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 these emerging space geodesy science and operational needs, the WG3 (ref. 2) established challenging goals for the next generation VLBI system, e.g.:

· 1 mm position accuracy on global baselines; 

· 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.  Detailed specification of the rest of the system will be the primary focus of the next phase of the project.  See Appendix B for a preliminary list of all items that need to be specified.  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 studies reported in this report are driven by two main purposes.  The first is to investigate the effectiveness of various strategies towards achieving the 1 mm performance target and further to evaluate whether, at least theoretically, the target can be reached.  The second is to establish a rational framework, based on impact on final products, for setting specifications for the project.

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 source structure simulators and the proof-of-concept project are described in Sections 4.?.? and 4.?.? 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.  Risks to achieving the VLBI2010 goals are considered in Section 5. 

3. Monte Carlo Simulators

· Goals (carry out studies without building equipment)

· Describe how they work

· Theory of simulators

· Atmosphere

· Clocks

· Random error

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

· Limitations, i.e. things not considered

· Comparisons with CONT05 and RDV

· Describe briefly the 4 versions

· SOLVE

· OCCAM

· PPP

· 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.

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 are varied radically during the course of each stochastic estimation interval.  Over the years, refinements in both scheduling and the atmosphere mapping functions have improved results.  However, it is well known that current approaches do not fully account for the complex temporal and spatial behaviour of the atmosphere.  To address this shortcoming, it was proposed, in the WG3 final report, that the number of observations per unit time be increased dramatically.  The impacts of this strategy are considered in detail in section 4.1. 

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.  However, there is no practical way that either approach can achieve the required precision increase.  Fortunately, the development of broadband (1-12 GHz) data acquisition systems for astronomy opens 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).  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.  This is the subject of section 4.2.

In the WG3 final report, larger and better-distributed global networks were proposed as a means for improving VLBI estimates of both scale and orientation of reference frames.  The impact of network size is considered in section 4.3.

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 section 4.4  

4.1 Higher Observation Density
Studies of the implications of higher observation density have been a major focus of the V2C.  Major parameters of the VLBI2010 system, such as antenna diameter, antenna slew parameters and data acquisition and record rate, depend on the conclusions.  However, before valid conclusions can be reached, it is necessary that scheduling and analysis strategies used in the studies be well matched to the new circumstances of high observation rate and larger networks with uniform global distribution.  In sections 4.1.1 and 4.1.2, scheduling and analysis strategies are considered respectively.  It is then possible, in section 4.1.3, to consider the relation between performance and source switching rate, followed, in section 4.1.4, by a discussion of the implications for antenna slew parameters, antenna diameter and data acquisition and record rate.  Finally, in section 4.1.5, the enduring role of legacy and special purpose antennas is discussed.

4.1.1 Scheduling strategies

In this section, the d0ln and uni type schedules need to be described and compared.  John’s figure of “number of observations vs slew rate” might be useful, along with a few sky distribution plots, e.g. one or a few of them that are typical for a 4.5/2.1 d0ln schedule with 9 minute display and the same for a 45_9 schedule. 

4.1.2 Analysis strategies

In this section, the various analysis strategies need to be compared, probably separately for each technique, and then the “best” versions from each technique need to be compared against each other on a single plot.  Examples of parameters to be considered for comparison are elevation angle weighting, correlations of observations, rapid gradients and spherical harmonics.  It might be possible to display some baseline repeatability plots, but I feel it will be much more meaningful to display the bar graphs of station based performance, and also the median performance perhaps in a table.

4.1.3 Relation between observation density and performance

In this section, the performance of the 15_3X_1_5,   30_6X_1_5,   45_9X_1_5,   60_12X_1_5,   and 120_24X_1_5 schedules need to be compared.  Once again station based plots are probably most useful.

4.1.4 System implications

Discuss it here (need short integrations and fast slews)

4.1.5 Enduring importance of legacy sites
· Long data records

· Connection to the ITRF

· Maintenance of ICRF and source structure corrections

· Scale and orientation are aggregate parameters

4.2 Higher precision observable

Discuss it here

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

Discuss it here

4.2.2 Test Plan

Discuss it here

4.2.3 Tests to date

Discuss it here

4.3 Optimized networks

Discus

4.4 Reduce systematic effects

Discuss it here

4.4.1 Antenna deformations, site stability, and site ties

Discuss it here

4.4.2 Electronic drifts

Discuss it here

4.4.3 Source structure

Discuss it here

5. 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

6. Conclusion

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

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

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

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

8 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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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

VLBI2010 Interim Report (original outline)

1. Background and Introduction

· WG3 report

· Goals

· Strategies

· Studies

· Formation of the VLBI2010 Committee

· What is the scope of this report and how is it organized?

2. Strategies Under study

· Higher observation rate

· Higher slew rates

· Shorter integration periods

· New Scheduling strategies

· Broadband delay concept

· Larger better distributed networks

· Source structure corrections

3. Study approaches

· Simulators

· Monte Carlo

· Atmosphere

· Clocks

· Per observation errors

· Implementations (PPP, VVSIM, OCCAM, SOLVE)

· CONT05 comparison

· Source structure

· Maps

· Map offsets

· NASA bbd proof-of-concept program

· System description

4. Results so far

· Simulations

· Scheduling strategies

· D0ln

· Uniform sky

· How close are we to 1 mm performance

· What analysis strategy options have been investigated?

· Correlations of observables

· Lanyi-Treuhaft???

· Between stations

· Elevation angle weighting and/or cut-off angle

· Constraints/A priori variances

· Shorter gradient estimation intervals

· Spherical Harmonics

· More?

· What is the best analysis strategy for VLBI2010?

· What are the best results so far?

· Slew rate studies

· Network configuration studies

· Source structure correction simulations

· NASA bbd proof-of-concept program

· Tests so far

· Results

· Plans and Schedules

5. Specification of the system

· List of aspects that need to be specified (*see below for additional sub-topics)

· Site criteria

· Antenna

· Feed

· Site ties

· Front end

· Signal transmission to the control room

· Up-down converter

· Back-end

· Data transmission to the correlator

· Correlator

· Post-processing

· Data handling

· Analysis

· Scheduling

· Observing Strategies

· Operations

· Automation

· Transition plan

6. Risks

· Systematic effects

· Source structure corrections

· Back-up plan if bbd has problems

· RFI?

· Who will do the work?

7. Conclusions

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

