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Abstract. This paper gives an overview about the progress of the simulation work, carried out at the Institute of Geodesy and Geophysics (IGG), with the goal to design a new geodetic Very Long Baseline Interferometry (VLBI) system. Influences of the schedule, the network geometry and the main stochastic processes on the geodetic results are investigated. For this purpose temporally very dense schedules are prepared with the software package SKED (Vandenberg 1999), which are then compared in terms of baseline length repeatabilities. For the simulation of VLBI observations a Monte Carlo Simulator was set up which creates artificial observations by randomly simulating zenith wet delay and clock values as well as additive white noise representing the antenna errors. For this purpose the VLBI analysis software OCCAM (Titov et al. 2004) was adapted to run the simulator and analyze the simulated observations. Random walk processes with power spectral densities of 0.7 and 0.1 psec2/sec are used for the simulation of zenith wet delays. The clocks are simulated with Allan Standard Deviations of 1∙10-14@50min and 2∙10-15@15min and three levels of white noise, 4 psec, 8 psec and, 16 psec are added to the artificial observations. The variations of the power spectrum densities of the clocks and zenith wet delays and the application of different white noise levels show clearly that the wet delay is the critical factor for the improvement of the geodetic VLBI system.
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1 Introduction

Within the frame of IAG’s (International Association of Geodesy) new flagship project GGOS (Global Geodetic Observing System) it has become clear that modern space geodetic techniques should provide station coordinates and/or baseline length time series with an accuracy of better than 1 mm. Only then, subtle effects such as non-linear station motions or sea level rise can be detected. 

There has been a lot of discussion in recent years how Very Long Baseline Interferometry (VLBI) could exploit its present resources more efficiently and how future VLBI networks should look like to achieve this general goal of sub-mm accuracy. In October 2003 the International VLBI Service for Geodesy and Astrometry (IVS) installed Working Group 3 (WG3) ‘VLBI 2010’ to examine current and future requirements for geodetic VLBI systems. Based on the final report of WG3 (Niell et al. 2005) and in particular on the requests defined by the sub-group on ‘observing strategies’ of WG3, thorough and systematic simulation studies are carried out now. At the Institute of Geodesy and Geophysics (IGG), Vienna, different simulations are done to evaluate new observing strategies and schedules, to improve the modeling of troposphere refraction and clocks, to find the best antenna configuration and to optimize the network geometry. In the following the progress of the simulation approach is described.
A suite of software programs is used for the simulations: after scheduling the observations with SKED (Vandenberg, 1999), they are transformed to NGS format and used as input for the VLBI analysis software package OCCAM (Titov et al. 2004), which was adapted for the simulations. The main part of the simulation studies is a so-called Monte Carlo simulator which creates the artificial observations based on realistic properties of zenith wet delays and clocks. A description of the Monte Carlo simulator is provided in Section 2.

Possible criteria to evaluate the potential of the VLBI-system are: baseline length repeatabilities, formal errors of the Earth Orientation Parameters (EOP), or the standard deviation between the simulated stochastic processes (troposphere, clocks) and their estimates. As this paper is a progress report, at this status we only focus on the baseline length repeatabilities which are obtained from different observing schedules with different observation densities. Section 4 describes the influence of the zenith wet delays and clocks at three different levels of white noise on the baseline length repeatabilities.

2 Monte Carlo Simulator

In VLBI analysis the stochastic processes related to clocks and wet delays play a key role. Thus, the basis for predicative (Monte Carlo) simulations is the creation of realistic clock values and zenith wet delays at the stations. 
Treuhaft and Lanyi (1987) derived the variation of the zenith wet delay from turbulence theory, and Herring et al. (1990) used random walk processes for the simulation of clocks and zenith wet delays in Kalman filter solutions. For the zenith wet delay Herring et al. (1990) assumed a power spectral density (PSD) of 0.75 psec2/sec and for the clocks 0.15 psec2/sec. 
For simulations the o-c vector (observed minus computed) of the least-squares adjustment or the Kalman filter has to be set up with simulated values of zenith wet delay, clock and white noise (Equation 1).
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ZWD1,2 and CL1,2 are the simulated zenith wet delay and clock values at station 1 and 2 of each observable, and mfw1,2(e) are the wet mapping functions for the elevation angle e which are assumed to be without error in our studies. For each station individual white noise WN1,2 is added. 
[image: image2.jpg]Monte Carlo

Simulator

Time series
for each station





Fig. 1: Schematic description of the work flow for simulating data with the Monte Carlo simulator and analyzing the data with OCCAM.
The schedule is generated with the software package SKED, which is now able to handle schedules for fictitious stations. Once the schedule is created for a certain set of VLBI stations, the schedule is transformed to a NGS filewhich can be read by the analysis software OCCAM. The Monte Carlo simulator is implemented in OCCAM and creates values for the zenith wet delays, clocks and white noises for each station and at each epoch. With Equation 1 and the information about the mapping functions, the o-c vectors can be calculated for each baseline observation. These group delays are used for the analysis. This process is shown in Figure 1.
The different power spectral densities (PSD) used for the simulation of clocks and zenith wet delays are shown in Table 1. The Allan Standard Deviation (ASD) of the clocks is converted to the PSD of a random walk ignoring the integrated random walk Herring et al. (1990). The white noise which corresponds to the performance of the antenna is 4, 8, and 16 psec. 4 psec white noise correspond to an antenna system with an accuracy of approximately 1.2 mm, which is the defined goal for a VLBI2010 antenna system. The white noise covers all instrumental errors of the antenna system. 

All values given in Table 1 were chosen by the VLBI2010 committee to provide comparability between the simulations done at the IGG Vienna and the work done at the Goddard Space Flight Center (Greenbelt, USA), using the analysis software CalcSolve.
Table 1: Different power spectral densities (PSD) used for simulation of zenith wet delay, different Allan standard deviations (ASD) used for the clocks, and different values for the white noise.

	WZD:
	0.1 [psec2/sec]
	0.7 [psec2/sec]
	

	Clocks:
	2∙10-15@15min (ASD) 

0.0036 [psec2/sec] (PSD)
	1∙10-14@50min (ASD)

0.3 [psec2/sec] (PSD)
	

	WN:
	4 psec
	8 psec
	16 psec


The VLBI analysis is carried out with the Kalman filter of OCCAM estimating zenith wet delays and clocks at each observation epoch as random walk processes. 
For the calculation of realistic baseline length repeatabilities the simulation process is repeated 25 times, each time creating new values for zenith wet delay, clocks, and white noise. The baseline length repeatability corresponds to the standard deviation of the 25 determinations of the baseline lengths. In the following analyses, not only the PSD of the zenith wet delays and clocks, and the white noise levels are varied, but also the underlying schedule is changed to assess its influence on the baseline length repeatabilities.

3 Schedule

Three different schedules for exactly the same network (Figure 2) are used for this analysis (Table 2). The network contains 16 stations, including the CONT02 (Thomas et al. 2003) network configuration and 8 fictitious stations. The slew speeds for all 16 antennas were set to 18 deg/sec in azimuth and 4.5 deg/sec in elevation, the acceleration in azimuth is 3.6 deg/sec2 and 0.9 deg/sec2 in elevation. The schedules were created with different scan lengths and by using different source catalogs, yielding different numbers of scans per hour per station and consequently different observation densities for the 24 hour session. The first schedule (sked1) has an inhomogeneous distribution of the observations at the stations, which means that e.g. the southern stations do not have as many observations as the other stations. This can be avoided by selecting more southern sources, as it was done for sked2, shown in Figure 3. For sked3 it can be seen that observations are gained for the northern stations, but for the southern stations the number of observations is nearly the same as for sked2. 
Table 2: Parameters of the three different schedules (sked1, sked2, sked3) used for the simulation. A schedule is considered as homogenous (last row of the table) if the number of observations at each site is about the same. 

	
	sked1
	sked2
	sked3

	scan length [sec]
	5 - 60
	5
	5

	scans/h/stat
	45
	100
	171

	scans
	2737
	5760
	9386

	observations
	57595
	116308
	226639

	homogeneous
	no
	yes
	no
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Fig. 2: 16 station network used for the simulations. In addition to the 8 stations from CONT02, 8 fictitious stations have been added to provide a good global coverage.
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Fig. 3: Bar plot of the total number of observations at each single VLBI station for the schedules sked1, sked2 and sked3. 
4 Results
The baseline length repeatabilities for all three schedules (Figure 4) were calculated with simulated zenith wet delays based on a PSD of 0.1 psec2/sec, clocks which correspond to an ASD of 2∙10-15@15min, and a white noise of 4 psec. These values represent the lowest limit of the variations of the stochastic processes, thus giving the possibility to see the influence of the different schedules. Figure 4 shows that the repeatabilities for a couple of baselines with sked1 (filled circles) are clearly worse than the other baselines with sked1 or the other schedules. A closer look shows that all “bad” baselines contain the far South station L106B-70 which in the first schedule gets 2703 observations only, compared to 9754 observations at station Wettzell (Figure 3). 
Unlike sked1, sked2 (filled triangles) improves the baseline repeatability as the effect of the inhomogeneous schedule is eliminated, There is another slight improvement from sked2 to sked3 (filled boxes) due to the very high number of observations achieved for this schedule. 
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Fig. 4: Baseline length repeatabilities comparing three different schedules (sked1 with 57595 observations (●), sked2 (◄) with 116308 observations, and sked3 (■) with 226639 observations). 
All further analyses were carried out with the highly dense schedule sked3. The baseline length repeatabilities shown in Figure 5 are calculated for simulated zenith wet delays with a PSD of 0.7 psec2/sec and clocks with an ASD of 2∙10-15@15min. This ASD corresponds to a very small PSD for the random walk part of the clock (see Table 1), thus simulating a 'perfect' clock. The baseline length repeatabilities do not reveal a clear difference between the three white noise levels; in fact the PSD of the zenith wet delays dominates the baseline length repeatability in a stronger way than the white noise does. With this particular combination an antenna with an accuracy of 4 psec (filled circles) will give nearly the same results as a 8 psec (filled triangles) and a 16 psec (filled boxes) antenna.
[image: image6.wmf]
Fig. 5: Baseline length repeatabilities for three different levels of white noise: 4 (●), 8 (◄), and 16 psec (■). Clocks are simulated having an ASD of 2∙10-15@15min and zenith wet delays having a PSD of 0.7 psec2/sec. 
The dominating effect of the zenith wet delay is also shown in Figure 6, where the two different PSD for the zenith wet delay (0.1 and 0.7 psec2/sec) are compared at 4 psec and 16 psec noise levels. A PSD of 0.7 psec2/sec for the zenith wet delay and 4 psec antennas (filled circles) give about the same result as 16 psec antennas and zenith wet delay with a PSD of 0.1 psec2/sec (light triangles), if the clocks correspond to an ASD of 2∙10-15@15min in both cases. For the zenith wet delay of 0.1 psec2/sec the two different values for the white noise 4 psec (filled boxes) and 16 psec (light triangles), can easily be seen in the baseline length repeatabilities.
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Fig. 6: Baseline length repeatabilities with clocks that correspond to an ASD of 2∙10-15@15min: 4 psec white noise and 0.7 psec2/sec PSD of zenith wet delay (●); 4 psec white noise and 0.1 psec2/sec PSD of zenith wet delay (■); 16 psec white noise and 0.7 psec2/sec PSD of zenith wet delay (◄); 16 psec white noise and 0.1 psec2/sec PSD of zenith wet delay (►).
To compare the effect of different ASD of the clocks, Figure 7 shows two different levels of white noise (4 and 16 psec) and two ASD for the clocks (2∙10-15@15min and 1∙10-14@50min). The PSD of the zenith wet delays was set to 0.1 psec2/sec. In general very small differences of the baseline length repeatability can be seen if changing the ASD from 2∙10-15@15min (filled boxes and light triangles) to 1∙10-14@50min (filled triangles and light circles). The two different values of white noise, 4 psec and 16 psec, can easily be seen in the baseline length repeatabilities for both realizations of the clocks.
5 Conclusions

The Monte Carlo Simulator produces zenith wet delay and clock values as well as white noise for each individual station at each scheduled epoch, so that the o-c vector can be calculated for all observations of a VLBI session. For the same schedule the Monte Carlo Simulator is creating 25 different 24 hour sessions, which can be used to determine baseline length repeatabilities. The comparison of three different schedules (same 
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Fig. 7: Baseline length repeatabilities with zenith wet delays that correspond to a PSD of 0.1 psec2/sec: 4 psec white noise and an ASD of 1∙10-14@50min for clocks (●); 4 psec white noise and an ASD of 2∙10-15@15min for clocks (■); 16 psec white noise and an ASD of 1∙10-14@50min for clocks (◄); 16 psec white noise and an ASD of 2∙10-15@15min for clocks (►).
network but different number of observations) shows that sked1 with the lowest observation density (57595 observations in 24 hours) and an inhomogeneous schedule (different number of observations at the stations) yields the worst baseline length repeatabilities. Sked2 with 116308 observations significantly improves the baseline repeatabilities, and very dense schedules like sked3 further improve the repeatabilities.
The simulation points out clearly that the zenith wet delay is the limiting factor for the accuracy of the VLBI system. The baseline length repeatabilities are dominated by the PSD of the zenith wet delay, e.g. if the zenith wet delay is assumed with a PSD of 0.7 psec2/sec the 4 psec antennas give very similar results in terms of baseline length repeatability as the 16 psec antennas and a zenith wet delay with a PSD of 0.1 psec2/sec. One possibility to reduce the influence of zenith wet delay in the VLBI analysis could be the use of Water Vapor Radiometers (WVR). 
Changing the ASD of the clocks from 2∙10-15@15min to 1∙10-14@50min shows in general very small differences of the baseline length repeatabilities and it can be assumed that clocks more precise than 2∙10-15@15min will only marginally improve the results. Thus, VLBI station clocks with 2∙10-15@15min seem to be good enough for the VLBI2010 system.
6 Outlook

The simulation studies so far showed that the zenith wet delay is the limiting factor of the VLBI system. To provide more realistic simulated observations the atmosphere has to be modeled in a more realistic way. Therefore the next development of the Monte Carlo simulation will include a turbulence driven simulation of zenith wet delays. This approach of the turbulence theory will be evaluated with real data to prove the reliability of the simulated data. Once the turbulence model is quantified, schedules for antenna sets with different slew speeds will be analyzed to come up with more detailed antenna specifications for a VLBI2010 antenna. Furthermore, simulations will be carried out for different network geometries with networks up to 40 stations, to explore the benefit of larger networks. 
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