0

				0.9		1.13		4.52		0.13		0		0

				0.93		1.13		4.5		-0.68		0		0

				0.95		1.12		4.49		0.72		0		0

				0.98		1.12		4.48		-0.17		0		0

				1		1.12		4.47		0.55		0		0

				1.03		1.11		4.46		-0.34		0		0

				1.05		1.11		4.45		0.44		0		0

				1.08		1.11		4.44		-0.47		0		0

				1.1		1.11		4.44		0.35		0		0

				1.12		1.11		4.44		-0.57		0		0

				1.15		1.11		4.43		0.26		0		0

				1.17		1.11		4.42		-0.64		0		0

				1.2		1.1		4.42		0.15		0		0

				1.22		1.1		4.42		-0.72		0		0

				1.25		1.1		4.41		0.12		0		0

				1.27		1.1		4.41		-0.75		0		0

				1.3		1.1		4.41		0.04		0		0

				1.32		1.1		4.4		-0.83		0		0

				1.35		1.1		4.4		0.89		0		0

				1.37		1.1		4.4		-0.04		0		0

				1.4		1.1		4.39		0.88		0		0

				1.42		1.1		4.39		-0.11		0		0

				1.45		1.1		4.39		0.83		0		0

				1.47		1.1		4.39		-0.14		0		0

				1.5		1.1		4.38		0.75		0		0

				1.52		1.09		4.38		-0.18		0		0

				1.55		1.09		4.38		0.76		0		0

				1.57		1.09		4.38		-0.23		0		0

				1.6		1.09		4.37		0.71		0		0

				1.62		1.09		4.38		-0.21		0		0

				1.65		1.09		4.37		0.66		0		0

				1.67		1.09		4.37		-0.26		0		0

				1.7		1.09		4.37		0.61		0		0

				1.72		1.09		4.37		-0.31		0		0

				1.75		1.09		4.36		0.6		0		0

				1.77		1.09		4.36		-0.36		0		0

				1.8		1.09		4.36		0.56		0		0

				1.82		1.09		4.36		-0.37		0		0

				1.85		1.09		4.36		0.54		0		0

				1.87		1.09		4.36		-0.4		0		0

				1.9		1.09		4.35		0.5		0		0

				1.92		1.09		4.35		-0.42		0		0

				1.95		1.09		4.35		0.47		0		0

				1.97		1.09		4.35		-0.46		0		0

				2		1.09		4.35		0.46		0		0

				2.02		1.09		4.35		-0.5		0		0

				2.05		1.09		4.35		0.43		0		0

				2.07		1.09		4.35		-0.49		0		0

				2.1		1.09		4.34		0.41		0		0

				2.12		1.09		4.34		-0.52		0		0

				2.15		1.09		4.34		0.38		0		0

				2.17		1.09		4.34		-0.55		0		0

				2.2		1.08		4.34		0.35		0		0

				2.22		1.08		4.34		-0.56		0		0

				2.25		1.08		4.34		0.34		0		0

				2.27		1.08		4.34		-0.58		0		0

				2.3		1.08		4.34		0.32		0		0

				2.32		1.08		4.34		-0.6		0		0

				2.35		1.08		4.34		0.37		0		0

				2.37		1.08		4.34		-0.61		0		0

				2.4		1.08		4.34		0.34		0		0

				2.42		1.08		4.34		-0.57		0		0

				2.45		1.08		4.34		0.35		0		0

				2.47		1.08		4.34		-0.6		0		0

				2.5		1.08		4.33		0.33		0		0

				2.52		1.08		4.34		-0.62		0		0

				2.55		1.08		4.33		0.33		0		0

				2.57		1.08		4.33		-0.64		0		0

				2.6		1.08		4.33		0.31		0		0

				2.62		1.08		4.33		-0.64		0		0

				2.65		1.08		4.33		0.31		0		0

				2.67		1.08		4.33		-0.66		0		0

				2.7		1.08		4.33		0.29		0		0

				2.72		1.08		4.33		-0.66		0		0

				2.75		1.08		4.33		0.27		0		0

				2.77		1.08		4.33		-0.68		0		0

				2.8		1.08		4.33		0.26		0		0

				2.82		1.08		4.33		-0.69		0		0

				2.85		1.08		4.33		0.25		0		0

				2.87		1.08		4.33		-0.71		0		0

				2.9		1.08		4.32		0.23		0		0

				2.92		1.08		4.32		-0.69		0		0

				2.95		1.08		4.32		0.22		0		0

				2.97		1.08		4.32		-0.71		0		0

				3		1.08		4.32		0.2		0		0

						1.08		4.32		-0.73		0		0

						1.08		4.32		0.18		0		0

						1.08		4.32		-0.74		0		0

						1.08		4.32		0.17		0		0

						1.08		4.32		-0.75		0		0

						1.08		4.32		0.16		0		0

						1.08		4.32		-0.76		0		0

						1.08		4.32		0.17		0		0

		IPLOT=3		29.3

				0.03		3.05				98.56		1		0

				0.05		3.05				54.35		1		0

				0.08		3.05				34.89		1		0

				0.1		3.05				23.24		1		0

				0.12		3.05				15.32		1		0

				0.15		3.05				9.5		1		0

				0.17		3.05				5		1		0

				0.2		3.05		12		1.37		1		0

				0.22		1.29		5.16		0.1		0		0

				0.25		1.15		4.58		0.39		0		0

				0.27		1.08		4.33		0.15		0		0

				0.3		1.04		4.18		0.56		0		0

				0.33		1.02		4.06		0.44		0		0

				0.35		0.99		3.97		0.63		0		0

				0.38		0.97		3.89		0.74		0		0

				0.4		0.96		3.83		-0.67		0		0

				0.43		0.95		3.78		0.84		0		0

				0.45		0.93		3.74		-0.64		0		0

				0.48		0.93		3.71		0.12		0		0

				0.5		0.92		3.69		1.06		0		0

				0.53		0.92		3.67		-0.37		0		0

				0.55		0.91		3.65		0.55		0		0

				0.58		0.91		3.63		-0.85		0		0

				0.6		0.9		3.61		0.1		0		0

				0.63		0.9		3.59		1.16		0		0

				0.65		0.89		3.58		-0.31		0		0

				0.68		0.89		3.57		0.9		0		0

				0.7		0.89		3.56		-0.52		0		0

				0.73		0.89		3.55		0.66		0		0

				0.75		0.89		3.55		-0.73		0		0

				0.78		0.89		3.54		0.64		0		0

				0.8		0.88		3.54		-0.85		0		0

				0.83		0.88		3.53		0.44		0		0
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		El		0.7		1.4		2.1		2.1		2.8		3.5

		% obs						13		13		14		15

		% cal						0		0		0		0

		% slew						37		35		29		25

		% idle						50		52		56		60

		Avg # scans						1301		1391		1530		1578

		Scans/Hour						54		58		64		66

		Avg length						8		8		7		7

		Total # scans						2948		3086		3417		3522

		Total # obs						68549		73913		80637		83223

								16_4p5_2p1E		16_6_2p1E				16_12_3p5E

		NumStat		16		16		16		16		16		16

		AzRate		1.5		3		4.5		6		9		12

		El		0.7		1.4		2.1		2.1		2.8		3.5

		% obs						13		14		15		17

		% cal						0		0		0		0

		% slew						35		30		25		20

		% idle						52		55		60		63

		Avg # scans						1337		1451		1624		1721

		Scans/Hour						56		61		68		72

		Avg length						7		7		7		7

		Total # scans						3002		3258		3633		3860

		Total # obs						70760		76862		85466		89923

				16_1p5_0p7D0		16_1p5_0p7D0		16_4p5_2p1D0		16_6_2p1D0		16_9_2p8D0		16_12_3p5D0

		NumStat		16		16		16		16		16		16

		AzRate		1.5		3		4.5		6		9		12

		El		0.7		1.4		2.1		2.1		2.8		3.5

		% obs		8		11		12		13		15		15

		% cal		0		0		0		0		0		0

		% slew		51		43		37		35		29		25

		% idle		41		46		51		52		56		60

		Avg # scans		782		1106		1285		1407		1542		1577

		Scans/Hour		33		46		54		59		64		66

		Avg length		8		8		7		7		7		7

		Total # scans		2220		2587		2874		3133		3433		3521

		Total # obs		36187		57524		68209		74613		81391		83375

		New Source List

				16_1p5_0p7D0l		16_1p5_0p7D0l		16_4p5_2p1D0l		16_6_2p1D0l		16_9_2p8D0l		16_12_3p5D0l

		NumStat		16		16		16		16		16		16

		AzRate		1.5		3		4.5		6		9		12

		El		0.7		1.4		2.1		2.1		2.8		3.5

		% obs		7		9		11		12		14		15

		% cal		0		0		0		0		0		0

		% slew		51		43		37		35		30		25

		% idle		42		48		52		53		56		60

		Avg # scans		1002		1465		1758		1950		2225		2357

		Scans/Hour		42		61		73		81		93		98

		Avg length		5		5		5		5		5		5

		Total # scans		2570		3245		3717		4002		4486		4717

		Total # obs		51850		82528		101303		113227		129757		137492

		New Src List, New Sked

								16_4p5_2p1D0ln		16_6_2p1D0ln		16_9_2p8D0ln		16_12_3p5D0ln

		NumStat		16		16		16		16		16		16

		AzRate		1.5		3		4.5		6		9		12

		El		0.7		1.4		2.1		2.1		2.8		3.5

		% obs		7		10		15		18		19		20

		% cal		0		0		0		0		0		0

		% slew		51		43		33		30		22		16

		% idle		42		47		52		52		58		65

		Avg # scans		1124		1646		2421		2871		3104		3133

		Scans/Hour		47		69		101		120		129		131

		Avg length		5		5		5		5		5		5

		Total # scans		2853		3724		5202		6128		6564		6600

		Total # obs		59392		93592		134134		159088		172145		173831

				59.392		93.592		134.134		159.088		172.145		173.831

		New Schedule

								16_4p5_2p1D0n		16_6_2p1D0n		16_9_2p8D0n		16_12_3p5D0n

		NumStat						16		16		16		16

		AzRate						4.5		6		9		12

		El						2.1		2.1		2.8		3.5

		% obs						16		17		20		21

		% cal						0		0		0		0

		% slew						37		34		27		22

		% idle						47		49		53		57

		Avg # scans						1658		1761		1891		1947

		Scans/Hour						69		73		79		81

		Avg length						8		8		8		8

		Total # scans		2467		3340		3882		4136		4442		4587

		Total # obs		43942		72514		84070		88816		95079		97786

				43.942		72.514		84.07		88.816		95.079		97.786

		New Sked, 200 New Sources

								4p5_2p1D0ln200		6_2p1D0ln200		9_2p8D0ln200		12_3p5D0ln200

		NumStat		16		16		16		16		16		16

		AzRate		1.5		3		4.5		6		9		12

		El		0.7		1.4		2.1		2.1		2.8		3.5

		% obs

		% cal

		% slew

		% idle

		Avg # scans

		Scans/Hour

		Avg length

		Total # scans		4260		6264		8581		9821		12156		13058

		Total # obs		86168		158806		219693		260092		323476		349738

				86.168		158.806		219.693		260.092		323.476		349.738

				26325
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Sheet1

		

		switch interval		OCCAM 0_0		OCCAM 1_5		Solve base		PPP best

		15				0.86		0.96		0.676

		30		0.95		1.1		1.22		0.767

		45		1.28		1.33		1.53		0.995

		60		1.52		1.75		1.64		1.095

		120		3.38

				0.019		0.0193		0.0157		0.0099		slope

				0.395		0.535		0.75		0.512		offset

		accuracy (mm)

		0.6		10.7894736842		3.3678756477		-9.5541401274		8.8888888889

		0.7		16.0526315789		8.5492227979		-3.1847133758		18.9898989899

		0.75		18.6842105263		11.1398963731		0		24.0404040404

		0.8		21.3157894737		13.7305699482		3.1847133758		29.0909090909

		0.9		26.5789473684		18.9119170984		9.5541401274		39.1919191919

		1		31.8421052632		24.0932642487		15.923566879		49.2929292929

		1.1		37.1052631579		29.274611399		22.2929936306		59.3939393939

		1.25		45		37.0466321244		31.847133758		74.5454545455

		1.5		58.1578947368		50		47.7707006369		99.797979798

		1.75		71.3157894737		62.9533678756		63.6942675159		125.0505050505

		2		84.4736842105		75.9067357513		79.6178343949		150.303030303

		Patriot

		45.11		1.25209		1.405623		1.458227		0.958589		1

		21.78		0.80882		0.955354		1.091946		0.727622		2

		13.64		0.65416		0.798252		0.964148		0.647036		3

		9.68		0.57892		0.721824		0.901976		0.607832		4

		Wettzell

		23.25		0.83675		0.983725		1.115025		0.742175		1

		11.34		0.61046		0.753862		0.928038		0.624266		2

		7.47		0.53693		0.679171		0.867279		0.585953		3

		5.54		0.50026		0.641922		0.836978		0.566846		4

		1.458227		1.091946		0.964148		0.901976				Solve - Pat

		1.115025		0.928038		0.867279		0.836978				Solve - Wett

		1.405623		0.955354		0.798252		0.721824				OCCAM - Pat

		0.983725		0.753862		0.679171		0.641922				OCCAM - Wett

		0.958589		0.727622		0.647036		0.607832				PPP - Pat

		0.742175		0.624266		0.585953		0.566846				PPP - Wett

		0		45.1		23.24		0

		1.405623		45.11		23.25		0.983725

		0		1.405623		0.983725		0		0

		45.11		1.405623		0.983725		23.25		75

		0		21.77		11.33		0

		0.955354		21.78		11.34		0.753862

		0		0.955354		0.753862		0		0

		21.78		0.955354		0.753862		1.458227		75

		23.25		0.983725				11.34		0.753862

		45.11		1.405623				21.78		0.955354
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