V2C Interim Report

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 (ref. 1) to investigate options for modernization.

Based on emerging space geodesy science and operational needs, WG3 (ref. 2) 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 the next generation system.  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) (ref. 3).

2. Introduction

This report summarizes the first phase of the V2C IVS modernization effort, namely the studies and development projects suggested in the WG3 final report.  Due to the long lead-time for antenna acquisition, specifications for the VLBI2010 antennas have also been included in Appendix A.  Details of the rest of the system 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 motivations for the studies in the report are:

· To investigate the effectiveness of various strategies towards achieving the 1 mm performance target and evaluate whether, at least theoretically, the target can be reached.  [Note:  For a more precise definition of 1 mm position accuracy, the V2C has taken it to mean the median (over the network) rms position error of a 24-hour Monte Carlo simulation];

· To establish a rational framework, based on impact on final products, for setting specifications for the project;

· To verify key processes experimentally and to gain experience with state-of-the-art systems as precursors to those for VLBI2010.

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 structure corrections 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.  The evaluation of strategies for reducing these error sources is the focus of Section 4.  Impacts of these strategies on system definition are considered in Section 5.  Finally, risks to achieving the VLBI2010 goals are considered in Section 6. 

3. Monte Carlo Simulators

3.1 Describe how they work

3.1.1 Theory of simulators

3.1.2 Atmosphere

3.1.3 Clocks

3.1.4 Random error

3.1.5 Test networks (16, 24, 32 station, etc)

3.1.6 Comparisons with CONT05 and RDV

3.1.7 Limitations, i.e. things not considered

3.2 Describe briefly the 4 versions

3.2.1 SOLVE

3.2.2 OCCAM

3.2.3 PPP

3.2.4 VVSIM

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, six strategies are considered for reducing error.

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 (see ref. ? and also sections 4.2 and 4.3).   

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 here.  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, 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.

The results were impressive.  For a 16-station network with VLBI2010 slew and sensitivity parameters, over 100,000 observations were scheduled in 24 hours (Fig.?).  When the source list was increased from 100 to 200, over 200,000 observations were scheduled.  For comparison, a typical CONT05 24-hour schedule results 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 very promising results.

At NRCan, a second effort was initiated to produce schedules for studying the relation between observation density and performance.  These are described in section 4.3 below. 

4.2 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, e.g.:

· Greater observation density enables:

· Shorter atmosphere estimation intervals.  For least squares (LS) analysis, many more observations per unit time enable the use of shorter atmosphere estimation intervals, including the use of looser constraints.  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 a priori 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 considered as well.]

· More precise delay observables emphasize the enhancement of atmospheric noise at low elevation angles.  As a result, Elevation angle weighting of the input observables (or higher elevation cut-off angles) becomes a more important strategy to account for this added noise.  Although they have not been implemented as yet, spatial correlation of observables (Lanyi & Truehaft) due to the atmosphere are a further option that can be considered in the future.

· More stations per scan emphasize the importance of applying terms to account for correlation of station noise between baseline observables.

These strategies have all been considered before.  However, 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 evaluated.  Results are summarized in Table ?  Based on these results, optimum analysis strategy for each of the Monte Carlo packages has been determined.  These are summarized in Table ?+1.

4.3 A quantum 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.  The schedules were somewhat contrived in the sense that no attempt was made connect the schedules to real antennas with real slew characteristics.  Criteria for the generation of the schedules were:

· Sources were switched at regular intervals.

· Two sources, roughly 180 degrees apart, were always scheduled together, resulting in pairs of simultaneous scans.  One scan of each pair included all stations for which the first source was above the elevation cut-off, and the other included all stations for which the opposing source was above the elevation cut-off.

· An attempt was made to achieve uniform sky coverage at each station.  Since the stations are globally distributed, this could be accomplished simply by ensuring that the 24 sources chosen over each 12-switch interval were uniformly distributed on the celestial sphere.  Operationally, uniform sky coverage was implemented by attempting to fill the largest hole in the sky coverage as defined by the last 12 sources observed.

· An attempt was made to ensure that each source was observed roughly an equal number of times.  This was done to allow adequate uv coverage for each source.  This in turn was required to enable the source mapping 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.  An attempt was made, after the fact, to optimize the schedules by re-ordering each sequence of 5 switches to minimize slew time.  This was augmented by the elimination of the slowest antenna of each simultaneous pair of scans.  The five schedules generated were named,

· st16uni_15_3_230X_1_5

· st16uni_30_6_230X_1_5

· st16uni_45_9_230X_1_5

· st16uni_60_12_230X_1_5

· st16uni_120_24_230X_1_5

where, in the first schedule, 16 represents the number of stations in the scheduled network, 15 represents the number of seconds between each source switch, 3 represents the number of minutes over which uniform sky coverage was enforced, 230 represents the number of sources scheduled, 1 represents the number of stations dropped from each scan pair, and 5 represents the number of source switches over which switching order is optimized.  Median position error is plotted against switching interval in Fig.?.

4.4 A quantum increase in the delay measurement precision

4.4.1 Broadband delay (bbd) concept

In the WG3 final report, a per observation delay measurement error 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 by either increasing SNR or using wider IF bandwidths.  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 high delay precision but without the need for the high sensitivity that forces the use of large antennas.  The use of smaller faster slewing antennas has been the key factor enabling the higher slew rates necessary for a quantum 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 from using multiple widely spaced bands to successfully resolve the phase delay has come to be known as the “broadband delay”.

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

4.4.3 Current status

4.4.4 Tests to date

4.4.5 Future plans

4.5 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.  Using the same naming convention as in section 4.3, the following uniform sky schedules were generated,

· st16uni_45_9_230X_1_5

· st24uni_45_9_230X_1_5

· st32uni_45_9_230X_1_5

one each for a 16, 24 and 32 site network respectively.  Station position, scale and EOP performance are plotted relative to network size in Figs ?, ?+1, ?+2.

4.6 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.

4.6.1 Antenna Deformations and site ties

4.6.2 Stability of the Electronics

4.6.3 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.  Although this is a direct risk for achieving the VLBI2010 goal of 1 mm position accuracy, it has been shown that it would also 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:

· 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 first step 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 centres.  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 centres.]

· 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 [Fomalant].  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

5.2 Implication for Delay Measurement Error

5.3 Implications for Sensitivity

5.4 Implications for Slew Rate

5.5 Implications for legacy sites

· Long data records

· Connection to the ITRF

· Maintenance of ICRF and source structure corrections

· Scale and orientation are aggregate parameters

6 Risks 
· BBD doesn’t work

· Source structure

· Polarization

· Uncalibrated instabilities

· Fall back plan

· Only relative phases

· Modified two channel group delay system

· Combination

· Test larger random errors with Monte Carlo simulators

· Data acquisition rate can’t be reached

· Fall back

· Only use strongest sources

· Don’t observe 24/7

· Data volume is too large to be shipped 

· E-vlbi can’t be achieved in a practical way

· Correlator doesn’t get started soon enough

· Slew rates can’t be reached

· Initial cost

· Robustness and maintenance

· Fall back

· Two antennas at a site

· Source structure corrections

· Cost of systems is too high

· Large networks cannot be built (afforded?)

· 1 mm can’t be reached

· How much degradation can be tolerated

· Over what time period

· Analysis development needs to keep pace with the VLBI2010 development.

· Who will do the work

· Can we expect any kind of classic project structure

· Is there any overall control of resources, personnel, specs, timelines

· Continuity of observations cannot be maintained

7 Conclusions
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More to come.

Appendix A.  Antenna Specification

Appendix B.  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

-----------------------------------------------------------------------------------------------------------

4 Studies and proof-of-concept efforts (2006-2008)

5 Detailed specifications, prototyping efforts, and shake-down tests and observations (2008-2010)

6 Initial establishment of VLBI2010 sites, development of operational systems, and further shake-down tests and observations (2010-2012)

7 Deployment of operational systems and transition to full operations (2012 – 2015)

Achieving 1 mm position accuracy on global scales is unprecedented.  It is expected to be difficult to achieve.  Since the largest error sources currently limiting VLBI performance are the atmosphere, instrumentation and source structure, the vast majority of effort has been directed at understanding and reducing them.  Achieving 1 mm accuracy will, however, require detailed accounting for a whole host of other smaller effects, some of which can be anticipated (e.g. antenna deformations), but many of which will only become apparent after the more precise system becomes operational. 
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