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Preface

This volume is the proceedings of the seventh General Meeting (GM2012) of the International
VLBI Service for Geodesy and Astrometry (IVS), held in Madrid, Spain, March 4–9, 2012. The
contents of this volume also appear on the IVS Web site at

http://ivscc.gsfc.nasa.gov/publications/gm2012

The seventh General Meeting was held in Madrid, Spain at the Centro de Estudios de Tecnicas
Aplicadas (CETA) of the Spanish Ministerio de Fomento and was hosted by the Royal Observatory
of Madrid. The conference was sponsored by the National Geographical Institute of Spain (IGN)
and the IVS. The IGN supports the IVS Network Station at Yebes and is a major player in the
RAEGE project. The goal of the meeting was to provide an interesting and informative program
for a wide cross-section of IVS members, including station operators, program managers, and
analysts.

The keynote of the seventh General Meeting was the evolution of a new VLBI network based
on VLBI2010 technology under the theme “Launching the Next-Generation IVS Network”. A
number of VLBI2010 projects are under way; several antennas have been erected and construction
of about ten antennas is at various stages of completion. Further projects are in the proposal or
planning stage. The next-generation IVS network is growing organically, with an operational core
of stations becoming available within the next few years, plus further growth continuing into the
foreseeable future. In the closing section of the conference, IVS Chair Harald Schuh introduced the
new acronym for the next-generation VLBI network: the new network was christened as “VGOS”
being a shorthand for ‘VLBI2010 Global Observing System’.

This volume contains the following:

• The papers presented at the meeting. There are five major sections of this volume,
each corresponding to a meeting session. Poster and oral papers are mixed. This volume
includes 87 papers. The originally submitted abstracts as well as PDF versions of all oral
presentations and most poster presentations are compiled at

http://www.oan.es/gm2012/show-abstracts-pdf.php

All papers of this volumd were edited by the editors for usage of the English language,
form, and minor content-related issues. Poster papers about IVS component status are not
included in this volume; they have been published in the 2011 Annual Report, available on
the Web.

• A list of registered participants.

• The meeting program.

• An author index.

The April 2012 issue of the IVS Newsletter has a feature article about the meeting. The
Newsletter is available at

http://ivscc.gsfc.nasa.gov/newsletter/issue32.pdf
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Figure 1. Participants of the seventh IVS General Meeting in front of the 40-m antenna at Yebes.

Photographs taken at the icebreaker, during the conference sessions, at the conference dinner,
and during the visit to Yebes Observatory can be found online at

http://www.oan.es/gm2012/photos.shtml

Figure 2. The local organizers from IGN Spain did an excellent job in organizing a very successful meeting.

We would like to congratulate the meeting organizers on their excellent work. It was a very
productive, enjoyable, and memorable week in Madrid. All in all, GM2012 was an exceptionally
successful meeting.
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Ichikawa, A. Kraus, G. Kronschnabl, J.A. López-Fernández, J. Lovell, W. Majid, T, Natusch, A. Neid-
hardt, C. Phillips, R. Porcas, A. Romero-Wolf, L. Saldana, U. Schreiber, I. Sotuela, H. Takeuchi, J. Trinh,
A. Tzioumis, P. de Vincente, V. Zharov : The Potential for a Ka-band (32 GHz) Worldwide VLBI Net-
work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

Li Liu, Jinling Li : Simulation Analysis of Positioning for Probes in Chinese CE-3 Mission . . . . . . . . . . 199

Session 3. Advances in Software Development, Analysis Strategies and Data Structure . . 205

Alexander Neidhardt, Martin Ettl : Ideas for a Cooperative Software Development for Future GGOS Sta-
tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

John Gipson: IVS Working Group 4: VLBI Data Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .212

Sergei Bolotin, Karen D. Baver, John M. Gipson, David Gordon, Daniel S. MacMillan: The First Re-
lease of νSolve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .222

Martin Ettl, Alexander Neidhardt, Walter Brisken, Reiner Dassing : Continuous Software Integration and
Quality Control during Software Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

A. Romero-Wolf, C.S. Jacobs, J.T. Ratcliff : Effects of Tropospheric Spatio-temporal Correlated Noise
on the Analysis of Space Geodetic Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

vii
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Survey for Dec. < −45◦ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 342
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Abstract

Previously, numerical analyses have been conducted in an attempt to quantify the power levels
transmitted by the DORIS and SLR techniques that may be tolerated by the VLBI technique so as to
avoid degradation of the VLBI observables. In this paper, we present the experimental methods that
will be implemented to validate assumptions of the hardware performance in our numerical analyses.

1. Introduction

A continuing thrust in the space geodetic community is to deploy instruments using different
techniques at common sites. While the close proximity (of order 100 meters) of the instruments to
each other affords improved inter-comparison tests, it also increases the potential for interference
between instruments. Of present concern to VLBI are DORIS beacons and the aircraft surveillance
radars used in conjunction with satellite laser ranging (SLR). Initial numerical studies [1] were
conducted to obtain rough estimates of the degree to which the VLBI SNR is degraded for various
levels of DORIS and SLR radar interference. Numerical studies are only as good as the models
upon which they are based, and there is sufficient uncertainty regarding their accuracy. For this
reason, field and laboratory validation is planned to validate these a priori assumptions. The
assumptions to be validated include the following:

• Radiation properties of transmitters in the GGOS,

• Sidelobe envelope of the 12-m VLBI antenna, and

• VLBI receiver frontend saturation.

The numerical studies [1] also raised concerns about the sky coverage loss that would be
incurred by the VLBI technique in order to avoid degradation to the observables. Since sky
coverage is paramount to the accuracy and precision of the geodetic VLBI solutions, barriers
are being considered to ease the loss of sky coverage that would otherwise be lost to the VLBI
technique.

2. Field Measurement of GGOS Transmitters at GGAO

2.1. Purpose

In order to quantify the power levels received at the VLBI antenna, the characteristics of the
transmitting systems must be understood.
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2.2. Results

Tables 1 and 2 demonstrate this level of understanding through comparison of measured and
expected power levels. The measured power levels are those received through a standard gain
horn antenna, the gain characteristics of which are well-understood. The expected power levels
are computed from the Friis transmission formula and are based on the power transmitted by the
particular antenna, the frequency, the gain of the transmit and receive antennas, and displacement
between the two antennas.

Table 1. Field Measurements and expected DORIS power levels. Expected levels assume clear line-of-sight

from DORIS to the field receiver.

Power LOS
Location

Measured Calculated
Distance

Clear? Blockage

DORIS Pad −1 dBm −1.3 dBm 6.4 m YES 0

Field −43.7 dBm −28.6 dBm 148.5 m NO 15 dB

Observatory Pad −27.6 dBm −29.5 dBm 163.7 m YES 0

MV3 Post −44.3 dBm −30.8 dBm 191.7 m NO 13 dB

Figure 1. Map of GGAO identifying locations of DORIS and SLR-radar transmitters and locations at which

power level measurements were collected.

3. Test of GGAO 12-m Sidelobe Model

3.1. Purpose

The sidelobe envelope presented in Figure 2 provides an empirically developed model, below
which the 90th percentile of all the antenna sidelobe levels are expected to reside. The ITU-R
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Table 2. Field measurements of SLR aircraft tracking radar power levels and corresponding expectations.

Uncertainty in expectation is due to ambiguity in radar antenna pattern (see Reference 2). The results

reported here are those from [2] for which the radars were stripped of their operational provisions (e.g.

radome, fall-protection railings). These provisions influence the radar’s transmitting characteristics as

shown in [2].

Mob7 NGSLR

Expectation Measured Expectation Measured

GODEW [−3.0 +1.0] dBm −0.8 dBm No Line-of-Sight

Loc#2 [−6.1 −2.1] dBm −4.9 dBm [−4.9 −1.0] dBm −3.6 dBm

model shown in Figure 2 is convenient for numerical analyses; however, given the complex nature
of the scattering mechanisms associated with the antenna, it is difficult to assert that the ITU-R
SA.509 sidelobe envelope model is applicable to the 12-m antenna. For this reason, experimental
verification of the 12-m antenna’s sidelobe envelope will be measured.

3.2. Planned Experimentation

To validate the sidelobe model, a separate field test of the 12-m sidelobe envelope is planned.
The field test will be carried out with a mobile beacon transmitting at frequencies close to the
DORIS and aircraft tracking radar frequencies, 2.036 and 9.4 GHz, respectively.

Figure 2. ITU-R SA.509 antenna sidelobe envelope model incorporated in numerical RFI-compatibility

studies.

4. Receiver Saturation Characterization

4.1. Purpose

The degradation in the VLBI observable depends strongly on the noise and saturation perfor-
mance of the LNA. For this reason, both the 1 dB compression point and OIP3 characteristics
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will be measured as a function of frequency. Given the coupling between an LNA’s noise perfor-
mance and its capacity to saturate, the variation of the CRYO1-12 LNA’s noise performance will
be studied under varied levels of saturation.

4.2. Planned Experimentation

The broadband VLBI receiver frontend is based on the Caltech LNA CRYO1-12. An Agilent
N5222A will be used to measure the 1 dB compression point and two-tone intercept point of the
CRYO1-12 LNA in order to quantify the broadband saturation characteristics of this LNA. An
Agilent MXA N9020A signal analyzer with noise figure option will be used to characterize the
room temperature noise figure of the LNA under varied levels of saturation. Measurements of the
LNA noise figure at cryogenic temperature are not possible with the currently available hardware.
However, the room temperature dependence of the noise figure on saturation level should provide
adequate information to infer the degradation of the cryogenic noise figure based on the saturation
levels.

Lastly, the expected degradation of the VLBI observable will be characterized in a controlled
zero-baseline experiment whereby one station will be exposed to varied levels of S and X-band
pseudo-RFI. In this test, the loss in amplitude of the zero-baseline correlation coefficient will be
characterized under varied levels of saturation.

5. Barrier Efficacy

5.1. Purpose

Based on the numerical study [1], the VLBI sky coverage must be significantly restricted if the
transmitting techniques are placed within 100 m of the VLBI antenna. For this reason, a compre-
hensive electromagnetics analysis of physical barriers/blockages has been undertaken to mitigate
the offending signal levels and provide satisfactory VLBI sky coverage at GGOS stations. The
barrier is expected to have little impact on the SLR radar performance. However, considerations
in the barrier design are being made to ensure that a DORIS barrier does not introduce significant
multipath which is a source of position error to the DORIS technique.

5.2. Planned Experimentation

Once the computational barrier analyses have been completed, they will be verified experimen-
tally. The barriers are planned to be tested first with mock-transmitters. This will be minimally
intrusive to DORIS/SLR operations and will provide sufficient flexibility to carefully study the
results of these experiments. Assuming the results obtained using the mock-transmitters are sat-
isfactory (i.e., barrier provides sufficient shielding), the respective barriers will be deployed to the
SLR and DORIS techniques, where the testing process will be repeated. Upon successful installa-
tion of the DORIS barrier (as far as VLBI is concerned), the IDS will undergo a one-month trial
observation with the new barrier to evaluate its impact on the DORIS observations.
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6. Discussion and Conclusions

Preliminary power level specifications have been computed based on a numerical model [1] of
the transmit/receive systems at GGOS stations. The experimental methodology presented here will
be used to validate assumptions of the numerical model or be used to augment the aforementioned
assumptions if they are grossly incorrect.

Comparison of field measurements and expectations regarding the DORIS and SLR-radar trans-
mitters is outlined in Tables 1 and 2. The data reported in these tables show that the DORIS
measurements are in agreement to within 2 dB of the expected power levels. The SLR radar
results, when the radome/railings are removed from the radar, are also within 2 dB and nearly
equidistant from either limit of sidelobe uncertainties in the expected results. Given this level
of agreement, we conclude that the transmission properties of these systems are sufficiently well-
understood for this RFI compatibility study. As shown in [2], these operational provisions do
influence the transmitting characteristics of the radar. Since the Friis tranmission formula does
not consider line-of-sight scattering effects, a more detailed model of the complete radiation pat-
tern (i.e., radar/radome/railings) is needed to fully describe the transmission characteristics. This
complete transmission characteristic should be well-understood to ensure that the radar power
levels in the direction of the VLBI antenna are adequately mitigated.

Based on the numerical model [1], when placed 100 m from the VLBI antenna, the radar signal
levels must be attenuated by a factor of 36 dB so as not to exceed 5◦ of VLBI sky loss coverage
in the direction of the radar (assuming the radar never points within 10◦ of the VLBI antenna).
In the case of DORIS, the required attenuation is 25 dB for the same VLBI sky loss specification.
Metallic barriers are currently being considered as a means to provide the necessary attenuation
and these results are forthcoming.

Computation of the required signal attenuation is critically dependent upon the sidelobe en-
velope of the VLBI antenna, which is currently assumed to conform to the ITU-R SA.509 specifi-
cation. If the true sidelobe envelope of the 12-m antenna significantly exceeds this specification,
then a redesign of the barrier may be necessary. Similarly, the required attenuation is dependent
on the actual power levels that the LNA may tolerate before significant loss of signal-to-noise ratio
in the VLBI observable. For this reason, it is also important to experimentally verify the LNA’s
broadband power handling capability.
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Abstract

The VLBI2010 concept was developed by the International VLBI Service for Geodesy and As-
trometry (IVS) in order to create the next generation VLBI system needed to meet the goals of the
Global Geodetic Observing System (GGOS) of the International Association of Geodesy (IAG). In
December 2010, the IVS VLBI2010 Project Executive Group (V2PEG) conducted a survey among
existing IVS network stations to measure awareness of VLBI2010 and to learn about modernization
plans towards VLBI2010. The results of this survey indicate that most of the IVS network stations
are already planning the transition to VLBI2010 capabilities. The survey indicated that up to 20 new
radio telescopes at 17 sites with VLBI2010 compliance could become operational by 2018. A suffi-
cient number of VLBI2010-compatible radio telescopes should be available by 2015 to support initial
VLBI2010 operations.

1. Introduction

The year 2002 saw the creation of the intergovernmental Group on Earth Observations (GEO)
as a means to exploit the growing potential of Earth observations to support decision making
processes. As necessary support tool GEO commenced to construct the Global Earth Observing
System of Systems (GEOSS) of which the Global Geodetic Observing System (GGOS) of the
International Association of Geodesy (IAG) is a building stone. For GGOS the envisaged goals
were defined to obtain accuracies of 1 mm in position and 0.1 mm/year in velocity, to have
continuous observations for time series of station positions and Earth orientation parameters, and
to obtain a turnaround time to initial geodetic products of less than 24 hours. The realization of
these goals calls on the IVS community to improve its performance to VLBI2010 standards in the
next-generation network.

In parallel and in response to the GGOS activities, the IVS established dedicated groups and
committees to define and implement the new VLBI2010 technology and the next-generation net-
work. Working Group 2 on “Product Specifications and Observing Programs” was tasked with the
definition of the VLBI2010 measurement goals and the proposal of corresponding observing pro-
grams. The Working Group 2 report [1] was completed in 2002. The follow-up IVS Working Group
3 on “VLBI2010” was created in September 2003. It examined current and future requirements
for VLBI geodetic systems, including all components from antenna to analysis, and published a
report with recommendations for a new generation of systems. The final report [2] was presented
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in 2005. The global measurement goals of 1 mm position error and 0.1 mm/year site velocity error
require new radio telescope designs, new VLBI receiving and recording systems, and new concepts
for data transmission and correlation, as well as updated software for scheduling, data analysis,
and archiving.

In September 2005, the VLBI2010 Committee (V2C) was established in order to encourage the
realization of the WG3 recommendations. As a major milestone, the V2C published a progress
report [3] in June 2009 summarizing the VLBI2010 development activities and main characteris-
tics. In response to the progress report, the IVS created the VLBI2010 Project Executive Group
(V2PEG) in 2009 to provide strategic leadership to the VLBI2010 project and guide the transi-
tion from the VLBI2010 development phase to the VLBI2010 implementation phase. V2PEG is
also the primary point of contact for VLBI2010-related questions from institutions that are inter-
ested either in upgrading existing VLBI operations to VLBI2010 compatibility or in building new
compatible systems.

In 2010, the V2PEG conducted a survey among existing IVS network stations in order to gather
information about individual VLBI2010 plans, to trigger VLBI2010 discussion at the network
station level, and to solicit input on what the V2PEG can do to provide the best support to
individual VLBI2010 projects. A summary of the survey and the results obtained were published
in 2011 [4, 5, 6]. About a year after the original survey (January 2012), the V2PEG did a follow-
up survey to reconfirm existing plans and to capture any possible changes. The second survey
quintessentially corroborated the validity of the original plans with a number of individual projects
pushed back by about a year. Hence, the survey results of 2011 remain valid and can be looked
up in the aforementioned references. Still, it is worthwhile to repeat the more general findings:

• By 2015, a sufficient number of VLBI2010 compatible radio telescopes will be available for
significant, but not full-time, VLBI2010 operations (Figure 1).

• By 2018, approximately 20 new radio telescopes at 17 sites operated by IVS network station
institutions will be available for full-time VLBI2010 observations (Figure 2). Additional new
stations may also join if approved and constructed.

• Even in 2018, the American/Pacific region will still lack presence of VLBI2010 network
stations, though a 10-station NASA network covering some of this area may eventually be
built.

• Through at least 2015, observations by a large number of legacy S/X-band telescopes will
still be supported for data continuity, astrometry, and space applications.

• Many network stations need technical consultation about VLBI2010, as well as support
letters to be successful with the administration and funding level.

The development of the VLBI2010 network in the next five years is described in Section 2.

2. The Upcoming VGOS Network

In early March 2012 the V2PEG and the V2C organized a very well-attended VLBI2010 Work-
shop on Technical Specifications in Bad Kötzting (Wettzell), Germany. This workshop brought
together experts in VLBI2010 technology with station managers and engineers in order to provide
a better understanding of the VLBI2010 concept. The directly following IVS General Meeting in
Madrid, Spain was held under the theme “Launching the Next-Generation IVS Network”. And it
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was in Madrid that the new network was inaugurated as the VLBI2010 Global Observing System
(VGOS). On completion VGOS will be a global network of new fast radio telescopes (up to 12
deg/s) and high capacity data acquisition systems (up to 8 Gbps) optimized for Earth orientation
and the terrestrial reference frame. VGOS will be the VLBI component of the Global Geodetic
Observing System (GGOS).

On the basis of the IVS network station survey, a world map can be created showing the
existing S/X stations and the emerging VGOS network of VLBI2010 stations. The VGOS network
will evolve gradually over the years adding new stations on an annual basis. Figure 1 shows the
upcoming VGOS network stations by the year 2015. The Voronoi diagram over an equal-area
projection of the world map shows the representing area in preserved scale of each station [7]. The
larger the surrounding area of one particular station, the less dense is the global network in this
area.

Figure 2 shows the more complete VGOS network stations as of 2018. More stations in North
and South America, Africa, India, and on southern ocean islands are desirable for a more homo-
geneous distribution. The global coverage improves if new VGOS network stations and existing
S/X-band network stations are considered as a single global network. However, the situation in
the southern hemisphere remains insufficient (Figure 3).IVS Stations Network 2015

Figure 1. Predicted VGOS network for 2015: This map shows a Voronoi diagram over an equal-area

projection based on new VGOS stations marked with red circles • (very fast moving telescopes) and blue

squares “ (fast moving telescopes). Approximately 13 stations will be available, allowing significant, but

not full-time, VGOS observations. The Voronoi diagram shows the lines of maximum distance to the

VGOS network stations and hence shows the representing area of the sites. The upgraded legacy telescopes

(marked with black triangles º) and S/X sites without major upgrades (marked with hollow circles ›) were

not considered in the Voronoi computation.
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IVS Stations Network 2018

Figure 2. Predicted VGOS network for 2018: Approximately 20 stations will be available for full-time

observations. Additional sites in Tahiti, Nigeria, Saudi Arabia, and India may join the IVS network if

funding is approved. The Voronoi diagram is based only on the new VGOS stations.

IVS Stations Network 2018

Figure 3. Predicted total IVS network for 2018: The IVS global network will consist of new VGOS network

stations, of upgraded stations, and of the legacy S/X network stations. The Voronoi diagram is based on

all network stations. Although an improved global coverage is given, the distribution is not homogeneous

and should be denser in the southern hemisphere.
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3. Conclusions

A highly capable VGOS network will be implemented within the next 5–7 years. New broad-
band 2–14 GHz observation modes will come into regular operation from 2015 onwards, with full
operation by about 2018. The current S/X operation mode will be maintained in parallel at a
number of legacy stations for data continuity, astrometry, and space applications. In the long term
the VGOS will significantly outperform the current standard S/X band observation modes and
thus meet the goals of GGOS. A special effort is necessary to extend the global distribution of
VGOS sites in the southern hemisphere.
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Abstract

The next generation geodetic VLBI instrument is being developed with a goal of 1 mm position
uncertainty in twenty-four hours. The broadband signal chain, which is essential for obtaining the
required delay accuracy from a network of relatively small antennas, has been implemented on the
12-meter antenna at the Goddard Space Flight Center, Maryland, USA, and on the 18-meter Westford
antenna at Haystack Observatory, Massachusetts, USA. Data have been obtained in four 512 MHz
bands spanning the range 3.2 to 9.9 GHz using commercially available broadband feeds, LNAs, digital
back ends, and recorders. The first geodetic-style observing session has been completed. While demon-
strating that the broadband hardware functions as expected, the six-hour session has illuminated areas
of the scheduling, correlation, and post-correlation process that require improvement.

1. The VLBI2010 Broadband Observing System

The potential of the broadband delay and some of the expected challenges in processing the
data were presented in the report on the Proof-of-Concept (PofC) system in the Proceedings for
the previous IVS General Meeting [1]. Since that time a fundamental element of the VLBI2010
concept, a fast-slewing 12-meter antenna [Figure 1], has been installed adjacent to the 5-meter
antenna at the Goddard Geophysical and Astronomical Observatory (GGAO) on the grounds of
the Goddard Space Flight Center, and the PofC instrumentation has been replaced with production
versions of the broadband signal chain. The principal replaced components are the feed, digital
back end, and recorder, each of which are described in the following paragraphs.

A significant improvement to the VLBI2010 system is the incorporation of the quadruple-ridged
flared horn (QRFH) feed in place of the Lindgren feed that was used for the PofC demonstration.
The QRFH feed was developed at Caltech [2] and provides the two desirable features for geodetic
VLBI, beamwidth and phase center that are largely independent of frequency over the 2-14 GHz
range. Equally important, this is achieved using only one low noise amplifier (LNA) per polariza-
tion. As with all proposed feeds, the QRFH output is dual linear polarizations. Different versions
of the QRFH feed are used for the two antennas due to the different f/D ratios.

The digital back end, designated RDBE-H (hereafter referred to as RDBE), is a completely
new design developed by NRAO-Socorro and MIT Haystack Observatory [3]. Features new to the
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Figure 1. The MIT 12-m antenna installed at Goddard Space Flight Center. This is the first antenna fully

configured for VLBI2010 operation.

RDBE compared to the DBE1 used previously are selectable channel output, improved threshold
setting for quantization, adjustable attenuators for setting power levels on input, and control and
synchronous detection of an external noise diode for measurement of system temperature. The
output of the RDBE is via 10 Gigabit Ethernet in Mark 5B format for recording on the Mark 5C.

Conversion of the RF signal to IF is accomplished by the UpDown Converter, a component
used in the PofC that did not require any improvement.

Another step in the move to VLBI2010 is the use of the DiFX software correlator [4]. This
has required the addition of the capability of converting the native output into Mark IV format,
which has been accomplished by the creation of a program difx2mark4, which parallels difx2fits
for conversion to the astronomical data format.

A basic assumption in the broadband concept is that the data from the four bands and both
linear polarizations will be fit coherently for the delay observable and for the differential ionosphere
dispersion. This, and the use of all available phasecal tones in a channel, have required significant
modifications and additions to the estimation program fourfit.

The broadband concept is that data from four bands spanning approximately 2.2 GHz to
up to 14 GHz will provide sufficient phase accuracy to estimate the VLBI delay and differential
ionosphere with no ambiguity. Thus a total of four parallel hardware paths are required. The
signal chain that has been designed to implement this concept is shown in Figure 2.

2. The Observations

In order to obtain data to evaluate how well the complete VLBI2010 system, from antenna
through analysis, is functioning, a six-hour geodetic-style observing session was carried out on
2012 May 16. The different components of the test were a) preparing the observation schedule; b)
observations; c) correlation; d) post-correlation estimation of the observables; and e) estimation of
geodetic and instrumental parameters using calc/solve.
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Figure 2. Diagram of the Broadband Delay system hardware. The dashed line indicates the components

that are mounted on the antenna and cooled to approximately 20K. Phase and noise calibration signals

are injected between the feed and each LNA. X-pol and Y-pol represent the two linear polarization signals

produced by the QRFH feed.

a. Scheduling
Decisions to be made for scheduling include the observing “frequence” (frequency sequence)

for the bands, the channel distribution within a band, minimum or maximum integration time per
source, minimum SNR, and the set of sources.

Based on the System Equivalent Flux Density (SEFD) measured for each antenna from 3
GHz to 12 GHz, the frequency range was chosen to be 3.2 GHz to approximately 9.9 GHz. Bill
Petrachenko calculated the locations of the 512 MHz bands that require the minimum SNR to
resolve phase, and he derived a sequence with lower-band-edge frequencies of 3248.4 MHz, 5296.4
MHz, 6320.4 MHz, and 9392.4 MHz. The odd 32 MHz channels from the polyphase filter bank
(PFB) output of each band were recorded for a total rate of 1 Gbps for each band-polarization.

The sequence of sources observed was generated by sked in auto-sked mode.
In order to ensure a minimum SNR of approximately 15 per band per polarization for all

sources, the minimum scan time was set to 30 seconds. This also allowed for some variation in the
SEFDs, which was important given the lack of knowledge of the variation of SEFD with azimuth
and elevation for each antenna. In addition to this restriction the maximum duration of a scan
was set to 60 seconds. As scheduled, no scan was more than 30 seconds in duration.

The geometric horizon mask was used at both antennas, but no mask was applied to restrict
observations in the direction of the two Satellite Laser Ranging (SLR) systems (see next section).
The schedule produced by sked contained approximately 30 scans per hour.
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b. Observing
The six-hour session began 2012 May 16 at 1400 UT. The two SLR systems at GGAO were in

operation so the aircraft-avoidance radars were transmitting at 9.4 GHz. In order to avoid possible
damage to the VLBI amplifiers, the 12-meter was restricted from pointing within a 40◦ cone in
the direction of the SLR systems, resulting in the loss of approximately 20% of the scheduled
observations. Studies are under way to mitigate the power from the radars as seen by the VLBI
antenna, but until such capability is implemented, the sector of the sky in the south (at GGAO)
will have to be avoided when the SLRs are operating.

c. Correlation
The DiFX correlator at Haystack Observatory was used to correlate all four cross-polarization

products simultaneously for each observation. All available phase cal tones from each channel were
used to form a delay which was then applied to that channel. This is convenient with the DiFX
correlator since all tones can be extracted simultaneously with the cross-correlation.

d. Post-correlation Analysis
Estimation of the observables, e.g., delay, rate, and amplitude, from the four bands requires

that the correlator outputs of the four separate correlations be merged. A coherent fit to the data
from the four polarization cross-products for all four bands is made for these three observables
and for the difference in line-of-sight ionosphere TECs for the two sites. A sample of the residual
phases for one scan is shown in Figure 3.

Figure 3. Residual phases after estimation of delay, rate, amplitude, and differential ionosphere for each of

HH, VV, and I (combined) polarizations.

e. Geodetic Parameter Estimation
The resulting broadband delays were used to obtain a preliminary estimate of the vector base-

line between the two antennas. While the formal delay uncertainties are of the order of only 1
picosecond, a realistic precision is about three to four times that, based on the RMS scatter of
the phases among the 32 channels. However, the RMS post-fit residual of about 10 picoseconds is
most likely due to incomplete modeling of the atmosphere and clocks in this preliminary solution.
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The piecewise linear clock differences and atmosphere zenith delays were at 20 minute intervals.
No gradients were estimated. The position uncertainties for GGAO12M, assuming Westford fixed,
are 9 mm and 2 mm in the vertical and horizontal components, respectively, from the 106 accepted
observations. In addition to the 20% lost due to the mask for the SLR radar, another 39 scans
were not usable in the current analysis because of low amplitudes in the highest frequency band.
This is expected to be corrected, which will allow their inclusion of the observations in a later
analysis.

3. Discussion

These results show that the antenna, broadband instrumentation, correlator, post-correlation
processing, and geodetic parameter estimation programs all are functioning as expected. However,
there are several subsystems that either have not been completed or have not been tested, such
as the Monitor and Control Infrastructure and the noise calibration control. Other areas needing
upgrading are sked and the Field System. The Mark 6 recorder should be available for testing in
a few months. Field System control of the Mark 6 recorder must also be implemented before it
can be fully incorporated.

Finally, coordination of observing with the SLR systems is critically important in order to
avoid losing the geometric strength that arises from observations in the southern sky.

Acknowledgements

Development of the VLBI2010 system has been funded by the Earth Surface and Interior Focus
Area of NASA through the efforts of John Labrecque, Chopo Ma, and Herb Frey.

The system could not have been put together without the work of Sandy Weinreb, Hamdi Mani,
and Ahmed Akgiray of Caltech, whose design of the Dewar, feed, and LNAs has been incorporated.

We also want to thank David Gordon, John Gipson, and Dan MacMillan of NVI, and Peter
Bolis, Don Sousa, and Dave Fields of Haystack Observatory, for their help.

References

[1] Niell, A. et al., The NASA VLBI2010 Proof-of-concept Demonstration and Future Plans: International
VLBI Service for Geodesy and Astrometry 2010 General Meeting Proceedings, NASA/CP-2010-215864,
D. Behrend and K. D. Baver (eds.), 23-27, 2010.

[2] Akgiray, A, S. Weinreb, and W. Imbriale, Design and Measurements of Dual-Polarized Wideband
Constant-Beamwidth Quadruple-Ridged Flared Horn, 2011 IEEE ANTENNAS AND PROPAGATION
SYMPOSIUM (submitted for publication to IEEE Transactions on Antennas and Propagation).

[3] Niell, A. et al., RDBE Development and Progress, International VLBI Service for Geodesy and As-
trometry 2010 General Meeting Proceedings, NASA/CP-2010-215864, D. Behrend and K. D. Baver
(eds.), 396-399, 2010.

[4] Deller, A. T., W. F. Brisken, C. J. Phillips, J. Morgan, W. Alef, R. Cappallo, E. Middelberg, J.
Romney, H. Rottmann, S. J. Tingay, and R. Wayth, DiFX-2: A More Flexible, Efficient, Robust, and
Powerful Software Correlator, Publications of the Astronomical Society of the Pacific, Vol. 123, No.
901 (March 2011), pp. 275-287.

IVS 2012 General Meeting Proceedings 17



Yoshihiro Fukuzaki et al.: New Project for Constructing a VLBI2010 Antenna in Japan, IVS 2012 General Meeting
Proceedings, p.18–22
http://ivscc.gsfc.nasa.gov/publications/gm2012/fukuzaki.pdf

New Project for Constructing a VLBI2010 Antenna in Japan

Yoshihiro Fukuzaki, Misao Ishihara, Jiro Kuroda, Shinobu Kurihara, Kensuke Kokado,
Ryoji Kawabata

Geospatial Information Authority of Japan

Contact author: Yoshihiro Fukuzaki, e-mail: fukuzaki@gsi.go.jp

Abstract

The Geospatial Information Authority of Japan (GSI) has started a new project for constructing
a VLBI2010 antenna (radio telescope) in Japan. The basic design of the specifications of the antenna
has been investigated. The observation system will be fully compliant with the VLBI2010 concept.
The candidate site for the location of the new antenna is near Tsukuba. The antenna will be installed
at the site by the end of next fiscal year (March 2013). We briefly report about the results of the
investigations for the design of the antenna specifications.

1. Introduction

The Geospatial Information Authority of Japan (GSI) has carried out VLBI observations since
1981. In the first period from 1981 to 1994, we developed transportable VLBI systems with a
5-m antenna and a 2.4-m antenna and carried out domestic observations by using them. As a
result, eight sites in Japan were observed and precise positions determined. In addition, Japan–
Korea VLBI observations were carried out by using a transportable 3.8-m antenna in 1995. In
these observations, the Kashima 26-m antenna, which was removed in 2002, was used as the main
station. Next, in the second period from 1994 to 1998, GSI established four permanent stations:
the Tsukuba 32-m, Sintotsukawa 3.8-m, Chichijima 10-m, and Aira 10-m antennas. Up to the
present, regular VLBI observations by using the four stations have been carried out. Especially,
the Tsukuba 32-m antenna is a main station for not only domestic but also international VLBI
observations now.

Figure 1. Conceptual design of the new observing facilities.
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In 2011, GSI started a project for constructing a new antenna following the VLBI2010 concept,
which is recommended by the International VLBI Service for Geodesy and Astrometry (IVS) as
the next-generation VLBI system. This paper gives the outline of the project and the basic design
of the specifications of the new antenna.

2. Observing Facilities

In the new project, observing facilities will be constructed. The conceptual design consisting
of six components is depicted in Figure 1. The Operation Building will be constructed by the
Construction Department of our Ministry.

3. Components

3.1. Antenna

The antenna (radio telescope) is the main part of the observing system. Since a single antenna
will be employed, very high slew rates are specified in order to be compliant with the VLBI2010
concept. The design specifications of the antenna are listed in Table 1.

Table 1. Design specifications of the new antenna.

Parameter Value

Diameter 12–14 m

RF frequency range 2–14 GHz

Surface accuracy ≤ 0.4 mm (rms)

Aperture efficiency ≥ 50%

Antenna noise temperature ≤ 10K (excluding atmospheric contributions)

System G/T ≥ 45.882 dB (at 14 GHz)
[T is the system noise temperature (Tsys), and
Tsys excluding antenna noise temperature should
be assumed as 30K.]

AZ maximum slew rate ≥ 12◦/sec

EL maximum slew rate ≥ 3.5◦/sec

AZ maximum acceleration rate ≥ 3◦/sec2

EL maximum acceleration rate ≥ 3◦/sec2

Cable for signal transfer Optical fiber cable from antenna to building

Special feature Reference point should be measured directly from
the ground for co-location.

3.2. Front-end

According to the VLBI2010 concept, a wide-band feed is necessary to achieve high aperture
efficiency over 2–14 GHz. At present the Eleven feed, which has been developed at Chalmers
University of Technology in Sweden, is the only practical as a wide-band feed, so it will be employed.
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For the design of the antenna optics, employing the Eleven feed is assumed.
The feed and Low Noise Amplifiers (LNAs) are integrated into the cryogenic system, whose

physical temperature is less than 20K. The system noise temperature will be less than 40K (ex-
cluding atmosphere contribution). The phase and cable calibration system will also be installed.
A new type of P-cal unit is under development. In addition, instead of the present D-cal a new
cable calibration system is also under development. The design specifications of the front-end are
shown in Table 2.

Table 2. Design specifications of the front-end.

Parameter Value

RF frequency range 2–14 GHz

Polarization Dual linear polarization

Feed Equivalent for Eleven feed or more

Dewar Feed, LNAs, and other devices should be included
and cooled by cryogenic system.

Physical temperature ≤ 20K

System noise temperature ≤ 30K (excluding antenna noise temperature)

Total gain ≥ 45 dB

Output frequency range 2–14 GHz

Number of outputs 2 (for dual linear polarization)

Phase and delay calibration New-type P-cal unit
New cable calibration system developed by NICT

Injection of P-cal/noise-source In the front of the feed

3.3. Up-down Converter

In order to convert the observed analog signal to digital data, the frequencies should be down-
converted. For this purpose, a new Up-Down Converter will be developed. The output signal
frequencies are 1–2 GHz. The Lower Side Band (LSB) and Upper Side Band (USB) need to be
selectable in the Up-Down Converter, because the second Nyquist zone will be used in the sampler
(see Section 3.4). The design specifications of the Up-Down Converter are given in Table 3.

3.4. Data Processing & Acquiring System

The data processing & acquiring system includes samplers, a Digital Back-end (DBE) function,
and huge data storage. The sampling rate is 2048 Msample/sec, and the quantization is 1/2/4/8
bits (selectable). The second Nyquist zone will be used. The DBE function is equipped for
compatibility with the legacy observation system. Huge data storage of more than 400 TByte
will be installed. The design specifications of the data processing & acquiring system are given in
Table 4.
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Table 3. Design specifications of the Up-Down Converter.

Parameter Value

Input frequency range 2–14 GHz

Output frequency range 1–2 GHz

Type of output signal LSB or USB (selectable)

Number of units 4

Number of channels per one unit 2 (for dual linear polarization)

First local oscillator Programmable with 0.4-MHz step

Second local oscillator two fixed LOs for LSB and USB

Total noise figure ≤ 25 dB

Phase stability ≤ 4◦ with ± 2◦C temperature change

Table 4. Design specifications of the data processing & acquiring system.

Parameter Value

Sampling Rate 2048 Msample/sec

Quantization 1/2/4/8 bits (selectable)

Digital Back-end IVS recommended type

Data Storage ≥ 400 TB

3.5. Precise Frequency Standard

Two hydrogen masers will be installed as the frequency standard. In addition, a GPS time
receiver and clock comparison system will also be installed. The design specifications of the precise
frequency standard are given in Table 5.

Table 5. Design specifications of the precise frequency standard.

Parameter Value

Number of hydrogen masers 2

Frequency stability 1 sec: ≤ 2.0 × 10−13

10 sec: ≤ 3.0 × 10−14

100 sec: ≤ 7.0 × 10−15

1000 sec: ≤ 3.2 × 10−15

Digital back-end IVS recommended type

Output signal 5 MHz, 10 MHz, 100 MHz, and 1.4 GHz
1PPS

Other equipment GPS time receiver
Clock comparison system
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3.6. Additional Facilities

Optical fiber cables will be installed at the new site in order to establish a high-speed data link
for data transmission. Initially, the transmission rate will be 10 Gbps; then it will be increased to
32 Gbps and more in the future.

A Global Navigation Satellite System (GNSS) continuous observation system will be installed
at the new site to be registered as an IGS (International GNSS Service) station.

4. Candidate Site

The candidate site for a new station is near Tsukuba (about a 50-minute drive by car). The
location is shown in Figure 2. According to the results of a soil investigation of the site, there is
bedrock very close to the surface (at less than 3-m depth).

Figure 2. Location of the candidate site of the new observing facilities.

5. Summary

A new project for constructing a new antenna in Japan has started. The basic definition
of the specifications has been accomplished. The new station will be fully compliant with the
VLBI2010 concept. The construction of the station will be complete by the end of March 2013.
After completion of the station, it will play an important role as a main station in the Asian region.

22 IVS 2012 General Meeting Proceedings



Chopo Ma: VLBI2010 in NASA’s Space Geodesy Project, IVS 2012 General Meeting Proceedings, p.23–27
http://ivscc.gsfc.nasa.gov/publications/gm2012/ma.pdf

VLBI2010 in NASA’s Space Geodesy Project

Chopo Ma

NASA Goddard Space Flight Center

e-mail: chopo.ma-1@nasa.gov

Abstract

In the summer of 2011 NASA approved the proposal for the Space Geodesy Project (SGP). A
major element is the development at the Goddard Geophysical and Astronomical Observatory of a
prototype of the next generation of integrated stations with co-located VLBI, SLR, GNSS, and DORIS
instruments as well as a system for monitoring the vector ties between them. VLBI2010 is a key
component of the integrated station. The objectives of SGP, the role of VLBI2010 in the context of
SGP, near term plans, and possible future scenarios will be discussed.

1. Introduction

NASA’s Space Geodesy Project (SGP) is a new initiative that started at the end of the summer
of 2011. SGP is a joint effort of the Goddard Space Flight Center (GSFC) and the Jet Propulsion
Laboratory (JPL) with participation from the Smithsonian Astrophysical Observatory and the
University of Maryland.

The long-range goal of the Space Geodesy Project is to build, deploy, and operate a next gen-
eration NASA Space Geodetic Network (NSGN) of integrated, multi-technique next generation
space geodetic observing systems, along with a system that provides for accurate vector ties be-
tween them. This new NSGN will serve as NASA’s core contribution to a global network designed
to produce the higher quality observational data required to maintain the Terrestrial Reference
Frame and to provide other data necessary for fully realizing the measurement potential of the
current and coming generations of Earth Observing spacecraft.

A wide range of information ranging from science and technique descriptions to publications
and multimedia presentations is compiled in the project’s Web site at

http://space-geodesy.nasa.gov/.

Of particular interest to the VLBI community is the short video about the history of VLBI
http://space-geodesy.nasa.gov/multimedia/VLBIHistoryVideo.html.

2. Recommendations from the National Research Council

SGP is part of NASA’s response to the National Research Council report “Precise Geodetic In-
frastructure: National Requirements for a Shared Resource” (http://www.nap.edu/openbook.php
?record id=12954). The report formulated the following recommendations:

• Deploy the next generation of automated high-repetition rate SLR tracking systems at the
four current U.S. tracking sites in Hawaii, California, Texas, and Maryland;

• Install the next generation VLBI systems at the four U.S. VLBI sites in Maryland, Alaska,
Hawaii, and Texas;
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• Deploy additional stations to complement and increase the density of the international geode-
tic network, in a cooperative effort with its international partners, with a goal of reaching a
global geodetic network of fundamental stations;

• Establish and maintain a high precision GNSS/GPS national network constructed to scientific
specifications, capable of streaming high rate data in real time;

• Make a long-term commitment to maintain the International Terrestrial Reference Frame
(ITRF) to ensure its continuity and stability;

• Continue to support the activities of the GGOS.

The SGP has taken on the task of making all or part of these recommendations a reality.

3. Project Schedule

The initial project is set up for two years. Within these two years, SGP will focus on accom-
plishing three main tasks.

1. Network Design Studies: Perform network simulations to find the optimal number and
distribution of SGP sites for an improved global network of space geodetic stations;

2. Prototype Station Development: Complete the prototypes of the next generation SLR
and VLBI instruments; implement an automated survey system for measuring inter-technique
tie vectors; develop a generalized station layout considering RFI and operational constraints;

3. Implementation Plan: Establish a deployment and operations plan based upon site evalu-
ations and prototyping results.

As major milestones of the project the prototype integrated space geodetic station shall be es-
tablished by February 2013, the station performance verified by July 2013, and the implementation
plan completed by July 2013.

4. NASA Prototype Station at GGAO

The Goddard Geophysical and Astronomical Observatory (GGAO) functions as a testbed for
the prototype station as developed by NASA because GGAO co-locates the four space-geodetic
techniques on site (VLBI, SLR, GNSS, and DORIS). Figure 1 provides an aerial view of the
observatory and the four space-geodetic techniques. The NGSLR is semi-operational, while a
VLBI2010 antenna was installed and is in the process of being equipped.

• VLBI2010 at GGAO. The key characteristics of the next generation VLBI system are fast
and small antennas, unattended operations, increased number of observations, broadband
feeds (for multi-band observables), higher speed recordings (for sensitivity), and modern
digital backends, among other things. In the spring of 2012 the following equipment was in
place at GGAO:

– 12-m Patriot antenna with 5◦/s azimuth slew rate;

– Cryogenic QRFH (QuadRidgeFlaredHorn) feed and LNAs from Caltech;

– ORCA (Optical Receiver/Splitter/Amplifier);
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Figure 1. Aerial view of GGAO and its four space-geodetic techniques.

Figure 2. GGAO’s 12-m Patriot antenna.
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– UDC (UpDown Converter) for flexible RF placement;

– RDBE (ROACH-board Digital Back End);

– Mark 5C recorder;

– Sigma Tau maser;

– Optical fiber from antenna to rack for RF.

• NGSLR at GGAO. The next generation SLR has a high repetition rate single photon
detection laser ranging system capable of tracking cube corner equipped satellites in Earth
orbit. The concept of NGSLR was developed by J. Degnan (GSFC, retired) in the 1990s.
The technical development continues at Goddard. The system has demonstrated tracking of
Earth orbit satellites with altitudes from ∼1,000–20,000 km. The completion of the NGSLR
prototype will occur during the Space Geodesy Project.

Figure 3. GGAO’s NGSLR system.

The features of the NGSLR system include:

– 1–2 arcsecond pointing/tracking accuracy;

– Tracking CCR equipped satellites to 20,000 km altitude, 24/7 operation;

– Reduced ocular, chemical, and electrical hazards;

– Semi-automated tracking features;

– Small size, compactness, low maintenance, and increased reliability;

– Lower operating/replication costs.

• GNSS at GGAO. New GNSS equipment (Javad Delta TRE G3TH receivers) for GPS,
GLONASS, and Galileo has been installed using two new deep-drilled braced monuments
(GODN and GODS). The long established GODE station will be retained.
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Figure 4. Deep-drilled braced monuments for GPS, GLONASS, and Galileo.

5. Co-location Monitoring at GGAO

The key characteristics of the co-location system at GGAO comprise:

• A need for sufficient simplicity that site personnel can set up and operate the system;

• Automatic, rapid, and computer-driven control;

• Regular operation: daily or weekly.

Using a Leica TCA2003 robotic total station an automated VLBI reference point determination
has been demonstrated.

Figure 5. Automatic co-location monitoring system based on the use of robotic total stations to determine

the tie vectors between VLBI, SLR, DORIS, and GNSS.
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Abstract

The concept of twin radio telescopes enables a lot of new observing strategies. These are investigated
by creating new observation schedules, by doing careful simulations, and finally by analyzing results.
Advantages are obtained by assuming the same troposphere above the two telescopes and connecting
them to the same H-maser clock. Three different observing strategies are investigated. In the first
one, both telescopes point simultaneously to the same radio source (“array mode”) to increase the
sensitivity. In the second one, one telescope is slewing while the other radio telescope is still tracking
a source. Thus “continuous” observations can be realized because one antenna of the twin telescope
is always on source. In the third strategy, both radio telescopes record signals of different sources at
the same time; then different subnets are tied via the same site. Hence the high slewing rates of the
twin telescope are fully exploited for the various new observing strategies. The scheduling package of
the Vienna VLBI Software (VieVS) is used to develop different schedules allowing all the options and
combinations mentioned above.

1. Introduction

Very Long Baseline Interferometry (VLBI) plays an important role in the realization of global
geodetic reference frames. In particular, it is a major contributor to the definition of a stable scale,
and it has a unique ability to determine the orientation of the Earth in space. From October 2003
to September 2005, the International VLBI Service for Geodesy and Astrometry (IVS) Working
Group 3 (WG3) examined current and future requirements for geodetic VLBI and concluded with
recommendations for a new generation VLBI system (VLBI2010). The goals of VLBI2010 are
to achieve 1 mm position accuracy over a 24-hour observing session and to carry out continuous
observations, i.e. observing the Earth Orientation Parameters (EOP) 24 hours per day seven days
per week. Initial results shall be delivered within 24 hours after recording the data. In 2005, IVS
closed the WG3 and established the VLBI2010 Committee (V2C) as a permanent body to en-
courage the implementation of the recommendations of WG3. The IVS WG3 final report suggests
a major increase in observation density (or, equivalently, a major decrease in source-switching
interval) as a strategy for increasing VLBI position accuracy. The WG3 final report also proposes
the use of multiple antennas at a site to share the observing load and hence to reduce the effective
source-switching interval (Niell et al., [1]). In addition, guaranteeing continuous observations is
only possible with more than one radio telescope per site due to telescope maintenance cycles.

Following the recommendations made by the VLBI2010 vision report of the IVS, the project of
Twin Telescope Wettzell (TTW) is the first rigorous approach to realize a radio telescope system
consisting of more than one antenna per site. It consists of a pair of identical fast slewing radio
telescopes with a 13.2-m main reflector. The aim is to make the first observations by the end of
2012 (Hase et al., [2]).
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There are a number of advantages to using twin antennas at a geodetic VLBI site, e.g. to in-
crease the total collecting area, to increase the total number of sources observed in a day, to remove
the corrupting effect of the reference oscillators through differencing, and to increase redundancy
(Petrachenko, [3]).

2. Observing Strategies

The development of the observing strategies for twin telescopes is still an outstanding issue for
VLBI2010. The concept of twin radio telescopes enables a lot of new observation strategies. By
having two antennas at a site, there is redundancy for many system components. This may be
a significant benefit in an operational program. Two antennas are foreseen to overcome antenna
failures — if one antenna needs system maintenance or repairs, the second antenna can be used
to continue the observation program. Hence continuous observations without maintenance cycles
can be realized.

Assuming both of the two antennas are available for observation, three different observing
strategies are investigated here by creating new observation schedules, by doing careful simulations,
and finally by analyzing results. Advantages are obtained by assuming the same troposphere above
the two telescopes and connecting them to the same H-maser clock.

2.1. Same Source Observations

If the two telescopes point simultaneously to the same radio source and if the local tie between
them is accurately known, they can be used in the “array mode” to increase the sensitivity. Sen-
sitivity of a VLBI receiver is generally characterized by System Equivalent Flux Density (SEFD),
which is calculated as follows:

SEFD =
2 × k × Tsys
Aeff × η

(1)

where k is Boltzmann’s constant, Tsys is system temperature, Aeff is the effective collecting area of
the antenna, and η is the VLBI processing factor (0.5-1.0). A pair of antennas has approximately
twice the collecting area of a single antenna, so it is more sensitive to the very weak signal from a
quasar.

Observing the same sources, the twin telescope needs less time to achieve the minimum SNR
(Signal-to-Noise Ratio), which is shown in equation (2).

scanlength =

(
1.75 × SNRmin

F

)2

× SEFD1 × SEFD2

2 ×B ×Nf
(2)

where SNRmin is the minimum SNR for this baseline, F is the observed flux of the source,
SEFD1,2 are sensitivities at stations 1 and 2 of this baseline, B is bandwidth, and Nf is the
number of channels in this band.

Another possible application with this mode is to split high-speed data (e.g., 8 Gbps) recording
capability between the antennas.
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2.2. Continuous Observations

While one antenna observes, the other antenna slews to the next radio source; i.e., one of
the two radio telescopes always looks at a source. Hence continuous estimation of EOP (Earth
Orientation Parameters) can be realized by VLBI, similar to ring laser gyroscopes. In this mode,
only one antenna observes at a time, and the entire recording system can be dedicated to that
antenna.

2.3. Multidirectional Observations

The antennas simultaneously point in different directions to observe different sources; i.e.,
different subnets are tied at the same time. The number of observations could be increased ap-
proximately by a factor of two, which is the critical factor for the accuracy of the estimated
parameters.

3. Simulations and Results

An interim network of 18 stations (see Figure 1) with fast slewing antennas was used in Monte
Carlo simulations with the Vienna VLBI Software (VieVS). The azimuth and elevation angle slew
rates were 12 deg/s and 6 deg/s, respectively, for all stations. The twin telescope was considered
at station Wettzell, which is denoted with a red circle in Figure 1. We also did simulations with
a single telescope at station Wettzell to provide comparability. Here the source-based scheduling
algorithm was used in the scheduling package VIE SCHED (Sun et al., [4]), and X/S dual bands
were applied. Three schedules were generated for the three observing modes mentioned above.

Figure 1. Network used for simulations. The red circle denotes station Wettzell with twin telescopes.

For the same source observations, with the twin telescopes the mean observing duration is
decreased almost by half, which is shown in Figure 2. The numbering of the stations (station
indices) is by latitude in Figures 2–5 (the Wettzell index is 17). Although we can get decreased on-
source durations from same source observations and decreased slewing durations from continuous
observations, the twin telescope is always waiting for other stations to start the scan because only
one station has a twin telescope in the simulation network. Consequently, for these two observing
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modes, we get similar numbers of observations to observing with one telescope as shown in Figure 3.
So the performance with one twin telescope in the network is not improved significantly with these
two observing modes.

Figure 2. Mean observing duration from same

source observations.

Figure 3. Number of observations from the three

observing modes.

On the other hand with multidirectional observations, the number of obervations is increased
by a factor of two, and a better sky coverage is obtained, as shown in Figures 3 and 4. To
support the evaluation of multidirectional observations, Monte Carlo simulations were carried out
with VieVS. After scheduling the observations with VIE SCHED, they were transformed to NGS
format and used as input to the VieVS simulator (VIE SIM) (Pany et al., [5]). VIE SIM set up
the o-c vector (observed minus computed) of the least-squares adjustment with simulated values of
zenith wet delays, clocks, and observation noise at each epoch. The simulation parameters included
the refractive index structure constant Cn (1.0 ∗ 10−7m−1/3, used for all stations), the effective
height of the wet troposphere H (2000 m), and the wind velocity vector v (8.0 m/s) towards east
(Nilsson and Haas, [6]). The stochastic variations of station clocks were computed as the sum of a
random walk and an integrated random walk, with a power spectral density corresponding to an
Allan Standard Deviation (ASD) of 10−14 @ 50 min. A white noise of 4 ps per baseline observation
was added. Additionally, certain modifications were made with VIE SIM, e.g., the introduction of
condition equations to account for two co-located VLBI antennas using the same clock. Careful
simulations were carried out to assess the real benefit of this approach. The simulated NGS
data files were entered into the software package VieVS, which computed a classical least-squares
solution. The parameters to be estimated were troposphere parameters, clock parameters, and
station position residuals (with No-Net-Rotation (NNR) and No-Net-Translation (NNT) on all
stations), as well as daily EOP. The simulation process was repeated 50 times to obtain a sample
of output parameters that could be analyzed statistically. The station position repeatabilities
are compared in Figure 5. We find that the performance generally improves because of more
observations per day at Wettzell. 12 out of 18 stations are improved, while 6 stations get worse.
We cannot count on one twin telescope for the global improvement.

4. Conclusions and Prospects

The mode with multidirectional observations improves the sky coverage greatly (53.4%), and
the station position repeatability is improved correspondingly (22.2%). For the “same source
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Figure 4. Sky coverage from multidirectional ob-

servations.

Figure 5. Station position repeatabilities from

multidirectional observations.

observations” mode and “continuous observations” mode, there is hardly any improvement. In a
case with more than one twin telescope in a network, these two strategies will be more beneficial.

All the modes may even include the existing 20-m radio telescope in Wettzell as a third contrib-
utor to a VLBI2010 observing session. More twin telescopes in the network will also be included
in scheduling. Considering there is a strong correlation between the vertical component of the
baseline and the constant terms of the clock and atmosphere during parameter estimation, we will
implement the differencing of simultaneous observations to remove the effect of the clock entirely.
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[4] Sun J., Pany A., Nilsson T., Böhm J., Schuh H., Status and future plans for the VieVS scheduling pack-
age, In: Proceedings of the 20th Meeting of the European VLBI Group for Geodesy and Astrometry,
W. Alef, S. Bernhart, A. Nothnagel (eds.), 44-48, Bonn, 29-30 March 2011, 2011.
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Abstract

The Twin Telescope Wettzell (TTW) is currently being assembled and is expected to become oper-
ational in late 2012. The TTW promises various observation scenarios that are expected to strengthen
the parameters estimated from the observations. This is especially true for the one-hour Intensive ses-
sions INT3 where observations are performed on three baselines with the radio telescopes NYALES20,
TSUKUB32, and WETTZELL. For this session type, the number of observations will be significantly
increased, and the local hemisphere above each telescope will be covered in a better way. In this paper,
we investigate optimization scenarios for the observations of the TTW within the INT3 sessions, and
we present various scheduling and simulation approaches. The schedules are done with an automatic
scheduling procedure that is based on the analysis of the variance-covariance matrix of the estimated
parameters. Furthermore, the handling of local TTW-specific parameters, i.e., clocks and troposphere,
is investigated. The results are validated by thorough analyses of the dUT1 standard deviations.

1. Introduction

Daily VLBI Intensive sessions of the International VLBI Service for Geodesy and Astrometry
(IVS, [6]) realize a continuous measurement series of the phase of the Earth’s rotation, UT1. The
IVS-INT3 sessions, operated once a week, is the only Intensive session type where observations are
performed with three radio telescopes (NYALES20, TSUKUB32, and WETTZELL). Replacing
WETTZELL with the Twin Telescope Wettzell (TTW) leads to various observing constellations.
The four telescopes might observe one source simultaneously, which leads to a significantly in-
creased number of observations. Furthermore, it is possible to build two independent baselines
observing different sources. Finally, one telescope might skip a scan. In addition to different ob-
serving constellations, various choices of local TTW-specific parameters are investigated. To create
observing plans with the twin telescopes, an automatic scheduling procedure, which is based on
the analysis of the variance-covariance matrix of the estimated parameters, is used [4]. Since
dUT1 = UT1 − TAI is the geodetic target parameter of Intensive sessions, the effect of various
observing plans on dUT1 is validated by analyses of the dUT1 standard deviations.

2. Scheduling

The scheduling process is based on the method of singular value decomposition (SVD). As
shown, e.g., in [7] the SVD is suitable for regression diagnostics for any geodetic adjustment
problem and, therefore, for geodetic VLBI as well. The SVD can be used to derive indicators which
contain information on the geometry of the design with respect to the influence of observational
errors. Therefore, it can be used for planning the design of the measuring process [2].

The observations are chosen stepwise by analyzing the Jacobian matrix, which characterizes
the geometry of a VLBI session. The goal is to choose each successive observation in a way that
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the observing geometry is optimized. This geometric improvement can be determined via SVD
of the Jacobian matrix. Thus, no subjective idea on how the schedule should look needs to be
introduced for this approach, as only an objective criterion, the geometry, is used.

To build the Jacobian matrix the parametrization of the solution has to be set up. The
target parameter of Intensive sessions is dUT1. Additional parameters are needed to complete the
functional model. These are three clock parameters per station, except for the station with the
reference clock, and one atmospheric wet zenith delay parameter per station.

2.1. Singular Value Decomposition

The SVD splits the Jacobian matrix X into three new matrices X = U · S ·VT [3]. The singular
values are the main diagonal elements of the matrix S, where only the first r values are different
from zero and r is the rank of the matrix X. The matrix U contains the left singular vectors,
where the first r columns Ur = {u1, ...,ur} span a basis of the column space of X. In the sense
of a least-squares adjustment, interpreting the Jacobian matrix X as a mapping from the space of
the model parameters into the data space, the subspace Ur is related to the data space of X [5].

The left singular vectors are used to compute the data resolution matrix H = UrU
T
r . The

elements of this matrix indicate how much weight each observation has on the adjusted observations
[5]. Thus the main diagonal elements h = diag(H) are called impact factors. A close relationship
between the impact factors and partial redundancies exists. Therefore, the higher the impact factor
of an observation, the bigger the effect on the observing geometry. Due to this characteristic, the
impact factors serve as criteria of the decision process in this scheduling method.

2.2. Scheduling Concept

The basic idea of the schedule procedure is to derive information about each new scan from
the SVD of the Jacobian matrix. As the geometry should be optimized, the scan with the greatest
impact should be chosen. Thus, the impact factors of all possible scans have to be compared to each
other. This is trivial for observations of a single baseline, but at observing sessions with more than
two telescopes, sub-nets with varying numbers of baselines and, thus, varying numbers of impact
factors can be built, complicating the choice of the next scan. To make unequal numbers of impact
factors, which belong to different sized sub-nets, comparable, the first choice would be to compute
the average impact factor of the respective scans. However, for each selection instance the average
value alone does not produce sensible results, because the greater the number of observations the
lower the values of the impact factors. This is the reason for introducing a scaling mechanism for
the average values using the square root of the number of impact factors.

Since the formal errors of the parameters reflect the geometry of the underlying observations,
the success of the scheduling method can be checked by simple covariance analysis. However, to
validate the scheduling method conclusively, the information of the variance of the unit weight is
also needed. For this purpose, proper simulations of observations have to be made.

2.3. Validation

The Monte-Carlo simulator as it is implemented in VieVS [1] is used to simulate the reduced
observation vector o − c. Here, slant wet delays are simulated based on a turbulence model, and
the station clocks are simulated by a combination of random-walk and integrated-random-walk.

34 IVS 2012 General Meeting Proceedings



Judith Leek et al.: Intensives with Twin Telescopes

4

6

8

10

2009.0 2009.2 2009.4 2009.6 2009.8 2010.0

σ
d
U
T
1
[µ
s]

8

12

16

20

2009.0 2009.2 2009.4 2009.6 2009.8 2010.0

s d
U
T
1
[µ
s]

IVS schedules SVD schedules

Figure 1. Formal errors (left) and standard deviations (right) of dUT1 for different scheduling methods.

Additionally white noise is added per baseline. This simulation enables the estimation of the
adjusted parameters and the computation of an a posteriori variance factor via the squared sum
of the residuals. With this factor the standard deviations of dUT1 can be derived from the formal
errors, enabling the validation of the scheduling method. For a comparison, the SVD scheduling
method is performed for INT3 in its standard configuration for each day in 2009 for which an IVS
schedule exists. The standard deviations of dUT1 derived from both observing plans are shown in
Figure 1. Obviously, the standard deviations of dUT1 are improved by approximately 20% owing
to the SVD scheduling method.

3. Twin Telescope Scenarios

In order to evaluate possible benefits of the usage of the TTW, three different cases of scenarios
for INT3 sessions with the TTW replacing WETTZELL are investigated. The first case is the
standard scheduling method, choosing always the scan with the greatest impact (scaled average
impact factors). Various sub-nets, different combinations of two independent baselines pointing
at two sources simultaneously as well as sub-nets with three stations only, are possible. The most
commonly scheduled constellation of this case consists of all four antennas pointing at one single
source. In the second and the third case, the scheduling program is forced to build independent
baselines. In addition, the third case is restricted to build independent baselines between each
antenna of the twin telescopes and one of the single telescopes only. The different constellations
are depicted in Figure 2.

The formal errors and the standard deviations of dUT1 exhibit no big difference between both
cases that only used independent baselines (Figure 3). The offset between the first case and both
other cases can be attributed to a much greater number of observations (150 vs. 66) for the first
case. Furthermore, the north-south oriented baseline NYALES20–WETTZELL is not sensitive to

NYALES20

TSUKUB32WETTZELL

NYALES20

TSUKUB32WETTZELL

NYALES20

TSUKUB32WETTZELL

Figure 2. Possible twin telescope scenarios within the INT3 setup. Case 1: left, middle and right; case 2:

middle and right; case 3: right only.
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Figure 3. Formal errors (left) and standard deviations (right) of dUT1 for three different scheduling sce-

narios. Solid line: all possible sub-nets allowed; dashed line: forced independent baselines; dotted line:

restricted forced independent baselines. The scenarios of the different cases are shown in Figure 2.

dUT1 and, thus, it does not help to improve the precision. With respect to the standard INT3
schedules with three telescopes only (Figure 1), there is an improvement for the first case and
a worsening for the other two cases. But, this can also be referred to the different number of
observations - more observations in the first case and fewer observations in the schedules with
independent baselines. Ignored correlations between twin telescope observations could also be
conceivable.

4. Twin Telescope Parametrization

In the least-squares estimation process, various parameterizations of the TTW are possible.
For the results shown above, an independent setup for each of the twin telescopes was used, i.e.,
individual clock and atmospheric parameters per station. In this section, several modifications of
this standard approach are considered:

(a) one common atmospheric parameter for the twin telescopes, but individual clock parameters

(b) common clock parameters for the twin telescopes, but individual atmospheric parameters

(c) common clock parameters and one common atmospheric parameter for the twin telescopes.

To make the results of different parametrizations comparable it is ensured that identical clock and
atmospheric variations are simulated for the twin telescopes while the schedule remains unchanged.
Once more the results are characterized by the formal errors and the standard deviations of dUT1
(Figure 4). The respective results of the three different scenarios of Section 3 are similar to each
other, so only case 1 is shown. The formal errors of dUT1 are unaffected by the parametrization
of the twin telescopes (Figure 4 left), because the parameter dUT1 is hardly correlated with any
other parameter. Also, these have no big influence on the standard deviations of dUT1 (Figure 4
right). The standard deviations of all common setups (cases (a)–(c)) are always slightly below the
standard deviations of the individual setup, but they exhibit no significant improvement.

5. Conclusions

The effect on the parameter dUT1 of the scheduling method based on SVD, which was used to
create the various observing plans, was validated by the simulation of observations with a Monte-
Carlo-Simulator. For standard INT3 sessions with three radio telescopes this scheduling method
improves the standard deviations of dUT1 by approximately 20%.
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Figure 4. Formal errors (left) and standard deviations (right) of dUT1 for four different twin telescope

parametrizations. Solid line: individual atmospheric and clock parameters per twin telescope; dashed line:

common atmospheric parameter for the TTW; dash-dotted line: common clock parameters for the TTW;

dotted line: common atmospheric and clock parameters for the TTW.

The implementation of the TTW in INT3 sessions was investigated for three different observing
constellations. The schedules with forced independent baselines showed worse results than the
schedules with all possible sub-nets, and with respect to the standard INT3 sessions there is only
a precision improvement for the schedules with all possible sub-nets. These results are due to
different numbers of observations in the various schedules. Furthermore, correlations between twin
telescope observations have been neglected.

For the INT3 as they are designed today, the examined twin telescope parametrizations hardly
affect the formal errors and the standard deviations of dUT1 and do not significantly improve the
results.
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Abstract

September 15-29, 2011 saw a continuous VLBI session that was organized by the International
VLBI Service for Geodesy and Astrometry (IVS). This CONT11 campaign is a continuation of the
series of very successful continuous VLBI campaigns that were observed at irregular intervals since
1994. Within these two weeks, fourteen telescopes contributed to this experiment. Therefore, this was
a perfect opportunity to demonstrate the stability of e-RemoteCtrl over a long time period. Further-
more, it was very useful to gather experience in remote attendance over a longer time period. The
software, developed by the Geodetic Observatory Wettzell, was used to attend the sessions at TIGO
in Concepción, Chile during the night shifts without any problems. This remote control experiment
showed the usability of the new observation strategies for future experiments and developments. In
parallel, a second testing connection was established to the Australian telescope at Katherine for a
monitoring and integration test. Overall, the CONT11 experiment was very productive for demon-
strating, testing, and collecting experience using station remote control capabilities with e-RemoteCtrl
over long distances and over a longer time period.

1. Introduction: e-RemoteCtrl Observations during CONT11

A continuous VLBI campaign was carried out by IVS in September 2011. This campaign was
held for a period of two weeks with continuous measurements; fourteen telescopes contributed in
operation. The main goal of this campaign was to gather precise data for supporting high resolution
Earth rotation studies, investigating reference frame stability, and investigating daily to sub-daily
site motions. Therefore, this was a perfect chance to demonstrate and test shared observation
strategies using “e-RemoteCtrl” [1]. This software uses remotely accessible, autonomous process
cells as server extension to the NASA Field System, based on Remote Procedure Calls (RPC)
[2][4]. With this technology, several remote control and attendance tests were successfully shown
with telescopes in Germany, Chile, Antarctica, and foreign sites like Hobart and Katherine. During
CONT11, Wettzell ran the TIGO telescope, remotely attending the whole two weeks during night
shifts. Additionally, it was possible to establish a connection to the Australian telescope Kathrine
for a monitoring and integration test. For security reasons, the whole communication was tunneled
using Secure Shell (SSH) with automatic connection control. It re-establishes broken SSH tunnels
without user interaction [3].
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Figure 1. The “e-RemoteCtrl”-network (stations using or having the remote control software) and the

operated sites during CONT11.

2. The Results

During the shared observation the round-trip delays (time for sending a request and receiving
a response) of commands were captured for more than two weeks. The results for the round-
trip delays of these survey are illustrated in Figure 2 (the broad blue value band). For a better
interpretation an aggregated mean calculation for 15-minute intervals over the round-trip delays
are used (the yellow line in the middle of the measured values). The red rectangles show the
operated night shifts for TIGO during the 15 days of CONT11. In general, higher network loads
can be seen, influencing the remote control. The mean round-trip delay to Chile and back is about
0.34 seconds, meaning that each command takes a third of a second from sending to responding.

With this test during the two-week interval, regular observations and very important conclu-
sions could be made: (1) The used SSH-stabilization without human interaction worked quite well
and without large connection losses. (2) The test usage gathered further information to improve
the usability of the graphical user interface. (3) Additional system monitoring data are necessary
to get a better overview of the system status remotely. (4) Authentication and authorization
mechanisms as well as user role management become more important with a growing number of
participating stations.

Nevertheless, the IVS CONT11 was an ideal playground to test the new observing strategies
during real observation sessions.
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Figure 2. The round-trip delays as a continuous plot over the whole CONT11 time period including aggre-

gated mean values for 15 minute intervals and the time intervals of the operated night shifts (red rectangles).

3. The Possible “e-RemoteCtrl Network”

At the Geodetic Observatory Wettzell several possible observation strategies were detected.
Local, remote, and unattended observations have been proven to be reliable in past tests (see
Figure 3). The successful CONT11 experiment has shown how a network of telescopes like TIGO
(Chile), Wettzell (Germany), and Katherine (Australia) can be operated remotely. Therefore,
routinely sharing of the control between operators at different sites is the next challenge [5].

Figure 3. Defined observing strategies in the remote control network.
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Currently, all Australian geodetic VLBI telescopes (in the AuScope network) are able to co-
operate in a global network of telescopes using the e-RemoteCtrl techniques. Together with the
already tested control of TIGO and Wettzell it is possible to shift the control around the world
following the daylight zone. Then the control during a local night shift can be done by another
station in the daylight zone. This may reduce the burden of operator night shifts, while keeping
the number of observations.

4. Summary and Outlook

In conclusion, the shared observation test showed new possibilities and was very successful.
These new strategies can therefore offer technical realizations for the Global Geodetic Observing
System (GGOS) or the new Square Kilometer Array (SKA), where a set of telescopes must be
flexibly controlled by few operators. The current development steps are organized in the Novel
EXplorations Pushing Robust e-VLBI Services (NEXPReS).
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Abstract

It is now six years since the publication of the final report of IVS Working Group 3 entitled
“VLBI2010: Current and Future Requirements for Geodetic VLBI Systems” in which a bold vision
for a next generation geodetic VLBI system was put forward. In the intervening years, work towards
the realization of that vision has been carried out under the technical leadership of the IVS VLBI2010
Committee. This paper presents an overview of progress towards achieving the VLBI2010 goals and
challenges yet to be overcome.

1. Background

In September 2003 the IVS Directing Board established Working Group 3 (WG3) to review
all aspects of geodetic VLBI and to make recommendations for future requirements. In their final
report [4], WG3 put forward a bold vision for a completely revitalized next generation system
called VLBI2010. After the termination of WG3, the IVS initiated the VLBI2010 Committee
(V2C) to encourage the realization of VLBI2010, and in 2008 the VLBI2010 Project Executive
Group (V2PEG) was established to take strategic leadership of the project. Since 2008, the
V2C has focused its activities on technical developments. In 2009 the V2C published a progress
report outlining design aspects of the VLBI2010 system [7], and on March 1-2, 2012, the technical
specifications for the project were presented at a workshop held in Bad Kötzting, Germany.

2. The VLBI2010 Concept

Three goals were set out for VLBI2010 [4]:

• 1-mm position accuracy globally (based on a 24-hour observing session).

• continuous time series of station positions and Earth orientation parameters.

• turnaround time to initial geodetic results of less than 24 hours.

Achieving 1-mm position accuracy globally is a significant challenge and requires improvements
in the handling of both random and systematic errors. For VLBI, the main systematic errors are
due to source structure, antenna deformations, and drifts of the electronics; the main random
errors are due to delay measurement error, clock drifts, and atmospheric turbulence.

The VLBI2010 plan for reducing systematic errors is to develop designs that are less sensitive
to systematic effects and to improve calibration techniques. The situation is not as straightforward
for random errors. Beginning in 2006 studies were carried out to test strategies for reducing their
impact. The most successful strategy was to increase the number of observations in a session.
Achieving this requires both the use of fast antennas to reduce slew time between sources and
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short on-source times, the latter being achieved both by acquiring data very rapidly while on
source, e.g., 16 Gbps, and by using a new technique called broadband delay to resolve the very
precise phase delay at modest SNR. Broadband delay involves the reception of four 1-GHz bands
optimally spaced in the very wide 2-14 GHz input range.

3. Progress

The introduction of the VLBI2010 broadband concept requires a complete redesign of the VLBI
system. Highlights of progress to date are summarized below (see Figure 1):

Figure 1. VLBI2010 System.

• VLBI2010 antenna. Studies [7] have shown that a 12-m class antenna has adequate sensitivity
for VLBI2010 and that slew rates of 12◦/s in azimuth and 4◦/s in elevation are sufficient
to achieve the required number of scans per day. In addition, surface accuracy good to
32 GHz is recommended to support X/Ka observations. It is further recognized that truly
continuous observations cannot be realized without multiple antennas at a site so that one
antenna at a time can be taken off line for maintenance or repair. There are currently three
manufacturers with designs for antennas that meet the VLBI2010 specifications, those being
Vertex Antennentechnik GmbH, MT Mechatronics GmbH, and InterTronic Antennas.

• Broadband feed. VLBI2010 requires a front end that has high efficiency and low noise in the
full 2-14 GHz frequency range. Rapid progress in the past two years has resulted in two feed
options that fully meet these specifications [1]. One is the Eleven Feed under development
at Chalmers University of Technology and Onsala Observatory. The other is the Quadruple
Ridged Flared Horn (QRFH) under development at California Institute of Technology.

• Phase Calibration (PCAL). PCAL is required in the broadband system to coherently align
bands and for tracking changes in instrumental delay. The PCAL system has been upgraded
in three ways: the tunnel diodes, which are now difficult to procure, have been replaced by
high speed digital circuits adapted to produce the very narrow PCAL pulses; shielding of
the PCAL enclosure is being improved to avoid corruption caused by leaked pulses reflecting
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off nearby structures, and PCAL detection is being upgraded to include the capability to
simultaneously detect all available PCAL tones.

• Down-Conversion. For broadband delay, arbitrary segments of the input 2-14 GHz range
must be selected and down-converted to a lower frequency where they can be sampled and
processed. For this purpose, an updown converter with frequency range 1-13 GHz, a Nyquist
bandwidth of 512 MHz, and frequency resolution of 400 KHz has been developed at Haystack
Observatory [9]. For full VLBI2010 compliance, minor modifications are required to shift the
frequency range to 2-14 GHz and double the Nyquist bandwidth to 1024 MHz. Recently,
development has been underway for a second very different down-converter. The DBBC3
uses direct sampling of the RF input and digital selection of output bands [12]. It is based
on a 28 Gsps 8-bit sampler. Although promising for the future, the frequency resolution of
band selection is somewhat coarse in the initial implementation.

• Digital Back End (DBE). All developments for VLBI back ends are now completely digital,
i.e. they sample the IF input immediately and select and process channels digitally. VLBI
DBEs have been developed in Italy, the US, Japan, and China. Of the DBEs in existence,
two are fully or nearly VLBI2010 compliant. The DBBC VLBI2010 [11] is fully compliant
while the RDBE [5] currently operates at half bandwidth, i.e., 512 MHz instead of 1024 MHz.

• Recorder. Over the past decade VLBI record capability has benefited from nearly continuous
advances in commercial technology. Disks with capacities of 2 TB are now cost effective and
routinely available; the Mark 5C data system can now handle sustained record rates of up to
4 Gbps. Recently a next generation VLBI data system is under development and soon will
be available to the general VLBI community [13]. The Mark 6 system uses high-performance
COTS hardware and open source software, can sustain record rates up to 16 Gbps, and can
accommodate up to four disk packs.

• Correlator. There are a number of IVS components that have developed software correla-
tors. Only one though has been enhanced to specifically handle features of VLBI2010. It is
based on the Distributed FX (DiFX) kernel developed by Adam Deller and is being further
developed by an international consortium. Capabilities have been introduced to make it
compatible with operational processes used in geodetic VLBI. Correlator outputs for both
polarizations and multiple bands can now be combined (fringed) to produce a single cycle-
resolved phase delay observation that has been corrected for the ionosphere delay.

4. Challenges

• Antenna deformations. A significant problem for Terrestrial Reference Frame (TRF) combi-
nations is non-closure of site ties. The errors are believed to result from offsets between the
nominal and effective reference points for the techniques. For VLBI the offset is likely caused
by thermal and gravitational deflections of the antenna structure. Careful measurements and
analyses have been carried out for gravitational deflection (e.g. [10]) as have real time mea-
surements of thermal deflection (e.g. [3]). Another approach has been proposed that might
provide a valuable independent cross-check. It involves the use of a small co-located refer-
ence antenna that is sensitive to both GNSS and VLBI frequencies. Since observations are
taken in the native mode of each technique, ties are naturally measured between the effective
reference points of the antennas.
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• Source structure. The extragalactic radio sources used in geodetic VLBI are not point sources.
They have structure, and their structure varies with both time and observing frequency.
This is due to phenomena such as core shifts and sub-beam structure [8]. These phenomena
result in apparent motions of the sources and make phase resolution in the broadband delay
process more complicated. Simulations are underway to study the possible use of structure
corrections to mitigate these complications [2]. It will be difficult to evaluate the full extent
of source structure problems until the VLBI2010 network is in regular operation.

• RFI. The VLBI2010 capability to easily move bands within its broad input frequency range
makes it possible to adapt to a changing RFI environment. However, the broad input range
also opens the system to potentially catastrophic problems with saturation if strong enough
RFI sources appear anywhere in the input range. This must be avoided at all costs. It
is urgent that a quantitative RFI survey be carried out at all potential VLBI2010 sites to
determine whether or not saturation of the front ends is likely to be a problem.

• Atmosphere. Monte Carlo simulations indicate that the neutral atmosphere will remain the
dominant error source for VLBI2010 [7]. To make matters worse, there are indications that
the atmospheric parameters used in the initial VLBI2010 simulations were optimistic [6].
Improved strategies to handle the atmosphere involving the use of numerical weather models
and optimization of elevation angle cut-offs are under way, but improvement is expected to
be incremental. Another somewhat radical approach has been proposed that involves the
use of an array of GNSS receivers to estimate the azimuthal dependence of the atmosphere
and hence reduce its apparent bumpiness (see Figure 2). Studies are however required to
evaluate the effectiveness of the approach.

Figure 2. Local GNSS array for estimating the bumpiness of the neutral atmosphere.
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Abstract

Simulations show that the next generation VLBI system is generally well suited for imaging extra-
galactic radio sources. In addition to revealing the morphology of the sources, simulated VLBI2010
images may also be used to calculate source structure corrections for the VLBI delay measurements.
The accuracy of such structure corrections is studied by comparing the values derived for a set of simu-
lated images based on Monte-Carlo generated visibilities with theoretical structure corrections derived
from the model, for actually scheduled u-v points. We conclude that the structure correction delay
may be estimated to approximately 6 ps for the theoretical model used in this study, which represents
a 2-mm level error. We also show that the deviation tends to increase with the magnitude of the delay.

1. Introduction

The next-generation geodetic VLBI system, i.e. the VLBI2010 system, is expected to become
operational in the forthcoming years. This new system is based on 12-m-class fast-moving an-
tennas associated with broadband recording systems, as prescribed by the VLBI2010 Committee
[1]. Major progresses have been accomplished in the last few years with the construction of new
VLBI2010-compliant antennas in several countries and the development of compatible hardware.
When fully implemented, the VLBI2010 system should bring significant improvements in the de-
termination of the major IVS products, including the International Celestial Reference Frame
(ICRF).

The ICRF2 (the second realization of the ICRF) is based on the VLBI coordinates of 3414
extragalactic radio sources, including 295 “defining” sources. These sources are generally not point-
like on VLBI scales [2], which adds a structural delay component in the group delay observable.
This additional delay may range from a magnitude of a few picoseconds for compact structures to
tens or hundreds of picoseconds for more complex structures. Moreover, since the sources often
evolve with time, a regular VLBI monitoring is required to track changes in their structures. As a
systematic effect, the structural delay may be modeled if source structure is known. In the future,
it is anticipated that such structure corrections may be routinely determined and applied, taking
advantage of the denser (in terms of number of observations) VLBI2010 observing schedules which
should permit imaging of the sources on a daily basis.

The present study evaluates the accuracy of the structure corrections derived from future
VLBI2010 data by using simulations. We first briefly summarize the expected imaging capabilities
of the VLBI2010 system (Section 2). Based on the simulated images, structure corrections are then
calculated, and their accuracy is estimated by comparison with theoretical structure corrections
derived from the input source model. This assessment is presented in Section 3.
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2. Simulation of VLBI2010 Images

Simulations are carried out using a dedicated processing pipeline shown in Figure 1. A full
description of this pipeline is available in [3], along with initial results. Since these first simulations,
the capabilities of the VLBI2010 system have been tuned and refined, and new and more realistic
schedules have been produced. We use such a schedule, built from the 18-station network shown in
Figure 1, for the purpose of the present study. Simulated VLBI2010 visibilities are generated with
a realistic noise level (SNR of 10) and a traditional S/X frequency setup. The theoretical source
model used for our simulations has a total flux of 25 mJy and a typical core-jet morphology, as
shown in Figure 1. The calculated continuous structure index for this model is 2.76.

The simulated images are automatically produced from the simulated VLBI2010 visibilities.
Examples of such images for sources at three different declinations (−40◦, 0◦ and +40◦) are shown in
Figure 2. The number of u-v points are 216, 901 and 707 for the images at declination −40◦, 0◦ and
+40◦, respectively. The associated number of visibilities are 5424, 21644 and 45000, respectively.
The quality of these images is consistent with previous studies [3, 4], which showed that the
VLBI2010 system is generally well-suited to produce high-quality images of extragalactic radio
sources.

Figure 1. VLBI2010 imaging pipeline. Simulated VLBI2010 visibilities are generated based on a theoretical

source model, a 24-hour schedule with a network of 18 stations (shown on the map) and an X-band frequency

setup with 1 GHz bandwidth. A realistic noise level corresponding to an SNR of 10 is used. Images are

automatically produced, and structure corrections are derived from these images. The procedure is run

many times (each time with a different input noise value, as generated by a Monte-Carlo method) to obtain

different estimates of the same structure corrections, thereby allowing one to assess their accuracy.
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Figure 2. Simulated VLBI2010 images and u-v planes for three sources at declination −40◦, 0◦ and +40◦

(from left to right). Units are milliarcseconds for the VLBI2010 images and megawavelengths for the u-v

planes.

3. Structure Corrections

The simulated VLBI2010 images are used in a second stage to derive the structure corrections
corresponding to the observed source structure. In order to evaluate the accuracy of these structure
corrections, a sample of 25 similar images was generated from the same input source model but
using a different input noise value in each simulation as obtained by a Monte-Carlo method.
Structure corrections were then calculated as described in [5]. In a previous study [4], structure
correction statistics were obtained for the whole u-v plane. The present analysis only focuses on
the u-v points actually scheduled. For each u-v point, 25 structure correction values (one per
simulated image) are calculated. Then, the median and the standard deviation with respect to the
theoretical structure correction value are derived.

The results obtained are presented in Figure 3. In this figure, the histograms on the left-hand
side represent the distribution of the deviations of the simulated structure corrections relative
to the theoretical values for the observed u-v points. The distribution is given for each source
declination (−40◦, 0◦ and +40◦, from top to bottom). The median deviation values are 8.7, 5.5
and 6.1 ps, respectively. These values may depend at some level on the map quality, which has
a direct impact on the accuracy of the structure corrections. In all, based on our knowledge of
the theoretical structure correction values, we conclude that the structure correction delay may be
estimated to approximately 6 ps, which represents a 2-mm level error. The plots on the right-hand
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side of the same figure show the deviation of the simulated structure corrections relative to the
theoretical delay as a function of the magnitude of the structure corrections (represented as the
median structural delay, i.e., the median value of the 25 structure corrections for each point).
These are given, as for the left-hand side histograms, for the same three different declinations.
They show that the deviation tends to increase with the magnitude of the structure correction
delays, which is not surprising since large structure corrections are more difficult to model than
small ones [5].

Figure 3. Left: Distribution of the deviations of the simulated structure corrections relative to the theoretical

values for the observed u-v points for three sources at declination −40◦, 0◦ and +40◦ (from top to bottom).

The median of the distribution is plotted as a dashed line. Right: Deviation of the structure corrections

relative to the theoretical delay as a function of the magnitude of the structure correction for the same

sources.
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4. Conclusion

This paper confirms that the VLBI2010 system is well-adapted to produce high-quality images
of extragalactic radio sources using foreseen schedules and a realistic noise level, even for low-
declination sources. We calculated statistics on structure corrections for a set of simulated images
based on Monte-Carlo generated visibilities and for theoretical structure corrections derived from
the model. By comparing these values, we conclude that the structure correction delay may be
estimated to approximately 6 ps, which represents a 2-mm level error. We also show that the
deviation tends to increase with the magnitude of the delay.

In the future, we plan to extend these calculations to a set of 100 Monte-Carlo simulations
in order to improve the statistics obtained in this paper. We also plan to explore other source
models, including sources with less structure than the one used here, which will probably be the
targets of first VLBI2010 observations, but also sources with more complex structures. We aim
to test these models with the currently available VLBI2010 observing schedules, and also with the
new schedules as they are specified.
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Abstract

For the past three years the role of the Westford antenna in geodetic VLBI has been two-fold. Over
this time its primary purpose has been to participate in standard S/X-band geodetic VLBI observations.
In its secondary role the Westford antenna has been converted into a research instrument, facilitating
the development of the broadband geodetic VLBI observing technique. As a research instrument, the
Westford antenna incorporates a commercially-available ETS-Lindgren 3164 quadridge antenna as a
radio telescope feed. The system also uses the VLBI2010 data acquisition system that incorporates
digital backends (DBEs) implementing a polyphase filter bank processor. The process of converting
the station from its mode of operations to a research instrument often introduces subtle anomalies that
must be diagnosed prior to broadband observing. Furthermore, this bifurcation of the station’s role is
not in line with the goals of the VLBI2010 specifications. Until recently it has not been possible for
the Westford station to serve as both an operational and research instrument without conversion for
two reasons: poor sensitivity and incompatibility of backend baseband filter bandwidths.

The poor sensitivity of the Westford antenna as a broadband radio telescope is in large part due
to the commercial broadband feed which was readily available when the proof-of-concept VLBI2010
observations were initiated. However, with the materialization of the quadridge flared horn (QRFH) by
the California Institute of Technology and with the improvements in the DiFX software correlator, the
necessary components are now available to upgrade the Westford station to full-broadband capability
while adhering to the mandate to maintain backwards compatibility with the legacy S/X systems. In
this paper we will present the path forward for upgrading the Westford site to full-broadband capability
while maintaining S/X compatibility.

1. Dual Role of the Westford Station within the IVS

For the past three years the Westford station has served dual roles within the IVS network. Its
primary responsibility, which it has served for the past 20 years, is to participate in scheduled IVS
observing sessions. In 2012 the Westford station participated in 62 IVS sessions in which it was
configured with its operational S/X band receiver that is sensitive to circular polarization. In its
second role the Westford station serves as a broadband VLBI instrument to facilitate development
and testing of receiver hardware for the next-generation VLBI network. This mode of operation,
however, is not sustainable in the long-term future of the Westford station.

The main drawback to this operational arrangement is that the antenna must be manually
reconfigured for either S/X band or broadband observing; simultaneous S/X/broadband observing
is not currently possible for reasons that are discussed in Section 3. Converting the Westford station
from S/X to broadband requires removal of the S/X receiver from its prime focus installation.
The broadband frontend is subsequently hoisted into place, the necessary cable and cryogenic
connections are made, and the receiver is finally cooled. The conversion process requires at least
two days to transition from one receiver to the other, and frequently this transition is not seamless.
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Furthermore, this mode of operation is not in-line with the specifications set forth by VLBI2010,
that being 24 hour uninterrupted observing.

2. Proof-of-Concept System and Characteristics

A block diagram and photos of the proof-of-concept broadband receiver frontend are shown
in Figure 1. The phased/noise couplers provide a means to inject calibration signals needed to
correct instrumental delay and amplitude variations in post-processing, while a high-pass filter is
incorporated to inhibit saturation of the frontend LNA by either in-band or out-of-band RFI.

Figure 1. Photos of the proof-of-concept receiver frontend and associated block diagram.

When the broadband observing technique was first conceived, a broadband feed matched to
the Westford antenna optics was not available. For this reason, the commercially-available ETS-
Lindgren 3164 quadridge antenna was incorporated as the Westford radio telescope feed. However,
the 3164 quadridge antenna possesses characteristics that make it a poor radio telescope feed,
and so the sensitivity of the Westford antenna was poor. Figure 2 shows the measured aperture
efficiency and system temperature of the Westford station when outfitted with the proof-of-concept
receiver.

Figure 2. Measured aperture efficiency and system noise temperature of the proof-of-concept system at this

optimum focus setting.
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Despite the poor sensitivity, useful broadband observations were made enabling the demon-
stration of the broadband delay extraction technique. Broadband observations of four 512 MHz
frequency bands spanning 6.4 GHz to 8.4 GHz were made with the proof-of-concept receiver and
subsequently fringe fit with a broadband delay fringe fitting algorithm. Figure 3 shows the raw and
phase calibrated fringe fit results obtained from broadband observations made with the Westford
proof-of-concept receiver. We see from this result that the raw fringe fit result is fraught with
systematic delay variations from one observing band to the next and that the application of the
phase cal correction properly aligns the phase of all the observing bands from which the broadband
delay is determined by a linear phase versus frequency fitting process.

Figure 3. First 2 GHz (a) raw and (b) phase calibrated fringe phase results obtained with the proof-of-

concept system.

Microwave signals generated by the receiver frontend are conveyed to the backend where they
are downconverted into 512 MHz IF signals. The backend of the proof-of-concept receiver is a
first-generation digital processor (DBE1) which incorporates a polyphase filter bank to subdivide
the downconverted microwave signals into 32 MHz channels. This processor generates sixteen 32
MHz frequency channels uniformly distributed throughout the 512 MHz IF spectrum. However,
the bandwidth limitation of the data recorders only permits eight of the sixteen channels to be
recorded to disk so the eight channels shown in Figure 4 were selected. Since the net local oscillator
frequency of each of these channels is fixed relative to the digitizer’s sample rate (which itself is
invariant) the distribution of the frequency channels in the IF spectrum is not adjustable. This is
in contrast to the channelized spectrum produced by the video baseband converters, for which the
IF distribution may be configured arbitrarily.

3. Upgrade Issues

Both the lack of sensitivity and its sensitivity to RFI disqualify the proof-of-concept receiver
frontend as a candidate VLBI2010 frontend for the Westford antenna. The aperture efficiency and
noise temperature shown in Figure 2 correspond to an SEFD of approximately 20000 Jy, while
the VLBI2010 specification is 2500 Jy. The inclusion of the 3.1 GHz high-pass filter necessary to
prevent S-band from saturating the frontend inhibits S-band observations, which is incongruent
with the VLBI2010 specifications. Next-generation geodetic VLBI receivers must support S-band
observations so that they may co-observe with stations which possess legacy S/X band hardware.
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Figure 4. Photo of the new Westford broadband receiver frontend.

Co-observation of legacy and next-generation receivers also raises an issue of polarization com-
patibility. All legacy S/X band receivers in the IVS network are sensitive to circularly polarized
radio signals, while all wideband radio telescope feeds under consideration for VLBI2010 are sen-
sitive to linearly-polarized signals. There are two possible solutions to this compatibility issue.

The first solution is to convert the linearly polarized signals in the receiver frontend to circular
polarization. This can be accomplished through the use of commercially available microwave 90◦

hybrids and power combiners. In incorporating such a solution, the phase and amplitude balance
of such components is critical in order to maintain the integrity of the linear-to-circular transfor-
mation. Fortunately, the broadband performance of such components is sufficient to maintain 20
dB of cross-polarization isolation in the circular basis which is adequate for the goals of VLBI2010
[1]. The second solution to the polarization conundrum is to perform a proper polarimetric com-
bination in post-observation processing [2]. This method has been incorporated into fourfit and
requires knowledge of the differential parallactic angle between any stations observing in a linear
polarization basis.

Post-observation processing also provides a solution to the incompatibility of LO frequencies
and channel bandwidths associated with the PFB and legacy video baseband converters. The cor-
relation of incompatible frequency channels is now accommodated by the DiFX software correlator
using the zoom-mode feature. Though there are some numerical considerations to be observed (i.e.,
FFT sizes), the only fundamental requirement of using this correlator mode is that the frequency
channels possess spectral overlap.

4. Next-generation Westford Receiver Frontend

The VLBI receiver is mounted in the prime focus location on the Westford antenna. Relative
to other radio telescopes, the Westford dish requires a feed possessing a wide beam (80◦ subtended
angle). For this reason a quadridge flared horn (QRFH) feed design [3] was developed for the
Westford dish by the California Institute of Technology. The QRFH design possesses a sharp low
frequency cutoff which in effect serves to high-pass filter the spectrum that is presented to the
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LNA; this cutoff frequency is a parameter of the feed design. As alluded to in Section 2 (“Proof-of-
Concept System and Characteristics”), low frequency RFI is of great concern to next-generation
VLBI receivers, so the high-pass feature of the QRFH is considered to be an attractive attribute
of the design.

The QRFH that was designed for the Westford antenna was done so with a 2.2 GHz lower
cutoff frequency to reject as much of S-band as possible while maintaining the ability to co-observe
with legacy receivers. The new frontend will also incorporate microwave couplers to inject phase
and noise calibration signals and uses the Caltech CRYO1-12 low noise amplifier as the first gain
stage to achieve low noise operation. A photo of the Westford receiver frontend is shown in Figure
4.

Based on the simulated feed patterns of the Westford QRFH feed, the expected aperture
efficiency of the Westford radio telescope was computed and is approximately 47% over the full
bandwidth of the receiver. With this aperture efficiency the system noise temperature could be
as high as 105K before the 2500 Jy VLBI2010 specification is violated. The actual system noise
temperature is expected to be much lower.
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Abstract

Wide Band feeds are being developed at NICT, NAOJ, and some universities in Japan for VLBI2010,
SKA, and MARBLE. SKA, the Square Kilometre Array, will comprise thousands of radio telescopes
with square kilometer aperture size for radio astronomy. MARBLE consists of small portable VLBI
stations developed at NICT and GSI in Japan. They all need wide band feeds with a greater than 1:10
frequency ratio. Thus we have been studying wide band feeds with dual linear polarization for these
applications.

1. Feed of the MARBLE Antenna

MARBLE has a 1.6-m diameter dish and a dual polarization feed of a Lindgren quad-ridged
horn (Figure 1). Farfield patterns of the MARBLE were measured with a quad-ridged horn at
METLAB of Kyoto University in 2010. This was a near field measurement from which it was
possible to calculate far field patterns and illumination on the aperture of the MARBLE. This
illumination is the actual beam pattern of the quad-ridged horn. It had been previously known that
the MARBLE has lower aperture efficiency than expected. Based on the 2010 measurements, it
was possible to conclude that the lower efficiency in 2.3 GHz is due to the fact that the quad-ridged
horn’s beam size is slightly broader than the parabola dish, causing lower frequency “spillover”.
We expected over 50% efficiency but measured 48%, which is acceptable. However, the situation
was severe at a higher frequency; the efficiency dropped down to 10% at 10 GHz. This is due to
the fact that the beam width of the feed gets narrower than the dish at higher frequencies and also
that the feed was displaced from the focus. This displacement was revealed by the phase pattern.
But the displacement from the focus is a tiny problem. The changes of the beam size of the feed
is a severe problem, which occurs because there is no way to control the quad-ridged horn’s beam
size.

Figure 1. MARBLE and its feed.
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2. Simulations of Quad-ridged Horn

A shielded quad-ridged horn was modeled with COMSOL, which was simply based on a
commercial double ridged waveguide horn (SCHWARZBECK BBHA9120A) with dimensions of
W × H × L [mm] = 285 × 238 × 190. However, its aperture was modified to a square for the
symmetry beam size of both linear polarizations. The calculated far field beam pattern was varied
by frequency (Figure 2); however, no degree of freedom was left to shape the beam in the model.
Some technique, such as resonance element or mode converter, must be developed for smart beam
shaping.

0.5 GHz 2 GHz

Figure 2. Numerical model and far field patterns of a quad-ridged feed horn.

3. Arrayed TWA

Traveling Wave Antenna (TWA) has been studied as elements of a wide band feed. The electric
field is twisted along the axial in a Tapered Slot Antenna (TSA), but not in a TWA. The impedance
of the TWA can be approximated with simple transmission line models, while the impedance of a
TSA cannot. Thus we think an Arrayed TWA is a candidate element for the wide band feed with
nearly constant beam width.
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Propagation of the field around a TWA element was simulated with COMSOL under several
conditions. The element size was L × W × t [mm] = 280 × 120 × 1, and relative permittivity
of the dielectric substrate was tested for εr = 1, 2.2, 4, and 10. Two examples are shown in
Figure 3 for the cases of εr = 2.2 and 10. Higher permittivity of the dielectric substrate enabled
concentration of the field near the substrate to radiate a narrower beam as a point-like source
along the plane perpendicular to the substrate. Thus selection of the dielectric substrate can be a
design parameter.

εr = 2.2 εr = 10

Figure 3. Simulated E field component parallel to the substrate of feed element at 6 GHz.

Simple dual-polarized four-element TWA arrays were tested in METLAB. Grating lobes in
far field patterns are clearly shown in Figure 4. Thus all elements are well-integrated. Feeds are
made with commercial wide band dividers for convenience. Then another four small elements are
added to make an eight-element TWA array to form a narrower beam shape in the high frequency
end. However, power dividing did not work well and a null line was made in the beam (Figure 5).
Further development should be done for the power dividing network.

4 GHz 6 GHz

Figure 4. Four-element arrayed TWA and measured beam patterns of 70◦ × 70◦.
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4 GHz 6 GHz

Figure 5. Eight-element arrayed TWA and measured beam patterns of 60◦ × 60◦.

4. Conclusion

The arrayed TWA has been tested for development of wide band feeds. Beam patterns were
studied with simulations and measurements to make an array feed; however, the power dividing
network of the array should be improved to achieve a constant beam shape for the wide frequency
band.
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Abstract

The tri-band cryogenic receiver for the first light observations of the first RAEGE project antenna
in Yebes Observatory is being developed, in the framework of the VLBI2010 project.

The 13-m new ring focus antennas are suitable to be fed by a broad-band feed such as the Eleven
Feed. However other feed configurations are possible in order to cover narrower bands, such as the S,
X, and Ka bands. With this frequency arrangement, the feed makes possible backward compatibility
with classical VLBI, and it will be especially useful for the Ka commissioning of the antenna. X/Ka
simultaneous observations will also make it possible to link this antenna with other VLBI networks.

The feed, designed to illuminate the ring focus antenna, is made of a coaxial waveguide for the S-
and X-bands and a circular waveguide for the Ka band. Four outputs from their corresponding field
probes at S and X bands must be combined with 180◦ and 90◦ hybrid circuits to get dual-circular
polarization. In the Ka band case, the dual-circular polarization is obtained with a septum polarizer.
The feed, hybrids, and polarizer will operate at cryogenic temperatures.

1. Introduction

The RAEGE project is an ambitious VLBI2010 plan to have four antennas in Spain: one
antenna at Yebes in the continental Spanish mainland, two antennas on the Azores Islands in
Portugal, and one antenna on the Canary Islands. These four antennas fulfill the VLBI2010
recommendations [1], they are 13.2-m diameter, and the slew speeds are 6◦/sec and 12◦/sec in
elevation and azimuth. Three of the antennas are going to be installed and operative in the next
years. The fourth antenna on Flores Island under Portuguese management will be provided soon.

The first antenna is going to be installed at Yebes, the IGN main observatory, during 2013. The
antennas designed by MT Mechatronics are operative up to 45 GHz due to the surface quality (200
µm), antenna back structure deformations, and pointing accuracy (20”). A new commissioning
receiver is foreseen to be used as the first light receiver. It is highly recommended to have a high
frequency receiver to test the antenna in the highest frequencies possible and it is also mandatory
to assure backward compatibility with the previous S/X VLBI systems. The first light receiver
will cover S/X/Ka bands simultaneously [2]. The feed of the receiver is a three-band feed for these
frequencies that covers a narrow bandwidth around the S/X/Ka bands.

2. RAEGE Antenna in the VLBI2010 Project

It is a 13.2-meter antenna that follows the VLBI2010 recommendations in terms of size, slew
speed, pointing, and surface accuracy. The optical configuration is given by the specification of
broadband observation. The feeds available for continuous frequency coverage from 2 to 14 GHz
such as the Eleven Feed and the Self Quasi Complementary Feed are low F/D ratio antennas
[3],[4]. They achieve the maximum antenna aperture efficiency when they have to illuminate the
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reflectors over a wide flare angle. This is the case of primary focus antennas that are proven to be
bad in terms of noise due to the ground noise spillover. The alternative to solve the noise problem
is the dual reflectors, which are usually designed to have a large equivalent F/D. However, if a
classical dual reflector (cassegrain or gregorian) is designed with a very low equivalent focal, the
consequence is a highly blocked system, which is also unwanted.

The ring focus antenna solves the blockage problem in a dual reflector antenna. It is a displaced-
axis dual reflector antenna. This optics is a special case of a Gregorian system, in which the focal
axis of the main parabolic reflector is displaced from the symmetric axis. The prime focus of the
elliptical sub-reflector is also located on this axis and not in the axis of symmetry. The secondary
focus, where the feed must be placed, is located in the axis of symmetry. When the antenna
revolves around its symmetry axis, the prime focus is a ring while the secondary focus is still a
point.

Figure 1. Ring focus optical configuration.

In Figure 1, the rays that are coming from a plane wave in front of the main surface are
collimated in the secondary focus without any interception of the sub-reflector. This geometry
is not blocked by the sub-reflector, at least from the geometrical point of view. The amplitude
distribution is also disturbed by the antenna, and the rays that come near the edge of the main
reflector go to the central area of the feed. The ring focus antenna geometry changes the amplitude
distribution of the feed and it makes the distribution more uniform in the aperture of the main
reflector. This has two effects: The aperture efficiency is increased with respect to the classical
dual reflectors, and the side lobes’ level is increased up to -13 dB with respect to the maximum
gain.

Unfortunately the low F/D ratio is responsible for a loss of antenna efficiency due to the feed
and sub-reflector misalignment, which could be more critical in high frequencies. In Figures 2 to
5 the graphs show the gain decrease when the feed or the sub-reflector is moved from its nominal
position axially and laterally in the S, X, and Ka bands.

Due to the low equivalent F/D, the gain is very sensitive to feed positioning, which is unusual
in dual reflectors. It depends on the frequency and it can be an issue for Ka band and above. The
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Figure 2. Computed aperture efficiency as a function

of feed axial displacement.

Figure 3. Computed aperture efficiency as a function

of feed lateral displacement.

Figure 4. Computed aperture efficiency as a function

of sub-reflector axial displacement.
Figure 5. Computed aperture efficiency as a function

of sub-reflector lateral displacement.

sub-reflector position is controlled by servos and with a sub-reflector motion strategy to correct
the misalignments and keep the efficiency at an acceptable level.

3. First Light S/X/Ka Receiver

The tri-band receiver is based in a dual-circular super-heterodyne layout receiver for the three
bands (2.2-2.7 GHz, 7.0-9.0 GHz, and 28.0-33.0 GHz). All the front-end components, including
the feed, are going to be cooled down inside of a cryostat. See [2] for details.
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4. Tri-band Feed Design

The tri-band feed is actually made of three individual feeds, one inside another of lower fre-
quency (see Figure 6). Each feed has its own output connector to interface to the polarizer and
the amplifiers. The biggest external feed is the coaxial S-band feed; the medium feed is the coaxial
X-band feed, and the smallest feed is the Ka conical feed. Both the S and X feeds are fed by four
ports with SMA connectors in the S-band feed and waveguide flanges WR-112 for the X-band.
The Ka band feed output is a circular waveguide of 8.4 mm in diameter. The dimensions are 25 cm
high and 20 cm in diameter, and it weighs 3 kg.

Figure 6. Inside view of RAEGE tri-band feed.

In the case of the coaxial feeds (S and X) the dual circular polarization can be achieved by
combining the four ports conveniently. The linear polarization is excited in the two front ports with
a 180◦ phase shift. The orthogonal linear polarization is obtained by exciting the perpendicular
ports. Two 180◦ hybrids are necessary to combine the two ports of both linear polarizations. The
circular polarization is obtained by shifting the two orthogonal linear polarizations 90◦. A 90◦

hybrid is used at the 180◦ output hybrid. All the hybrids are cooled to reduce the input noise
temperature.

The dual circular polarization in the Ka band is obtained by a stepped septum attached directly
to the circular waveguide.

The feed and the antenna have been simulated with Physical Optics [5] to calculate the theoret-
ical maximum directivity of the RAEGE antenna with the tri-band feed. In Figure 7 the aperture
efficiency is shown, and it is above 70% for the tri-band feed.
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Figure 7. Computed aperture efficiency of RAEGE antennas with tri-band feed.

5. Conclusions

A first light receiver is being developed in Yebes for the first RAEGE antenna [2]. It is a
tri-band receiver (S/X/Ka) based on a tri-band feed with dual circular polarization. The design of
the feed is compact enough to fit inside the cryostat. The simulations of the feed and the antenna
give 70% for the calculated aperture efficiency.
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the RAEGE Project Antennas, In: 7th IVS General Meeting Madrid (Spain), March 4-9, 2012.

[3] J. Yang et al., Cryogenic 2-13 GHz Eleven Feed for Reflector Antennas in Future Wideband Radio
Telescopes, In: IEEE Transactions on Antennas and Propagation, vol. 59, no. 6, June 2011.

[4] G. Cortés-Medelĺın,Non-Planar Quasi-Self-Complementary Ultra-Wideband Feed Antenna, In: IEEE
Transactions on Antennas and Propagation, vol. 59, no. 6, June 2011.

[5] GRASP Reference Manual (www.ticra.com).

IVS 2012 General Meeting Proceedings 65
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Abstract

The Spanish Centro de Desarrollos Tecnológicos (CDT) is developing a tri-band cryogenic receiver
for the first light observations of the first RAEGE project antenna in Centro Astronómico de Yebes
observatory in the framework of the VLBI2010 project. The RAEGE project plans to install three new
ring-focus 13.2 meter antennas in compliance with the VLBI2010 specifications. These antennas are
under construction. The first light receiver envisaged for these antennas will operate in the S (2.2 —
2.7 GHz), X (7.5 — 9 GHz), and Ka (28 — 33 GHz) bands, simultaneously, in order to be backward
compatible with non-VLBI2010 stations and forward compatible with new ones. The receiver feed
designed to illuminate the ring-focus antenna is made of a coaxial waveguide, for the S and X bands,
and a circular waveguide for the Ka band. Four outputs from their corresponding field probes at S
and X bands must be combined with 180◦ and 90◦ hybrid circuits to get simultaneous dual-circular
polarization. In the Ka band case, the two circular polarizations are split by means of a classical
septum polarizer. The feed, hybrids, and polarizer will operate at cryogenic temperature in order
to minimize their contribution to system noise. The estimated equivalent noise temperature for this
receiver is lower than 15 Kelvin for S-band, 20 Kelvin for X-band, and 25 Kelvin for Ka-band. The
output signals from the cryostat will be sent to their corresponding room temperature downconverters
for later amplification, filtering, and mixing. The final IF signal will range from 500 to 1000 MHz,
as in a classical geodetic VLBI receiver, to be backward compatible with non-VLBI2010 stations. An
advantage of having the Ka band receiver is that it will allow the radiometric characterization (pointing,
tracking, and efficiency) of these antennas during commissioning. In addition, simultaneous X/Ka
operation would be possible. The first receiver of this type is planned to be finished by September,
2012. Currently the procurement of components is finished, and the integration has started. The
receiver feed is under construction.

1. Advantages and Drawbacks of a Tri-band Receiver

This section shows the main advantages and the drawbacks of using a tri-band receiver for the
new 13.2 meter RAEGE antennas. The main advantages are the following:

• S, X, and Ka bands are received simultaneously, so backward compatibility with older stations
is fully guaranteed. In addition, simultaneous X/Ka will allow astrometric observations.

• The feed horn is cooled down to 20 Kelvin. As a result, its contribution to system noise is
minimized.

• Simultaneous dual circular polarization is obtained, and there is no need to perform opera-
tions on digital data to retrieve circular polarization from linear ones.

• Traditional cryogenic low noise amplifiers (LNAs) are used, and there is no need to use
balanced ones.

• Easy injection of NoiseCal and PhaseCal signal just in front of the LNAs.
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• Less sensitive to radio frequency interference (RFI) than broadband receivers, which may
need protection circuits at the input of their LNAs.

• The Ka-band receiver will be quite useful during antenna commissioning because radiometric
characterization at high frequencies allows a more accurate verification of pointing, tracking,
and efficiency than low frequencies.

• This receiver will be compatible with the tri-band one at Twin Telescope Wettzell (TTW).

However, the major drawbacks are:

• 180◦ and 90◦ microwave hybrid couplers are needed in S and X bands to combine the sig-
nals from the feed ports. In addition, they must operate at 20 Kelvin to minimize their
contribution to system noise. However, a cryogenic 90◦ hybrid has been developed in house
with very good properties. For the 180◦ ones, commercial units have been purchased and
are being tested. Preliminary tests show that they can operate at cryogenic temperatures
without substantial degradation of their performance.

• The receiver does not have fully continuous coverage of the 2-14 GHz broadband.

The weight of the advantages over the drawbacks was the key factor in the decision to go ahead
with a tri-band receiver.

2. Tri-band Feed Design

The design of the tri-band feed is shown in [1] with more detail.

3. Cryostat Content

The cryostat will include the tri-band feed, the 180◦ and 90◦ microwave hybrid couplers, the
NoiseCal injection couplers, and the six LNAs. Currently, the dewar is in the design phase.

4. S-band Receiver

This section introduces the work performed in relation to the S-band receiver channel.

4.1. S-band Low Noise Amplifiers

The S-band cryogenic LNAs have been developed and tested already. Their performance at 14
Kelvin is the following:

• Frequency range: 2.2 - 4.8 GHz.

• Equivalent noise temperature < 3.7 Kelvin.

• Average gain > 26.8 dB.

• Gain flatness > 1 dB pk-pk.

• Input return loss = -12.1 dB max.

• Output return loss = -17.8 dB max.
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• Power consumption < 4.3 mW.

• Mass: 42 g.

• Interface: SMA-female.

• Bias connector: MDM 9PHSB.

• Dimensions: 58 x 32.3 x 9 mm.

These amplifiers are ready to be integrated, and more units could be available to other obser-
vatories upon request.

4.2. S-band 90◦ Cryogenic Microwave Hybrids

The S-band 90◦ cryogenic microwave hybrids are a Yebes in-house development. These hybrids
are ready to be integrated, and more units could be available to other observatories upon request.

The corresponding S-band 180◦ hybrids are being tested at cryogenic temperatures. They are
commercial off-the-shelf (COTS) units which have been purchased for testing. Preliminary tests
show that their behavior is not degraded at cryogenic temperature, and, hence, they could be used
in the receiver.

4.3. S-band Downconverter Module

The follow-up receiver for the S-band frontend is already integrated. It is not a frequency agile
downconverter. The integration of the monitor and control digital board is missing but will be
carried out in the next few weeks. Then, it will be ready for testing in the lab.

5. X-band Receiver

In relation to the X-band receiver, the following sections describe the work performed up to
now.

5.1. X-band Low Noise Amplifiers

The X-band cryogenic LNAs have been developed and tested already in Yebes laboratories.
They follow the same design as those provided by Yebes for the Atacama Large Millimeter Array
(ALMA) project in band 9. They incorporate InP transistors, and the measured performance at
15 Kelvin is the following:

• Frequency range: 4 - 12 GHz.

• Equivalent noise temperature < 5.3 Kelvin.

• Average gain > 34 dB.

• Input return loss = -3 dB max (to be improved with a cryogenic microwave isolator).

• Output return loss = -12.5 dB max.

• Interface: SMA-female.

These amplifiers are ready to be integrated, and more units could be available to other obser-
vatories upon request.
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5.2. X-band 90◦ Cryogenic Microwave Hybrids

The X-band 90◦ cryogenic microwave hybrids are a Yebes in-house development also. These
hybrids are ready to be integrated, and more units could be available to other observatories upon
request.

The corresponding X-band 180◦ hybrids are being tested at cryogenic temperatures. They
are commercial off-the-shelf (COTS) units which have been particularly purchased for testing.
Preliminary tests show that their behavior is not degraded at cryogenic temperature, and, hence,
they could be used in the receiver.

5.3. X-band Downconverter Module

The room temperature electronics of the X-band receiver is going to be integrated in the next
few weeks, as all the components are available now. It is a frequency agile downconverter, which
allows the selection of any 500 MHz bandwidth across the full 7.5 - 9 GHz band.

6. Ka-band Receiver

In relation to the Ka-band receiver, the work performed is summarized in the following sections.

6.1. Ka-band Low Noise Amplifiers

These LNAs are a microwave monolithic integrated circuit (MMIC) design which is in the
testing phase. The expected performance is the following:

• Frequency range: 25 - 35 GHz.

• Equivalent noise temperature: 15 - 16 Kelvin.

• Average gain > 34 dB.

• Gain flatness ± 1 dB.

• Input/output return loss < -10 dB max.

• Interface: 2.9 mm - female.

6.2. Ka-band Downconverter Module

The integration of the Ka-band downconverter will start in the next few weeks as all its com-
ponents are available. It is a frequency agile downconverter, which allows the selection of any 500
MHz bandwidth across the full 28 - 33 GHz band.

7. NoiseCal Module

In the NoiseCal module, two separate noise sources are considered. The first one is a broadband
noise source for S and X receivers, which is split four ways (two receivers x two polarizations) after
the addition of the PhaseCal signal. This source can be switched at 80 Hz. The second one is
a Ka-band noise source for the Ka-band receiver channels. The possibility to add a test tone is
included. The integration of this unit is also pending, although all the components are available.
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8. Estimated Receiver Performance

The estimated receiver performance is summarized in Table 1. These estimations will be
compared with equivalent noise temperature measurements and will be performed with the Y-
factor method once the receiver is fully integrated.

Table 1. Estimated performance of RAEGE receiver.

Frequency Range Trx Rx gain Bandwidth
Band (GHz) (Kelvin) (dB) (MHz)

S 2.2 - 2.7 13 58 - 89 500

X 7.5 - 9 18 53 - 84 500

Ka 28 - 33 25 57 - 88 500

9. Future Work

The following work packages have to be carried out in order to comply with the deadline for
this receiver, which is scheduled by September 2012.

• Tri-band feed tests in our anechoic chamber.

• Integration of X and Ka-band downconverters.

• Integration of NoiseCal module.

• Dewar design, construction, and assembly.

• Full cryostat integration and test.

• Receiver monitor and control software.

• Receiver lab test.
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Abstract

Recently some digital samplers, which involve high RF frequency sensitivity, have been developed.
We installed such samplers (sensitivity up to 24 GHz) at the Kashima 11-m station and the Tsukuba
32-m station (about 50 km baseline) in Japan and directly sampled X-band without any frequency
conversion such as analog mixers. After the correlation process, we successfully detected first fringes
at X-band. For the purpose of observing geodetic VLBI, we mixed signals of the S-band and the
X-band just after the low noise amplifier. The mixed signal became overlapped and aliased baseband
signals after 1024 MHz, 2-bit sampling. We could obtain four fringes (one from S-band and three from
X-band), which came from the overlapped baseband signals, and successfully determined the baseline
length.

1. Introduction

Radio signals from various radio quasars are detected in S-band (2 GHz) and X-band (9 GHz)
in the conventional geodetic VLBI (Very Long Baseline Interferometry). The signal is converted to
an IF (Intermediate Frequency) baseband signal from an RF (Radio Frequency) signal by mixing
in a local oscillator signal. Then the IF signal is sampled by an A/D (Analog to Digital) converter.
Generally most receivers consist of many kinds of analog hardware (e.g., amplifiers, filters, mixers,
and other high frequency components including coaxial and optical cables). Thus, the path length
of the signal from the antenna to the A/D converter is easily changed by temperature, and the
group delay caused by variation of the path length is highly dependent on temperature in the same
way.

To compensate for this group delay variation, the phase calibration system, which inserts 1
or 5 MHz step comb signals in RF frequency, is normally installed between the feed and the first
LNA (low noise amplifier) to the geodetic VLBI antennas [6]. If the RF signals can be sampled
just after the LNA, the group delay variation could be drastically reduced. Also it will reduce the
cost of the geodetic VLBI system associated with converters and will increase the reliability of the
system.

Recently it became possible to sample RF signals directly due to the progress of a sampling
device. The ADX-831, which was developed by ELECS INDUSTRY CO. LTD., is an A/D sampler
that has an input band width of 30 GHz1. We will install the ADX-831 at the Kashima 11-m
antenna and the Tsukuba 32-m antenna, which are included in the global IVS network2. Then,
we will detect the first fringes of the X-band signal in the RF frequency with this “direct sampling

1http://www.elecs.co.jp/ElecsIndustry/Product/HighspeedOperate/HighspeedADC.html
2http://ivscc.gsfc.nasa.gov/index.html
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system” and without any frequency conversion by analog mixers. Next we will carry out a 24-hour
geodetic VLBI session with the direct sampling system. The conventional geodetic VLBI records
S-band and X-band signals which were sampled independently. However, we will combine S-band
and X-band in the RF frequency and sample them as a single analog stream by using the aliasing
of a digital signal technique. Our motivation is to establish an RF direct sampling technique and
to pursue the possibility of using it in geodetic VLBI in the future. This paper follows Takefuji
[4]; see there for more details.

2. RF Direct Sampling VLBI

2.1. Introduction of the RF Direct Sampling Technique for VLBI

RF direct sampling directly samples the RF frequency without any frequency conversions, as
the name suggests. We first installed this RF direct sampling system at X-band at the Kashima 11-
m antenna and the Tsukuba 32-m antenna to detect the first fringes which implies a well-correlated
signal between two VLBI stations. Figure 1 shows the schematic diagrams of the system. The
RF signal of the X-band after the LNA is brought down to our observation room via optical fiber.
Then it is fed into the digital sampler with the remaining RF frequency through all backends and
recorded at 1024 MHz speed.

Table 1. Specification of the digital A/D sampler ADX831.

Frequency range of analog input 10 MHz to 30 GHz
Number of analog input ports 1 port (8192 Msps) or 2 ports (4096 Msps)
Sampling frequency 8192 Msps
Quantifying bit number 3 bits
10GbE Optical connector 10GBASE-SR, 10GBASE-LR, or 10GBASE-ER
10GbE Protocol type VDIF / UDP / IP

The digital sampler ADX831, which has an analog input range up to 24 GHz, has the sensitivity
to detect the signal of X-band (8-9 GHz)(see specifications in Table 1). According to the Nyquist
theorem, twice the sampling speed (18 GHz sampling speed) is needed to detect the signal of the
X-band. However, we sampled at a much slower 1024 MHz sampling speed because of a recording
limit. Therefore under-sampling or high-order-sampling was adopted. The under-sampling is a
technique of digital signal processing of a band-limited signal, where it is possible to detect a
signal at a much higher frequency as a signal at a lower frequency. If we adopt a 1024 MHz
sampling speed of the band-limited signal, we can obtain a 512 MHz bandwidth signal which is
half of the sampling speed based on the Nyquist theorem. In the digital frequency domain after
sampling, bands of 0 MHz to 512 MHz as USB (Upper Side Band) and 512 MHz to 1024 MHz as
LSB (Lower Side Band) have a symmetrical shape with respect to the frequency at 512 MHz. And
bands of 0 MHz to 512 MHz and 1024 MHz to 1536 (1024+512) MHz are the same side band and
become exactly the same. We continue this until the X-band, 0 MHz to 512 MHz and 8192 MHz
to 8704 MHz become the same bands. Here, the under-sampling plays a role in digital baseband
conversion of the RF signal at X-band.

Now we only focus on the X-band of 8192 MHz to 8704 MHz. A lower and higher signal of this
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band is folded as unwanted noise. It is called aliasing. Generally an anti-aliasing filter (band pass
filter specifically) will be inserted before the digital sampler to cut out the unwanted signals. How-
ever, since a purpose of this experiment was to detect fringes with the RF direct sampling system,
we did not insert the anti-aliasing filter. Under the circumstances, the correlation amplitude will
be reduced due to increased system noise, and more integration time will be needed. With this
view in mind, we observed the radio quasar 3C84 with the Kashima 11-m and the Tsukuba 32-m
stations and recorded the signal with 1024 MHz sampling speed and 2-bit quantization. After the
correlation with GICO3, which is a software correlator developed by NICT, we could detect first
fringes at X-band with the RF direct sampling system (see Figure 2).
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Figure 1. Schematic diagrams of the direct sam-

pling VLBI at the Kashima 11-m antenna and

the Tsukuba 32-m antenna. The signal from

the LNA is transferred to the observation room

through optical fiber and sampled without any

frequency conversions.
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Figure 2. First fringes at X-band with the direct

sampling system between the Kashima 11-m an-

tenna and the Tsukuba 32-m antenna.

2.2. Development of the DSAMS as a Further Application for the RF Direct
Sampling Technique for VLBI

Because aliased signals are perfectly mixed after sampling, we cannot generally restore the sam-
pled and aliased signals to the original RF signal and recognize it as the original signal. Previously
we only focused on the band of 8192 MHz to 8704 MHz and treated other folded bands as un-
wanted noise. However, these unwanted folded bands should include the signal of the radio sources.
Detection of fringes from the folded bands between two VLBI stations is expected. Now we are
going to explain a unique feature of VLBI. Suppose that two VLBI antennas which are located
on the Earth’s surface detect a radio signal from the quasars. Since the Earth’s rotation causes
Doppler shifts for each station at different locations, the RF frequencies of the radio signal from
the quasars are different between the two antenna sites. The RF frequency shifts proportionally
to the Doppler shift.
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The highest frequency rate by the Dopper shift is about 2.42 ∗ 10−10[s/s] at a 1 km East-West
baseline (see [5]). This rate corresponds proportionally to the frequency shift of 1.94 Hz at 8 GHz.
The baseline length of Kashima and Tsukuba is about 50 km East-West, and the corresponding
frequency shift, depending on the angle of an observed radio source, will be several tens of Hz.
Therefore, aliased signals at two stations at different locations are not the same.

3. DSAMS Applied in Conventional Geodetic VLBI

In this section, we will describe a further DSAMS technique for geodetic VLBI. Geodetic VLBI
manages S and X-bands, where S-band is mainly used for an ionosphere correction and X-band is
used for delay determination. Thus, we will combine the S-band and the X-band in the remaining
RF frequency as a single analog stream as the further DSAMS technique. We inserted a BPF
for the S-band to prevent strong RFI signals, but we did not insert an anti-aliasing filter into the
X-band.

We carried out a 24-hour geodetic VLBI session with the DSAMS systems. For 24 hours, we
observed a variety of radio sources several times. Each scan was fixed for 30 seconds, and the total
number of scans was 945 scans. During observation, we recorded the combined RF signal at 1024
MHz speed and 2-bit quantization, and the total data was approximately 7.3 TB at one station.
After correlation of the data from the two stations with GICO3, we could detect stable fringes
from the S-band and from three X-bands. The average SNR of four bands during experiments are
117.2, 65.6, 145.7, and 77.7 for S-band, the low X-band, the mid X-band, and the high X-band
respectively. 98 percent of the observations had SNR>20, which is a threshold SNR for geodetic
VLBI.

Since we did not insert the anti-aliasing filter for the X-band, the fringe amplitude should
decrease due to increased noise. However, the accuracy of the delay determination is proportional
to the product of the SNR and bandwidth. Thus, we would recover the accuracy of the delay
determination by bandwidth synthesis (BWS).

Generally the phase calibration system will be used to compensate for a group delay offset to
connect narrow band channels. However, the sampled X-bands in DSAMS are the aliased and
folded signals, and each folded band has no group delay and no physical phase offset. Therefore,
we could connect the folded band as wider bandwidth smoothly without phase calibration system.
Figure 3 shows an amplitude and a phase of the extended cross power spectrum after the BWS
with KOMB [1]. After the BWS, the SNR improved to 11.7% better than the SNR obtained at
the single X-band of 8192-8704 MHz.

We determined a quadratic curve of the phase, shown in Figure 3. Then we introduced the
bandpass calibration (BPC) which is a well-known technique in radio astronomy. We chose a
scan of the strongest radio source 3C84 in the session as a phase template. Figure 4 indicates the
improvement with the BPC. The BPC improved the SNR on average more than 24.0% compared to
the non-filtered X-band of 8192-8704 MHz. Finally we performed baseline analysis with Calc/Solve
[2], and the baseline length between Kashima and Tsukuba was 5381281.71 mm.

4. Summary

We have developed new VLBI techniques for detecting fringes from directly sampled RF signals
without any frequency conversions and we have detected fringes from even the aliased and folded
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Figure 3. Extended cross spectrum from three

512 MHz bands in X-band after performing the

bandwidth synthesis. The upper figure shows

the amplitude, and the lower figure shows the

phase.

Figure 4. Extended cross spectrum after per-

forming the bandpass calibration. A phase of

cross spectrum of the strong source observation

is used for subtraction as a calibrator.

band. We called this technique DSAMS (which means, direct sampling applied for mixed signals)
with this unique feature dedicated to VLBI. For the purpose of geodetic VLBI, we combined the
S-band and the X-band as a single analog stream with the remaining RF frequency. Consequently,
we could detect the four fringes from the aliased signal, of which one came from the S-band and
three came from the X-band. These fringes allowed us to estimate the baseline length between
the Kashima 11-m antenna and the Tsukuba 32-m antenna even with bandwidth synthesis, the
bandpass calibration, and the ionosphere correction with the S-band.
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Abstract

The project of the third version of the DBBC backend system implementation is presented. This
system is able to fully digitally implement the functionalities required by a complete VLBI2010 backend,
including the sky frequency conversion in the entire range 2–14 GHz, so avoiding any need of an analog
down-conversion to be used as the pre-processor to a polyphase digital filter bank. The architecture
and adopted methods are described.

1. Background

The DBBC development started in 2004. In the preceeding years ad-hoc experiments in the
laboratory and with real signals from the sky had demonstrated, after years of speculation, that it
would indeed be possible to emulate digitally the entire functionality included in the Mark IV VLBI
analog terminal, providing digital conversion of the receiver signal from the start. But there was no
straightforward way to implement this process at a reasonable cost, and moreover at that time it
was a challenge for the wide band and the high frequencies involved. During the first decade of 2000
with progressive improvements the DBBC project generated an evolution in the input bandwidth
up to 8 x 1 GHz, and in the output data rate up to 32 Gbps. The first version (DBBC1) was
a one-to-one replacement of the existing VLBI terminal, while the DBBC2 included additional
observing modes that did not exist in the analog backend. This has been further enhanced within
VLBI2010 which requires a backend that is able to accomplish the VLBI2010 observing mode,
the coming next generation of the geodetic VLBI backend system. The VLBI2010 mode operates
within a single wide band ranging between 2 and 14 GHz. Inside this range four 512 or 1024 MHz
wide pieces are selected, in both polarizations, to realize a band synthesis translated in a much
wider portion of spectrum with respect to the present one. Such a wide portion of input band
is also of great interest for astronomy because of the significant increase of sensitivity. Having
the chance to process as one piece bands that are much wider than the current bands could then
represent an actual quantum leap in the digital radioastronomy data acquisition. The goal is very
ambitious and represents, to our knowledge, the first time for such an implementation in radio
technology. This is the goal for the DBBC3.

2. DBBC3 Structure

The DBBC3 system needs to meet some mandatory requirements: to be compatible with the
existing backends of the previous generations and to be able to realize the new functionality in the
very wide band. In order to be compatible with the existing systems, the new hardware needs to
be ‘mechanical and level-compatible’. This aspect is useful because existing DBBC terminals in
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the field can just be upgraded to meet the new performance standards. Moreover elements of the
DBBC3 proper can be adopted in the existing DBBC2 and DBBC2010 to improve the capability
with additional functionalities. The much higher performance requires new hardware parts, to be
accompanied by new firmware development. The main features of the new system are: a) number
of Wide Input IF: 4, b) instantaneous bandwidth in each IF: 14 GHz, c) sampling representation:
8 bit, d) processing capability N x 5 TMACS (multiplication-accumulation per second), with N
number of processing nodes, e) output data rate: max 1 Tbps, and f) compatibility with existing
DBBC environment.

Figures 1 through 4 represent the main schematic components of the DBBC3: overall archi-
tecture, the ADB3 structure, the Core3 structure, and the FILA40G concept.

DBBC3 Architecture

ADB3

CORE3

FILA40/100G

IF1=14 GHz IF2=14 GHz IF3=14 GHz IF4=14 GHz 

40/100G network to buffer cloud / correlator

ADB3

CORE3

FILA40/100G

DBBC
BASE

POWER
PCSET
JTAG
CAT

Figure 1. DBBC3 architecture.

The structure of the system is straightforward. Four 14-GHz-wide IFs are sampled with 8-bit
representation. The data is then transferred to one or more dedicated processing nodes, with
their own single element identity and functionality. The processors then extract in digital format
portions of the band (tunable or fixed) and produce output VDIF packets. The last logic element
of the chain is the FILA40G whose functionality is to condense in single optical fibers at 40 Gbps
data rate and to enable functionalities at the network packet level.

3. ADB3 Sampler

The impressive sampling functionality is performed by a state of the art device at present
available in some prototype units. An extensive analysis is under way to determine the phase
performance of this device, due to the interferometric use it is called to perform. An alternative
general method to improve the bandwidth is to make use of complex samples. Two channels in
quadrature are used for sampling at a clock frequency equal to the full instantaneous bandwidth.
The device under evaluation to be used for the ADB3 does not require such a solution because it
is able to process the entire band in the real domain.
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Figure 2. The sampler ADB3.

Sampled data have to be transferred to the next processing stage, and due to the very high
data rate (224 Gbps), parallel bus connections are not convenient and perhaps not even possible
because of the problems that would occur for the physical connection and the data alignment
when operating at so high a data rate. Serial connections linked with dedicated algorithms are
then required.

4. CORE3 Processing Node

Data coming from the sampler board ADB3 are routed using the high speed input lanes (HSIL)
bus to the processing node CORE3. The board is able to process data in order to realize DDC
(Direct Digital Converter) and PFB (Polyphase Filter Bank) functionalities. From the pool of
channels the selection is performed in order to accomplish the actual output data rate, through
the high speed output lanes (HSOL) bus, allowed by the recording or network media. Additional
input and output connections are available to maintain the compatibility with the DBBC stack.
The large DSP resources available in the FPGA adopted in the CORE3 give access to digital filters
in the class of 100dB in/out band rejection. This feature is required for the large presence of RFI
signals in the very wide input band. Such discrimination should be appropriate to obtain useful
down-converted and clean (due to the tuning ability) pieces of observed band.

5. FILA40G Network Node

Data from the converted bands are finally transferred to the network controller FILA40G as
multiple 10G-like connections. The number of connections is then accumulated in 40GE fashion
(perhaps 100G if the technology becomes available) to be transferred to the final destination points.
The final points could be more nodes of VLBI correlators as in a buffer cloud. In addition to the
40G network capability the FILA40G unit will be able to manipulate the data packets in order
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Figure 3. The processing node CORE3.

to perform functionalities like corner-turning, pulsar-gating, packet filtering and routing, burst
mode accumulation, and any other functionality that could be required at packet level as soon as
the VLBI methods evolve. Additionally it will be possible to include storage elements for data
buffering.

FILA40/100G

4 x 10 Gbps 1 x 40 Gbps

10 x 10 Gbps 4 x 25 Gbps

40G
4 lambda

transceiver

100G
4 lambda

transceiver

GLASS

GLASS

100G
Packet

Forwarding
Engine

40G
Packet

Forwarding
Engine

Figure 4. The network node FILA40G.
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6. Preliminary Results

Testing and experiments performed with the ADB3 prototypes already available showed that
a direct data conversion is possible in the digital domain for the full 14-GHz band, without a
need for a preliminary analog conversion. This represents a very challenging and interesting step
ahead in the simplification and in the improvement of the VLBI2010 electronics as a significant
reduction in the system cost. The term “backend” will not be adequate any longer due to the
typical functionality of a front-end that this system would cover. It was possible to perform
measurements in different campaigns in 2011 and 2012 adopting the direct acquisitions with a full
input bandwidth of 14 GHz. Zero baseline cross-correlations have been realized with samples at
the entire 8-bit data representation, coming from two completely independent samplers having
only a common low frequency reference clock, both fed with the same signal coming from a noise
generator. The results are shown in Figure 5. It can be seen that the amplitude and phase behave
pretty well. Phase variations are due only to the wide band splitter used to generate the copy of
the input signals, as it was determined by separate measurements.

Figure 5. ADB3 preliminary correlation results in zero baseline cross-correlation.
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Abstract

Two components of the VLBI2010 system are the digital backend and the recording system. In this
paper an overview of the hardware, firmware, and software being deployed for VLBI2010 field trials
along with the status of both the ROACH Digital Backend (RDBE) and the Mark 5C recording system
are provided. We conclude with one potential configuration for the RDBE, as used in a 2010 system,
along with an introduction for the next generation recording system.

1. Introduction

January 2012 saw the next generation digital backend, based upon the Reconfigurable Open
Architecture Computing Hardware (ROACH) board, and recording system, the Mark 5C, deployed
at both the Westford MA and GGAO sites to be used in geodetic observations. Figure 1 is the
resulting signaling chain. Each RDBE accepted two IFs as input and outputted 2 Gbps over 10 G
Ethernet to a Mark 5C. This paper discusses the system and state of the RDBE and Mark 5C
systems.

Figure 1. VLBI2010 signaling chain. Figure 2. RDBE-H hardware block diagram.
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2. RDBE

The Roach Digital Backend (RDBE) is a digital backend that utilizes the Casper ROACH
board [1]. The RDBE was a joint development project between MIT Haystack Observatory and
the National Radio Astronomy Observatory (NRAO). Some of the goals of this project were to
define a standard hardware platform that could be ordered from a vendor with a set of standard
components (RDBE-H), a common VHDL framework to accommodate multiple signal processing
chains, and a standard software interface and command set. The following paragraphs will present
the components along with two FPGA personalities commonly used with the RDBE-H.

The standard hardware components of an RDBE-H system are the input Analog Level Control
(ALC) board, a sampler card (iADC), a synthesizer/timing board, and the ROACH board. Figure
2 shows a block diagram of the physical organization of the RDBE and Figure 3 a fully constructed
RDBE-H. The ALC board allows for the control of the two input IF signals to be individually
attenuated from 0-31 dB with an additional 20 dB for solar observations. The synthesizer and
timing board takes 5 MHz and 1 pps as input and provides four outputs for each 1024 MHz
and 1 pps signal. The synthesizer board also provides a serial communication interface between
the FPGA and ALC. The ALC and synthesizer board were developed by the NRAO-Socorro
Electronics division. The iADC board supports 2 GHz of input bandwidth to be sampled at
1 Giga sample / sec at 8 bits per sample. The ROACH board provides a Xilinx Vertex 5 FPGA,
440 PPC processor, two input Z-DOK connectors, and four output 10 GigEthernet ports.

The RDBE FPGA VHDL personality architecture was developed to provide a general frame-
work such that multiple personality types would be able to be dropped in with minimum effort
to create a working personality. Figure 4 shows the framework and the general functional blocks
in green. The signal processing block, shown in yellow, is replaceable with another type of core
functionality.

Figure 3. RDBE-H System. Figure 4. RDBE FPGA VHDL Personality Framework.

For the RDBE-H two personality types are currently available: the polyphase filter bank geode-
tic (PFBG) developed at Haystack and the digital down converter (DDC) developed by NRAO.
The PFBG official firmware is version 1.4. It supports input of two 512 MHz IFs and provides
the capability to select any 16 of 32 possible 32 MHz channels. The output is a Mark 5B format,
2 bits / sample, at 2 Gbps over one 10 G Ethernet CX4 port. Version 1.4 also supports the syn-
chronous detection from a noise diode for system temperature measurement and the monitoring
capabilities of the system temperature and 1 pps. The DDC supports input of two 512 MHz IFs
and expects to output eight tunable channels. At the present time it is capable of outputting four
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tunable channels. The bandwidth ranges down in binary steps from 64 MHz to 62.5 kHz, and the
output is a Mark 5B format packet.

The official version of the RDBE server software, rdbe server, is version 1.1.4. The server
software supports all of the commands listed in version 1.2 of the RDBE Command Set document
available on the Haystack website (http://www.haystack.edu) and supports only VSI-S formatted
commands.

3. Mark 5C

The Mark 5C disk-based VLBI data system is the third generation of Mark 5 systems and is de-
signed to be compatible with the Mark 5C specification (see http://www.haystack.edu/tech/vlbi
/vsi/index.html). The Mark 5C was a joint development effort of MIT Haystack, NRAO, and
Conduant Corporation and has the following characteristics:

• Use of the same chassis and disk modules as Mark 5C/5A.

• Data rate capability to 2048 Mbps onto a single ‘8-pack’ disk module.

• Data rate capability to 4096 Mbps onto two ‘8-pack’ disk modules.

• Use of inexpensive consumer-grade SATA disks.

• Design that meets Mark 5C specification.

• Housing of system in a single 5U chassis (Figure 5) which holds two ‘8-pack’ modules.

• 10 G CX-4 Ethernet support.

• Based on a standard PC platform using mostly COTS components.

• Linux OS.

Figure 5. Mark 5C system.
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The Mark 5C was developed to be used with a digital back end outputting data over a 10
G Ethernet compatible data source, such as the RDBE, the digital baseband converter system
(DBBC) using a 10 G fila card or another variant. Likewise, on playback, the Mark 5C recorded
disks can be used with a software correlator compatible device or the disks modules can be used
with a hardware correlator.

There are three components that make up the Mark 5C recording system: the hardware, Con-
duant’s software development kit (SDK), and the VLBI data recording service (DRS) application.

The hardware components of the Mark 5C utilizes the same Conduant StreamStor controller
card found in the Mark 5B+ systems (Amazon controller card). The difference with respect to the
5B+ is that the 5C has a 10 Gbps Ethernet daughter board that attaches to the controller card
and the lack of the Mark 5B IO board. The functionality preformed by the Mark 5B IO board is
now assumed to be in the digital backends.

The 10 G Ethernet daughter board (DB) supports a 10 G copper standard, known as 10
GBASE-CX4 and specified to support a cable length up to a distance of 15 meters (note, testing
between the RDBE-H and Mark 5C resulted in a 2 meter maximum length cable). The maximum
data rate the daughter board can support is 4 Gbps sustained. It should be noted that the 10 GDB
firmware, at the present time, is a receive only device and does not have any transmit capabilities.

The Mark 5C has three main components of software — the operating system distribution, the
Conduant software development kit (SDK), and the DRS application.

The operating system on the Mark 5C is the Debian Lenny distribution with a 32 bit kernel,
and it will be migrating to Debian Squeeze.

SDK 9.X provides a set of standard function calls to configure, control, and monitor the con-
troller card, the 10 G daughter board, and the disk modules. It presently supports only 32 bit
Linux kernels. Version SDK9.X is required to support disk drives greater than 1 TB. The official
version of SDK released is 9.1. SDK 9.2 will have the appropriate firmware to enable packet length
filtering.

The DRS official version is 0.9.4, and it supports write capabilities at a maximum of 2 Gbps
in bank mode and Mark 5B formatted data only. The next version to be released, 0.9.8, has
added support for 4 Gbps in what is known as dual bank mode - recording to two disk modules
concurrently, and it can handle formatted data other than Mark 5B. It also has a disk2file and a
new logging capability.

4. Future Work

The main step for future work with the RDBE and the Mark 5C can be seen in Figure 6.
The RDBE-Q is for RDBE-Quad IF support and the replacement of the four Mark 5Cs with

a single Mark 6 system. The RDBE-Q requires the system to upgrade the following hardware
components: two ADC cards and the ALC to support four IFs versus the present two. The FPGA
bit code will add support to: enable/manage and configure the second 10G CX4 network interface;
move the quantization functionality to external software, which would periodically update the
levels; and add a new clock timing mechanism to support VDIF time versus the VLBA BCD time
presently supported. The framework for this version of VHLD code is shown in Figure 7.

The above system has been under evaluation and official news will be coming shortly.
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Figure 6. Second generation signaling chain for VLBI2010.

Figure 7. The VLBI2010 system utilizing the RDBEs and Mark 5C are moving ahead and being deployed

for trials.
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Abstract

The Mark 6 VLBI data system is being developed by MIT Haystack Observatory as a next-
generation disk-based VLBI data system capable of supporting the goals of VLBI2010, with a maximum
sustained recording rate of 16 Gbps writing to an array of 32 magnetic disks. The Mark 6 is based
on COTS hardware and open-source code and is being designed to transition easily from the widely
used Mark 5 system. A successful 16 Gbps per station VLBI demonstration experiment was con-
ducted with Mark 6 in late 2011 as a proof-of-concept. Haystack Observatory is collaborating with
the NASA/GSFC High-End Network Computing Group in the selection of high-performance COTS
hardware platforms and with Conduant Corporation in the development of a high-performance disk
module for Mark 6. Existing Mark 5 systems will be upgradable to Mark 6, and existing Mark 5 SATA
modules will be upgradeable for compatibility with Mark 6. The Mark 6 system is projected to be
available to the VLBI community in late 2012.

1. Introduction

The demand for increasing data rates for VLBI observations is particularly acute in two disci-
plines: 1) geodetic-VLBI observations, which must gather as much data as possible over a multi-
GHz bandwidth in a period of 5-15 seconds and 2) mm-VLBI observations, which are typically
starved for sensitivity, as well as having the need to gather as much data as possible during the
atmospheric coherence period of 30-60 seconds. Both of these disciplines are eager to capture data
at 16-64 Gbps and record to disk. The Mark 5 series of VLBI data systems is limited to a maximum
of 4 Gbps (Mark 5C) and cannot support 16 Gbps and higher data rates without many systems
operating in parallel, which is both expensive and cumbersome. The Mark 6 system, based fully
on commercial-off-the-shelf (COTS) hardware, is being jointly developed by MIT Haystack Ob-
servatory in collaboration with Conduant Corporation and the NASA/GSFC High-End Network
Computing Group.

2. Mark 6 Goals

The goals of the Mark 6 system include:

• 16 Gbps sustained record and playback capability

• ≥32 Gbps burst-mode capability

• General Ethernet packet recorder (can be straight-forwardly adapted to other interfaces as
well)

• Use of inexpensive high-performance commercial-off-the-shelf (COTS) hardware as a basis

• Ability to be easily upgraded on Moore’s Law curve
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• Linux OS with open-source software

• Playback as standard Linux files

• Resilient File System to manage slow and failed disks

• e-VLBI support

• Smooth transition from Mark 5

• Preservation of investment in existing Mark 5 systems and disk libraries as much as possible

3. Main Characteristics of the Mark 6 System

3.1. Input Data Interfaces

The Mark 6 can accommodate data from up to four 10GigE sources, operating at a maximum
aggregate of 16 Gbps. Each input may operate at a different data rate. Normally, data are
transmitted to the Mark 6 in a UDP packet stream to minimize load on the Mark 6 Ethernet NIC
cards and sustain the highest possible data rate.

3.2. Hardware

In contrast to the Mark 5 system, the Mark 6 controller incorporates only COTS hardware,
although components are carefully selected for performance and compatibility with other system
elements. A high-end motherboard, CPU, and RAM memory are used to maximize performance;
a standard Mark 6 system is outfitted with ∼12 GB of high-speed RAM memory, although up to
∼128 GB can be accommodated for burst-mode applications. Outwardly, a Mark 6 system looks
much like a Mark 5 system, but with the following differences:

• Four Mark 6 disk modules are required to support 16 Gbps.

• Mark 6 disk modules look similar to Mark 5 disk modules except that the data connections
are via front-panel cables.

A Mark 6 prototype system is shown in Figure 1. The data cables emerge from a 1U cable-
management panel between the Mark 6 “system chassis” (all data electronics) and Mark 6 “ex-
pansion chassis” (contains only a power supply for the associated disk modules). The cables can
easily be pushed back into the cable-management panel when not being used.

3.3. Mark 6 Disk Modules

The Mark 6 system supports only SATA-interface data disks. Mark 6 disk modules are similar
to Mark 5 disk modules (eight disks per module) except that each Mark 6 disk module connects
to the disk controller via two COTS SAS cables. Each SAS cable supports four disks, so that a
module requires the connection of two such cables. Two cables are assigned to each disk-module
slot, but they may be connected to the associated module in any order. Power to the module is
provided through a backplane connector on the module.

The use of external-SATA cables to connect the Mark 6 controller to the modules is different
from Mark 5, but it is quite workable and actually has some advantages. The heaviest wear is on
the cable ends that connect to the modules; when a cable connector wears out, the cable is easily
and inexpensively replaced.
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Figure 1. Photograph of Mark 6 development system.

A set of eight LEDs alongside the data connectors gives a visual indication of disk activity.
An inexpensive kit is available to convert existing Mark 5 SATA modules to Mark 6 modules; the
conversion kit consists of a new module backplane and front-panel. Converted modules are not
backwards compatible with Mark 5 systems.

3.4. Software

The Mark 6 system operates under a standard Linux OS. Application software is written
primarily in C, C++, and Python. The Mark 6 performance arises from a technique that decouples
network and disk datastreams with elastic buffers and kernel-bypass DMA for data transfer.

3.5. Monitor & Control and Disk Management

A simple VSI-S command set has been specified for the Mark 6.
Depending on the recording data rate, different numbers of simultaneously-operating disk mod-

ules are required. A single 8-disk module with modern disks will support 4 Gbps; two modules
(16 disks) are required for 8 Gbps, four modules (32 disks) are required for 16 Gbps. In order to
accommodate these different requirements, the concept of a ‘group’ has been created to identify
the collection of one or more disk modules needed to support a particular observing requirement.
A ‘group’ is created by ‘bonding’ a specified set of modules together for the duration of a particular
data set. When the individual modules of a group are re-initialized, they are released from the
group and become individual again.

3.6. Data Format on Disks and Playback

The Mark 6 writes standard Linux files to the set of data disks. In order to maintain the
maximum recording-rate capability, the Mark 6 records the entire Ethernet packet from all data
streams and is oblivious to the format of the actual data frame within the Ethernet packet. On
replay, Ethernet header and trailer data are normally stripped so that the user sees only the actual
payload packet (VDIF or Mark 5B, etc).
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3.7. e-VLBI Capabilities

Full e-VLBI capabilities are planned for the Mark 6.

3.7.1. 16 Gbps Mark 6 VLBI Demonstration

On 24 October 2011, a 16-Gbps VLBI test experiment using a pair of development Mark 6
units was conducted between the Westford 18-m antenna and the 12-m VLBI2010 development
antenna at NASA/GSFC in Maryland. As shown in Figure 2, a single 500 MHz-wide IF signal
was duplicated (in analog) eight times, then processed through RDBE digital backend subsystems
to produce an aggregate 16 Gbps (on four 10GigE data lines) from each station.

The data were cross-correlated by the Haystack DiFX software correlator to produce normal
fringes on all eight 500MHz-wide channels. The fringe-fitting results from one of the eight channels
is shown in Figure 3; the results from the other channels are essentially identical.

Figure 2. Block diagram of 16-Gbps VLBI demonstration experiment between the Westford (MA) and

GGAO (MD) antennas. Due to receiver limitations, a 500 MHz BW IF was duplicated eight times to

provide the analog data required to create a 16 Gbps data stream at each antenna.

4. Upgrading from Mark 5 to Mark 6

A Mark 6 system is made up of two chassis—a ‘system chassis’ (which contains all of the
data electronics) and an ‘expansion chassis’ (which contains only a power supply)—each chassis
capable of mounting two Mark 6 disk modules. The bare chassis for both the ‘system’ and the
‘expansion’ chassis are identical to a Mark 5 chassis. Both chassis must be upgraded with new
chassis backplanes with power connectors to mate to the Mark 6 modules. By upgrading with
the new chassis backplanes and adding the appropriate data electronics, a Mark 5 chassis can
be converted to a Mark 6 “system chassis”; the “expansion chassis” requires only an appropriate
power supply. In addition, an inexpensive ‘cable management tray’ must be procured for data-cable
management. Upgrade kits to convert Mark 5 systems to Mark 6, as well as Mark 5 SATA disk-
module conversion kits, are available from Conduant Corporation, as are complete new systems.
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Figure 3. Correlation output results for one of the eight 500 MHz channels; note that the cross-power

spectrum shows only ∼400 MHz of actual noise bandwidth was available, consistent with the actual signal

bandwidth produced by the receiver.

5. Summary

The Mark 6 VLBI data system is a major step forward in data-rate capability over previous
VLBI data system, and is the first high-performance system to use fully COTS data hardware.
The high performance and low cost of the Mark 6 system, as well as future improvements due
to the normal progress of COTS technology, will help to maintain its long-term viability. In the
short term, geodetic-VLBI and mm-VLBI will be the major beneficiaries of this new capability,
but in the longer term it will also enable much higher sensitivity over a broad range of VLBI
applications. The Mark 6 system is continuing to be developed and is expected to be available to
the general VLBI community in late 2012. More information about the Mark 6 system is available
at http://www.haystack.edu/tech/vlbi/mark6/index.html.
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Abstract

The new VLBI observing system (OCTAVE-Family) has been designed and developed based on the
VSI-H and VDIF specifications at NAOJ (National Astronomical Observatory of Japan). It consists
of 1) a high speed 8-Gsps 3-bit ADC (OCTAD) enabling us to acquire not only wide intermediate
frequencies but also radio frequencies up to 50 GHz, 2) a converter (OCTAVIA) between one 10 GigE
port and four 2 Gbps input and output ports conformable to VSI-H, 3) new recorders (OCTADISK and
OCTADISK2) at rates of 4.5 Gbps and above 8 Gbps, and 4) a high speed software correlator system
(OCTACOR) using GICO3 which was developed by NICT. These OCTAVE systems are connected
via 10 GigE network with VDIF and VSI specifications. These components are used for VERA, JVN
(Japanese VLBI network), and KJJVC (Korea-Japan Joint VLBI Correlator).

1. Introduction

NAOJ has been conducting the VLBI Exploration of Radio Astrometry (VERA) project and
operating the Optically Connected Array for VLBI Exploration (OCTAVE) [2], [3]. The VERA-
terminal includes a gigabit digital filter and a gigabit tape recorder DIR2000 [1]. These systems
are currently over 10 years old and are nearing the ends of their expected lifetimes. It will be
difficult to maintain these systems over the next decade. Moreover, the VERA project is aiming to
observe with higher sensitivity to get more target and calibrator sources. On the other hand, the
OCTAVE project which is operated as a sub-array of the JVN has been conducted for eight years
with ATM-IP and 10 GbE-IP protocol via Science Information NETwork 3 (SINET3) operated by
National Institute of Informatics (NII) and Japan Gigabit Network 2 plus (JGN2plus) operated
by National Institute of Information and Communications Technology (NICT). From 2011, NII
and NICT have upgraded these network systems to SINET4 and JGN2X. These networks enable
us to transmit the data from several Japanese radio telescope stations (Yamaguchi 32-m, Gifu
11-m, Tsukuba 32-m, Kashima 34-m, and Tomakomai 11-m) to Mitaka Correlation Center at up
to 8.4 Gbps. Therefore, we have been developing the OCTAVE systems for VERA, OCTAVE,
JVN (Japanese VLBI network), and EAVN (East Asian Network). Also, we will upgrade the Raw
VLBI Data Buffers (RVDBs) named VDB-2000 for Korea-Japan Joint VLBI Correlator (KJJVC),
(e.g., [4]) to OCTAVIA and OCTADISK.
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2. Development of OCTAVE-Family

This OCTAVE-Family consists of the following:

• OCTAD (OCTAve A/D Converter): High speed RF (≤50 GHz) sampling A/D converter

• OCTAVIA (OCTAve VSI Adapter): VSI-H ⇔ 10 GigE (VDIF) converter

• OCTADISK (OCTAve DISK drive): Disk recorder compliant with VDIF specifications

• OCTADISK2 (OCTAve DISK drive2): PC recorder using VSREC

• OCTACOR (OCTAve CORrelator): Gigabit real-time Hardware correlator (VSI-H)

• OCTACOR2 (OCTAve CORrelator 2): Software correlator system with the GICO3

• VSREC (VDIF Software RECorder): Sender and Receiver of VDIF packets software

These instruments and software have been developed as a new terminal for VERA, OCTAVE,
and JVN. The specifications and photographs are shown in the figures and tables.

2.1. OCTAD

The OCTAD is a high speed A/D converter and is capable of sampling an RF wide-band signal
at a sampling rate of 8192 MHz. It was designed and developed for scanning 18 GHz to 26 GHz
as a Water-Vapor Radiometer. Direct digital, wide band sampling of the RF signal enables us
to eliminate artificial differences between the lower frequency bands that are introduced by the
mixers and analog filters in the baseband converter. The InP HBT sampler chips were fabricated
by NTT Electronics and were adopted for the development of OCTAD.

2.2. OCTAVIA

The OCTAVIA converts between VSI-H and Ethernet packets based on the VDIF specifications
with 10 GigE network. It was originally designed for the OCTAVE-array and data buffer for KJJVC
with a capability of converting sustained data rates to 8192 Mbps. In case of e-VLBI usage, it
supports variable bit rate transfer control automatically.

2.3. OCTADISK

The OCTADISK was originally designed and developed as the data buffer for KJJVC, with
a capability of recording and playing sustained data rates up to 4096 Mbps in 2006. In 2009,
we modified it for use as a new recorder for VERA and JVN. The data rate was increased to
4608 Mbps in order to simultaneously observe broadband streams for continuum sources and three
narrow bandstreams (one at ≤ 0.5 Gbps and two at 2 Gbps) for maser sources.

The OCTADISK2 sends and receives VDIF packets using VSREC for OCTAD, OCTAVIA, and
VDIF-compliant system. The VSREC is similar to using KVTP-lib [5]. In addition to function-
ing like KVTP-lib, OCTADISK2 supports RTCP (Real-time Transport Protocol) to connect and
operate OCTAVIAs. It is under development, and a prototype has been released. It can record
data streams through 10 GigE ports at a rate above 8192 Mbps. The recorded data are stored in
a RAID disk array on the Standard Linux File system which various software correlators, that are
compliant with VDIF specifications, can access directly.
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2.4. OCTACOR

The OCTACOR is a three-station hardware XF correlator for real-time e-VLBI. This correlator
system can process three pairs of 2048 Mbps data streams with a lag length of 256 bits. This
correlator was developed starting in 2000, and it obtained its first fringes in 2002.

The OCTACOR2 is a software FX correlator. This correlator system consists of the main
correlation software named GICO3 developed by NICT, pre- and post-processing software, and
operating software. This correlator can accept various file-formats (K5-VSI [6], Mark 5B, and
VDIF). There is no hard upper limit on the number of spectral points, antennas, and output rate.
The correlation speed is about 200 Mbps in the case of processing seven-station data recorded at
1024 Mbps (Xeon, 3.47 GHz dual processor).

Figure 1. OCTAD. Figure 2. OCTAVIA.

Figure 3. OCTADISK. Figure 4. OCTADISK2 (prototype).

3. Configuration of OCTAVE-System

Figure 5 shows a schematic view of a configuration of the OCTAVE-Family and other systems
as an example. Because these devices are compliant with VSI-H and VDIF specifications, it is
possible to connect them. Actually, in VERA, several JVN sites, and Mitaka Correlation Center,
high speed A/D sampler ADS1000 or ADS3000+ [6], OCTAVIA, OCTADISK, Mark 5B and soft-
ware and hardware correlator (OCTACOR1,2) were installed and have been operating. At KJCC
(Korea Japan Correlation Center), we installed four OCTAVIAs and sixteen OCTADISKs (Server
version) for a data buffer of KJJVC which is used for storing data from tapes and Mark 5B VERA,
JVN, OCTAVE and other arrays (e.g., KVN, CVN, and EVN using Mark 5B).
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Figure 5. Diagram of OCTAVE-Family.

Table 1. Specifications of OCTAD.

OCTAD

Sampling Clock 8192 MHz (fixed)

Input Freq Up to 50 GHz

Quantization Bit Length 3

Output rate 8192 Mbps × 3

Output SFP+, 10 GigE × 3

Output Format VDIF

Table 2. Specifications of OCTAVIA.

OCTAVIA OCTAVIA2

Number of VSI-H ports 4+4 (Input and Output) 4 (Input or Output)

Number of 10 GigE ports 1 (XFP, SC, LR) 1 (SFP+, SR, LR, ER or ZR)

Data rate (VSI-H) 1024 or 2048 Mbps 1024 or 2048 Mbps

Time Code PDATA, QDATA PDATA, QDATA

VBR Function 128 steps (variable) None

Data protocol VDIF VDIF

Software Interface VSI-S VSI-S

Release 2009 - 2012 -
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Table 3. Specifications of OCTADISK.

OCTADISK OCTADISK2

I/O 10 GigE-LR (XFP) 10 or 40 GigE (SFP+ or T)

Recording rate 4608 Mbps ≥ 8192 Mbps

Playback rate 4608 Mbps ≥ 8192 Mbps

Number of Disk Units 12 + 12 according to need

Total Recording Time 50 hours@2Tbyte HDD, 2 Gbps arbitrary

Data Format VDIF VDIF, K5, or Mark 5/6

Software Interface VSI-S Original, (VSI-S)

Release 2009 - 2011 - (Prototype)

Table 4. Specifications of OCTACOR.

OCTACOR OCTACOR2

Architecture XF FX

Station number 3 no limit

IF number 1 or 16 1, 2, 4, 8, 16

Data rate per IF 32, 1024 Msps 32, 64,,, 2048, 4096 Msps

Quantization 1 or 2 bit 1 or 2 bit

FFT size 256 ≤ 4M

Integration period 0.1 or 1.0 sec arbitrary

Correlation speed Real time 200 Mbps *

Data Input VSI-H VDIF, K5, or Mark 5/6

Archive FITS CODA, FITS

Release 2002 - 2011 -

* 1 Gbps recording data, seven stations using one PC (Xeon 3.47 GHz Dual Processors)
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Abstract

The Japanese real-time VLBI network OCTAVE (Optically Connected Array for VLBI Exploration)
has been developed to increase sensitivity by expanding bandwidth with optical fiber links. Four
stations are connected to real-time correlators with dedicated 10GbE/STM-16 modules via an academic
network, a test bed network, and local access networks. The real-time correlation is useful to increase
operational efficiency without media transportation. Disk storage modules have also been developed
to connect stations without optical fiber link for special non-real-time observations.

1. Introduction

Bandwidth is one of the most important parameters which define sensitivity of interferometric
observation. The bandwidth has been limited by the recording rate of the data storage in many
arrays. Data transmission by optical fibers can break the limitation of bandwidth. The OCTAVE
(Optically Connected Array for VLBI Exploration) project connects wide-band data of radio tele-
scopes to a correlator by optical fibers. Currently more than four telescopes are connected by
an academic communication network, a test bed network, and local access lines. The observation
system of OCTAVE is described in this paper.

2. Observation

The OCTAVE VLBI network consists of eight radio telescopes with large diameters in Japan.
The four stations of Yamaguchi University, Gifu University, Tsukuba/GSI, and Hokkaido Univer-
sity are connected by optical fibers. Connection to the Ibaraki telescopes by optical fibers are
planned and proceeding. On the other hand, the Nobeyama and Usuda telescopes are currently
not connected by optical fibers. Therefore data recording at the sites and transport are required
in order to join the OCTAVE observations. OCTADISKs (OCTAve DISK modules) which are
based on a disk buffer developed for KJJVC (Korean Japan Joint VLBI Correlator) are used for
recording data.
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OCTAVE provides wide band observations at a rate of more than 2 Gbps for high sensitivity
observations. Doi [1] showed that the OCTAVE network provided good VLBI data for studying
radio-loud broad absorption line (BAL) quasars. Takaba [2] also showed that the geodetic obser-
vations contribute geodetic delay estimation. Because OCTAVE is operated as a sub-array of JVN
(Japanese VLBI Network), proposals for OCTAVE observations are evaluated and judged by JVN
[3]. The list of telescopes and observation specifications are summarized in Table 1.

Table 1. OCTAVE telescopes. Nobeyama and Usuda are connected by data transportations. The connec-

tions to the Ibaraki telescopes are now under way.

Stations Diameter Observing bands Bitrate x ch

Yamaguchi University / NAOJ 32 m K, X 2Gbps x 2
Gifu University 11 m K 2Gbps x 2
GSI, Tsukuba 32 m K, X 2Gbps x 2
Hokkaido University 11 m K, X 2Gbps x 1
Ibaraki University / NAOJ 32 m K, X 2Gbps x 2
NICT, Kashima 34 m Q, K, X 2Gbps x 2
NAOJ, Nobeyama 45 m Q, K 2Gbps x 1
JAXA, Usuda 64 m X 2Gbps x 2

3. Network

SINET4 is the academic network operated by National Institute of Informatics, NII. Nodes of
SINET4 in Universities and national institutes are connected by optical fibers. The correlators
of OCTAVE are connected to the SINET4 node at National Astronomical Observatory of Japan
(NAOJ) at a rate of 20 Gbps. The Tsukuba 32-m, Yamaguchi 32-m, Gifu 11-m, and Hokkaido
11-m telescopes are connected to SINET4 nodes at a rate of 10 Gbps through local access lines.
The SINET4 connections are provided by reservation in advance as L1OD (Layer 1 On Demand)
to time-share communications resources with other users.

JGN-X (Japan Gigabit Network eXtreme) is the test bed network of National Institute of In-
formation and Communications Technology, NICT, following the project of JGN2+. The Kashima
34-m telescope is connected to Koganei, the headquarters of NICT, with 10GbE. The telescopes
at Ibaraki are going to be connected to JGN-X via local access lines at the Kashima 34-m site.

GEMNET2 is also a test bed network which has mainly been used to verify and demonstrate
new technologies operated by NTT Laboratory. Connection of 2 Gbps (STM 16) - 2ch between
Koganei and NAOJ is provided by GEMNET2 by using WDM (Wavelength Division Multiplexing)
and ATM switching technologies. The Usuda 64-m and the Nobeyama 45-m telescopes had been
connected to NAOJ by GEMNET2 from 2002 to 2007. Because the connection is suspended now,
data transport by HDD recorders enables them to join OCTAVE observation.

4. Hardware

One of the features of OCTAVE is real-time correlation. Several dedicated modules have been
developed to realize the real-time correlation.
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Figure 1. Stations and communication lines of OCTAVE.

OCTAVIA (OCTAve VsI Adapter) is a dedicated module to connect to SINET4 or JGN-X with
10GbE and the VDIF format transmission protocol. VOA-100 is a dedicated device to connect to
the local access lines with STM-16 using a dedicated data transmission protocol. OCTAVIA and
VOA-100 are equipped with VSI-H ports to enable cross connection of them.

Correlator is also a key module to realize real-time correlation. Two types of dedicated real-
time correlators have been developed. One type is an XF-type correlator. Three XF correlators
with three baseline processing capability per device have been developed. The input data rate is 2
Gbps per station, and the maximum lag number is 256. The other type is an FX-type correlator.
An FX correlator of which the maximum lag number is 16,384 is used for fringe searching and high
frequency resolution correlation. Although raw data are not stored for real-time correlation, raw
data are stored by HDD recorders for non real-time observations including observations from the
Usuda and Nobeyama telescopes. The correlated data are stored in the FITS format.
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Abstract

The Chinese VLBI Network (CVN) adopts the strategy of “one network, two purposes” for deep-
space exploration and scientific applications. To achieve the new e-VLBI capabilities, we have upgraded
the stations and the data processing center of the Chinese VLBI Network (CVN). The Chinese Next
Generation Internet (CNGI) project also will give support to e-VLBI applications.

1. CVN Infrastructure

The Chinese VLBI Network (CVN) includes four radio telescopes and one data processing
center. The four telescopes are in Beijing (Miyun station, 50-meter diameter), Urumqi (Nanshan
station, 25-m), Kunming (Kunming station, 40-m), and Shanghai (Sheshan station, 25-m), and
the Data Center is in the Shanghai Astronomical Observatory. The new 65-m station near the
existing Shanghai Sheshan station will start operations at the end of 2012. All of the CVN stations
have S/X band observation capability and a Mark 5B+ VLBI recording terminal. The longest
(Shanghai-Urumqi) baseline of the CVN is 3249 km, which provides the highest angular resolution
of 2.3 mas in X-band (∼8GHz). Therefore, besides the routine IVS and astronomy observations,
CVN is a powerful tracking and navigation tool in the Chinese deep-space projects, such as the
Moon and the Mars exploration missions. There are dedicated network links between the four
VLBI stations and the data center.

Figure 1. e-VLBI network of CVN.
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There is a backup network of each station to the Data Center in the critical deep-space mission
(Figure 1). The e-VLBI data rate of each station to the Data Center is 16 to 64 Mbps, and the full
network capacity can be up to more than 128 Mbps/station if required. For example, 256 Mbps
e-VLBI experimental observating was carried out between the Shanghai Sheshan station and the
Urumqi Nanshan station in 2009. Although the Sheshan station connects to the VLBI Center with
1G fiber and other stations can be updated if necessary, the actual bottleneck of the data rate is
the network fee [1, 2].

Because the application requirements are different, usually the VLBI network for the deep-
space mission and for scientific applications need independent stations and data center. However,
CVN adopts the strategy of “one network, two purposes” for deep-space and scientific applications.
The observation stations are the same, but in the data center, two data processing platforms have
been built for different needs.

In the deep-space mission there are two data pipelines headed by the software correlator and
by the hardware correlator independently. This kind of primary and backup system is meant for
high reliability. The core processers are the software correlator (primary machine) and the hard-
ware correlator (backup machine). There are some dedicated software configuration items such
as an angle measurement unit and an orbit measurement unit. For scientific applications such
as extragalactic radio source mapping and rapid UT1 measurement, there is another set of data
processing configurations (Figures 2–3). The software correlator running on a cluster of 40 x 86
CPU cores is used for data correlation.

Figure 2. Software correlator structure.

2. e-VLBI Applications

2.1. Rapid UT1 Measurement Experiment

On February 23, 2011, a two-hour rapid ∆UT1 measurement session was conducted on the
Shanghai–Urumqi baseline. Limited by the budget, the data rate was only 64 Mbps; and data
were transferred from the two stations to the Data Center over the TCP/IP protocol. One hour
later, ∆UT1 was achieved (−175.200 ± 0.225 ms). One week later, the IERS result (−175.252 ±
0.007 ms) was downloaded. The difference was about 50 µs.
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Figure 3. Speed of the CVN software correlator.

This experiment demonstrated the rapid UT1 measurement capability of CVN. If higher band-
width and a longer baseline is available, a better result and shorter latency will be achieved.

2.2. Applications in Lunar Exploration Missions

From 2007 to 2010, two lunar orbiters (CE-1 and CE-2) were sent to the Moon. CVN has
taken important roles in both missions. During the critical flying mission, CVN worked in the
near real-time mode with e-VLBI, and the total data latency of the CVN Data Center was less
than five minutes (Figure 4). In future lunar explorations, especially in the Rendezvous and
Docking (RVD) procedure, close-to real-time VLBI will be welcome. So we are trying to shorten
the VLBI processing latency from five minutes to less than one minute.

Figure 4. Real-time e-VLBI positions from CE-2’s lunar orbit injection.
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3. CNGI Demonstration

The project of demonstrating applications based on the Chinese Next Generation of the Inter-
net (CNGI) has been carried out. Its overall goal is to develop the CNGI network environment, the
scientific research data storage, the analysis application environment, and the scientific research
collaborative environment by taking advantage of CNGI to connect the large scientific device,
the field stations, the mass data storage, the high performance computing infrastructure and the
resources. The e-VLBI application is selected by Shanghai Astronomical Observatory and Com-
puter Network Information Center of Chinese Academy of Sciences. This application will build
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Figure 5. e-VLBI based on CNGI.

the e-VLBI network connection and the demonstration platform based on IPV6 technology. Three
VLBI stations (Shanghai Sheshan station, Xinjiang Urumqi Nanshan station, and Yunnan Kun-
ming station) and the Shanghai VLBI Data Center will join the CNGI facilities. The demonstration
platform structure is in Figure 5. The higher speed will be accessible in the CNGI network.
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Abstract

The Geospatial Information Authority of Japan (GSI) has been a member of IVS and taken charge
of a Network Station and an IVS Correlator since 1998. In addition, GSI became an IVS Operational
Analysis Center in January 2010.

The Tsukuba Correlator takes charge of correlation work for approximately 100 IVS-INT02 (INT2)
sessions and 10 Japanese domestic sessions every year. In 2011, the number of INT2 sessions dramati-
cally increased, because INT2 sessions were observed twice a day during the weekend from April 2011
to January 2012 due to the change in position of the Tsukuba 32-m antenna by the 2011 earthquake off
the Pacific coast of Tohoku. The role of the Tsukuba VLBI Analysis Center is to produce ultra-rapid
dUT1 measurements, sessions with the goal of obtaining a dUT1 solution within 30 minutes after the
end of the observation session. The data processing system at the Tsukuba Correlator and Analysis
Center was dramatically improved to achieve rapid data processing. It enabled us to shorten the data
processing time to one-sixth and to process the IVS VLBI data in near real-time.

In 2011, we processed the ultra-rapid dUT1 measurements with the Onsala or Wettzell stations
from INT2 sessions or IVS 24-hour sessions, such as R1, RD or T2 sessions. The most successful
sessions for ultra-rapid dUT1 measurement was the CONT11 sessions which were a campaign of 15
days of continuous VLBI sessions. During these sessions, we succeeded in estimating continuous dUT1
solutions in near real-time for 15 days.

1. Tsukuba VLBI Correlator

1.1. Processed Sessions at Tsukuba VLBI Correlator

The Tsukuba Correlator takes charge of correlation work for 100 INT2 sessions and 10 Japanese
domestic sessions every year. The sessions processed at the Tsukuba Correlator in 2011 are shown
in Table 1. It shows that the number of INT2 sessions is more than 150. INT2 sessions are normally
performed to estimate dUT1 values on the Tsukuba-Wettzell baseline every weekend. However, a
big earthquake occurred in east Japan on March 11, 2011, and the position of the Tsukuba 32-m
antenna dramatically moved east. The dUT1 value could no longer be estimated correctly until the
new station position was determined accurately, so the baseline of the INT2 sessions changed from
Tsukuba-Wettzell to Kokee-Wettzell after the earthquake. The INT2 sessions using the Kokee-
Wettzell baseline ended in January 2012. Meanwhile, the sessions using the Tsukuba-Wettzell
baseline restarted in April 2011. Therefore, INT2 sessions were observed twice a day each weekend
from April 2011 to January 2012, and the number of INT2 sessions dramatically increased.

1.2. System Component

The system components of the Tsukuba Correlator are shown in Table 2. We use K5/VSSP
utility programs developed by the National Institute of Information and Communications Tech-
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nology (NICT) and some management programs for correlation. These programs are installed on
a lot of general purpose servers. In 2012, we have three management servers, 39 data servers, and
32 correlation servers. The file system between the servers has been based on Network File System
(NFS) since 2007, and we improved the system from NFS to Lustre File System in 2011.

Table 1. Processed IVS sessions at the Tsukuba Correlator in 2011.

Session Code Stations Number of Sessions

INT2 Ts, Wz 82
INT2 Kk, Wz 73
JAXA Ts, Ai, Cc, Ud 1
JADE Ts, Ai, Cc, S3, Vm, Vs, K1, Kg 8

Ts: TSUKUB32, Wz: WETTZELL, Kk: KOKEE, Ai: AIRA
Cc: CHICHI10, Ud: USUDA, S3: SINTOTU3, Vm: VERAMZSW
Vs: VERAISGK, K1: KASHIM11, Kg: KOGANEI

Table 2. System components at the Tsukuba Correlator.

K5/VSSP Software Correlation System

Software K5/VSSP utility programs (developed by NICT)
Some management programs (Parnassus etc.. )
Management Servers 3 servers

Servers Data Servers 39 servers
Correlation Servers 32 servers
Network File System (NFS)

File System (2007—2011)
between Servers Lustre File System

(since 2011)

2. Tsukuba VLBI Analysis Center

The role of the Tsukuba VLBI Analysis Center is to produce ultra-rapid dUT1 measurements
from IVS VLBI sessions. The goal is to obtain a dUT1 solution within 30 minutes after the end
of the observation session.

The sessions analyzed in 2011 are shown in Table 3. INT2 sessions are performed every weekend,
and we can obtain one dUT1 solution per session. In 2011, we tried to produce ultra-rapid dUT1
measurements from all of the INT2 sessions. The IVS 24-hour sessions were R1, RD, or T2 sessions
in which the Tsukuba and Onsala stations participated. With these sessions, we can obtain several
tens of dUT1 solutions over 24 hours. The main sessions for ultra-rapid dUT1 measurement in
2011 were the CONT11 sessions, which were a campaign of 15 days of continuous VLBI sessions.
We were able to obtain continuous dUT1 solutions for 15 days from this campaign. The special
experiments for ultra-rapid dUT1 measurement were scheduled for optimizing dUT1 estimation
using the Tsukuba-Onsala baseline, and they were not regular IVS sessions. We were able to
obtain more precise dUT1 solutions from these experiments.
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In addition, a special experiment for ultra-rapid EOP measurement was implemented using the
Tsukuba-Onsala and Tsukuba-Hobart baselines. The goal of the experiment was to estimate X/Y
(polar motion) and dUT1 parameters in near real-time.

Most of the solutions estimated by these sessions or experiments were used for rapid EOP
solutions calculated by the United States Naval Observatory (USNO).

Table 3. Processed sessions at the Tsukuba VLBI Analysis Center in 2011.

Session/Experiment Solutions # sessions

INT2 One dUT1 solution per session 155
IVS 24-hour sessions Continuous dUT1 solutions for one day 15
CONT11 Continuous dUT1 solutions for 15 days 1
Special experiments Continuous dUT1 or EOP solutions for several hours 2

3. Improvement of Data Processing System in 2010-2011

3.1. New Distributed Data Processing System for Correlation

The Tsukuba Correlator improved the data processing system in 2011. The improved system
is shown in Figure 1. In the new system, we have mainly four kinds of servers for several tasks
such as processing management, correlation, data management, and data storage.

The management server manages the correlation processes performed on several correlation
servers reading IVS schedule files. The number of job commands for correlation which the man-
agement server sends to the correlation server can be selected with a management program written
in perl. We determine the number of job commands in accordance with the specification and the
number of correlation servers.

When the management server sends the job command to the correlation server, the correlation
server searches for the VLBI data indicated in the received job command. All of the VLBI data is
stored in the shared directory built by the Lustre File System.

The data access between the data servers and the correlation servers is managed by the Meta-
data server on the Lustre File System. The data access rate among several servers is not decreased.
Due to an increase in the number of data accesses, in the case of the previous system based on NFS,
we could not increase the number of servers due to the weakness of NFS. The Lustre File System
is superior to NFS as a file system for distributed data processing. We succeeded in shortening
the processing time for correlation by introducing the Lustre File System.

3.2. Comparison Results Between Old and New System

The comparison results of the data processing time of the new correlation system with the
Lustre File System and the old system with NFS is shown in Table 4. We implemented the
verification test of the new system using data from the Japanese domestic session “JD1109”. In
the case of the new system, we could use 15 servers as correlation servers and execute 46 correlation
processes at the same time. In the old system, we could not increase the number of the correlation
servers to more than 12 due to the weakness of NFS. Even if we had increased the number of servers
on the old system, the processing time would not have been shortened. The new system uses more
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Figure 1. New distributed data processing system.

correlation servers than the old system. Therefore, we succeeded in shortening the processing time
to one-sixth.

Table 4 shows the data processing time for only one baseline. The total processing time for
JD1109 is shown in Table 5. In the case of this session, five stations participated and we had to
correlate the data of seven baselines.

Although the data processing time was different for each baseline, the total processing time
with the new system was about 4.6 hours. This means that the Tsukuba Correlator has the
capacity to complete the correlation of a 24-hour VLBI session in only several hours. In the case of
a 1-hour INT2 session, the total processing time would be less than five minutes. This also means
that we can correlate VLBI data faster than the sampling rate of VLBI sessions. This processing
capacity enabled us to perform ultra-rapid dUT1 measurement during the CONT11 sessions.

4. Ultra-rapid dUT1 Measurement

4.1. Data Processing for Ultra-rapid dUT1 Measurement

Most of the experiments for ultra-rapid dUT1 measurement in 2011 were implemented on
the Tsukuba-Onsala baseline. Figure 2 shows the data processing system for ultra-rapid dUT1
measurement on the Tsukuba-Onsala baseline.
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Table 4. Data processing time for the TSUKUB32-CHICHI10 baseline from JD1109.

Session Code JADE1109 (Domestic session)

Processed Baseline TSUKUB32-CHICHI10
# Scans 202
Processing System NEW OLD
# Correlation Servers 15 servers 12 servers
Maximum number of data processes 46 12
File system between servers Lustre File System NFS
Processing time 25 145

Table 5. Data processing time for all baselines from JD1109.

Processed baseline # Scans Processing time (min.)

TSUKUB32-CHICHI10 202 25
TSUKUB32-SINTOTU3 95 12
TSUKUB32-VERAMZSW 170 20
TSUKUB32-VERAISGK 149 18
CHICHI10-VERAMZSW 163 63
CHICHI10-VERAISGK 146 59
VERAMZSW-VERAISGK 137 77

TOTAL 1062 274
(about 4.6 hours)

At first, VLBI observation is performed at both stations, and the VLBI data is sampled with
Mark 5A at Onsala and K5 at Tsukuba. The Onsala data is transferred to the Tsukuba Correlator
using PC-EVN equipment in real-time and quickly converted to K5 format. The data recorded
with K5 at Tsukuba is also transferred to the Tsukuba correlator, but not in real-time. The data
is transferred during antenna slew time between VLBI observations.

The Tsukuba Correlator correlates the transferred and converted K5 data immediately after
the data becomes available. After the data for enough scans is correlated, the automatic anal-
ysis program runs. For the analysis, we use the new analysis software “C5++” developed by
NICT of Japan. All of the data processing is managed by one management server and operated
automatically without any operators.

4.2. Ultra-rapid dUT1 Measurement during CONT11

We tried ultra-rapid dUT1 measurement during CONT11 using the data processing system
described above. 14 stations participated in the CONT11 sessions, and the Onsala and Tsukuba
stations tried to implement ultra-rapid dUT1 measurements. For the 15 days of CONT11, the
data were transferred to the Tsukuba Correlator via high-speed network in real-time, and dUT1
solutions were calculated during the observing sessions. This approach enabled us to obtain 15
days of continuous dUT1 values during the sessions.

The flow of the data processing for the ultra-rapid dUT1 measurements during CONT11 is
shown in Figure 3. When the VLBI session starts, the recorded data of the first scan is transferred
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Figure 2. Data processing system for ultra-rapid dUT1 measurement.

to the Tsukuba Correlator and converted to K5 format data. After the conversion, correlation
and bandwidth synthesis start. In the first scan, we search for fringes and determine the clock
offset and rate for all of the correlation. As the result of the data processing, the result files of
bandwidth synthesis is created within a few minutes after the end of the observation of each scan.
Data analysis is performed when the bandwidth synthesis for enough scans to estimate a dUT1
solution are completed. During the CONT11, we tried two modes of analysis. The first mode is
“6-hour sliding window mode” and the second one is “30 scan sliding window mode”.

In the case of the 6-hour sliding window mode, we perform the first analysis when the bandwidth
synthesis for the scans from the first six hours of the session is completed. After that, the analysis
is done for every scan, using the bandwidth synthesis results for the scans from the prior six hours.
In this mode, the number of scans used in analysis is not constant, because the antenna slew times
and the durations of the scans differ.

Another analysis mode is the 30 scan sliding window mode. In this mode, we perform the first
analysis when the bandwidth synthesis for the first 30 scans of the session is completed. After
that, the analysis is done for every scan using the prior 30 scans. In the 30 scan mode, the time
period of the 30 scans is different for each scans analysis. It depends on the observation schedule.

4.3. Results of Ultra-rapid dUT1 Measurement during CONT11

We succeeded in the 15 days of continuous dUT1 measurement except the period when some
troubles happened with antenna operation or data transfer. The dUT1 values estimated in “6-
hour sliding window mode” are shown in Figures 4 and 5. Figure 5 shows the dUT1 values on
September 27, and there is approximately 100 microsecond difference between the observed and
predicted values. The predicted values are from usno finals estimated by USNO. If we submitted
the observed value to the IVS Data Center immediately after the estimation and USNO used the
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Figure 3. Flow of data processing for an ultra-rapid dUT1 measurement.

Figure 4. dUT1 values for 15 days (6-hour mode). Figure 5. dUT1 values on Sep. 27 (6-hour mode).

Figure 6. dUT1 values for 15 days (30 scans mode). Figure 7. dUT1 values on Sep. 27 (30 scans mode).

dUT1 value to calculate the predicted value, the accuracy of the predicted value would be higher
than ever before.

Figures 6 and 7 show the results of “30 scan sliding window mode”. It is almost the same as the
results of 6-hour slide window mode, but there are additional solutions on September 21. These
solutions were calculated using 30 scans before and after a stop in observing. It is not desirable for
dUT1 estimation to use scans recorded on different days, so we have to improve the management
program for the analysis.
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Figure 8. dUT1 values on Sep. 17 (30 scans mode).

Figure 8 shows another problem. In 30 scan sliding window mode, the dUT1 results irregularly
changed as shown in the box. It seems that the fluctuation happened when a bad scan was included
in the analysis. We have to improve the program to remove bad scans from the data analysis.

Figure 9 shows a histogram of the data processing time for dUT1 measurement. The processing
time means the time between the end of the observation for each scan and completion of correlation.
As shown in Figure 9, approximately 68% of the scans were correlated within 30 minutes after
the end of the observing session. Sometimes a data transfer error or bandwidth synthesis error
happened, so we could not complete the correlation within 30 minutes for about 30% of the scans.
Even if some errors happened in data processing and caused a processing delay, we could recover
from the error and make up for the delay because the data processing is faster than the observation
sampling rate. The new data processing system with the Lustre File System enabled the rapid
data processing.

All of the data processing was performed automatically, and some errors happened outside
of working hours. Therefore, we could not recover the data processing quickly, and the data
processing was delayed. We have to consider how to handle the errors in the automatic data
processing system in the future.

5. Ultra-rapid EOP Measurement

We implemented two experiments for ultra-rapid EOP measurement on November 29 and 30,
2011. For dUT1 measurement, we only need a long east-west baseline, but for EOP measure-
ment, we need a long north-south baseline too. Therefore, we implemented experiments with the
Tsukuba-Onsala and Tsukuba-Hobart baselines. The first experiment was the RD1106 session,
and the second experiment was a special session “UREO01” optimized for EOP measurement.

The data processing and analysis system for the experiments is shown in Figure 10. For EOP
measurement, we have to correlate two baselines. Thus, we prepared two data processing systems.
Each system has four data conversion servers and eight correlation servers, and the management
servers sent the job command to the conversion and the correlation servers. The data is also put
into data storage based on the Lustre File System.

We failed in rapid data transfer from Hobart, so we could not obtain EOP results during the
observing session. The Hobart data was transferred soon after the end of the session and processed
that day.
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Figure 9. Data processing time for ultra-rapid dUT1 measurement during CONT11.

Figure 10. Data processing system for ultra-rapid EOP measurement.
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EOP results were obtained within 24 hours after the end of the UREO01 session. The estimated
dUT1 values are shown in Figure 11. The observed values are about 600 microseconds different
from the predicted values. The estimated values of polar motion are shown in Figures 12 and 13,
which show that there is a little difference between the estimated values from the experiment and
the predicted values. If we could succeed in the data transfer from Hobart, we might be able to
obtain the EOP results during the observations.

Figure 11. dUT1 values estimated from the ultra-rapid EOP measurement.

Figure 12. Estimated Xp values from UREO01. Figure 13. Estimated Yp values from UREO01.

6. Future Plan

On the basis of these results, we will continue to improve the data processing and analysis
system in 2012. The first main plan is to perform analysis to determine the optimum sliding
window for dUT1 analysis on each session. Within the IVS, there are many kinds of sessions such
as R1, RD, or T2, and the strategy of each schedule is different, so we have to consider the optimum
analysis method for each session. The second plan is to perform ultra-rapid dUT1 measurements
on all IVS 24-hour sessions that include the Onsala and Tsukuba stations, and we plan to post
the solutions to the IVS Data Center. The third plan is to implement the next ultra-rapid EOP
experiment with the Onsala and Hobart stations. We hope that we succeed in obtaining EOP
values during the observation of the next experiment.
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Abstract

During recent years, the number of stations that transfer their observational data via high-speed
network connections to the correlators has increased significantly. In order to help coordinating e-
transfers among correlators and stations, the Geodesy VLBI Group has set up a website that shows
ongoing transfers. We present the usage of this website as well as the overall status of e-transfers at
the Bonn correlator.

1. Technical Specifications of the Bonn Correlator

The Distributed FX correlator1 consists of 60 nodes with 8 compute cores on each node (480
cores in total). The correlator cluster is connected via 2 × 1 Gb Ethernet to 14 Mark 5 units
used for playing back the data. All Mark 5 can play back all types of Mark 5 data (A/B/C). If
more than 14 playback units are required, and in the case of e-VLBI, data are copied to the raid
systems prior to correlation. Further technical specifications can be found in the Bonn Astro/Geo
Correlator report [1].

A 1-Gbps switch connects the Bonn correlator to the high speed network (German Research
Network DFN and GÉANT, the pan-European data network dedicated to the research and edu-
cation community). Furthermore, a 10-Gbps dedicated fiber connection exists for Effelsberg and
the LOFAR station located there, which, however, is not directly connected to MPIfR. Since late
2011, a firewall computer has been set up for the e-transfer servers.

2. E-transfer Status

For the transfers we use Tsunami, which is a fast file transfer protocol that uses UDP (User
Datagram Protocol) data and TCP (Transmission Control Protocol) control for transfers over
high speed networks (≥ 1 Gbps) for a long distance. The current version is 1.1 cvsbuild42 and
can be downloaded at http://tsunami-udp.sourceforge.net/. The project is based on original
Indiana University 2002 Tsunami source code but has been significantly improved and extended
by Jan Wagner. As such, large portions of the program today are courtesy of the Metshovi Radio
Observatory.

TCP is the most commonly used protocol on the Internet. The biggest advantage of TCP is
the so-called “flow control”, which guarantees the delivery of the data that are transferred. Flow
control determines when data needs to be re-sent and interrupts the flow of data until previous
packets are successfully transferred, i.e., the client re-requests the packet from the server until the
whole packet is complete and identical to its original.

1DiFX: A Software Correlator for Very Long Baseline Interferometry using Multiprocessor Computing Environ-
ments, 2007, PASP, 119, 318
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UDP is another commonly used protocol on the Internet. It offers speed and is much faster
than TCP because there is no form of flow control or error correction. This main advantage is,
however, at the same time its biggest disadvantage.

Tsunami combines both TCP and UDP; it offers data transmission with default priority for
data integrity, but disabling retransmissions may as well enable rate priority. Communication
between the client and server applications flows over a low bandwidth TCP connection. The bulk
data is transferred over UDP.

Alternatives to Tsunami are, e.g., UDT2, another UDP based transfer protocol used by col-
leagues from New Zealand, or VDIF-SUDP which is used by the Japanese colleagues [2], and
others.

2.1. Data Storage

At the Bonn correlator, we currently have three machines available with a shared 1 Gbps
connectivity. Two of the servers (io03 and io10) are connected to the DiFX correlator cluster via
InfiniBand. The total data storage capacity is of the order of ∼70 TB distributed as follows:

• sneezy2: 7.6 TB (/mnt/rawdata)

• io03: 20 TB (/data3)

• io10: 37 TB (/data10) + 8.2 TB (/data10b)

The structure of the data storage path is the same for all servers following the scheme

/parent_folder/experiment_type/station_name/exp_name/

(e.g., /data10/ohig/fortaleza/ohig76).

2.2. Regular e-transfers to/from Bonn

Table 1 shows a list of stations and correlators that already have transferred data to or from
the Bonn correlator. Names in italics indicate transfers on a regular base, and stations marked
with asterisks have their data transferred directly from the Mark 5 module which is mounted via
fuseMk5.

Taking into consideration that most of the stations meanwhile transfer the data on their own,
the tabulated transfer rates are merely experienced values from the time that the (partially just
test) transfers had been started from Bonn, and only one or two were running at the same time.
Now that sometimes three or more transfers are running in parallel, the transfer rates per station
are usually of the order of ∼ 300 Mbps.

On average ≥ 50 % of the stations do e-transfer, and the number increases. E.g., in T2081, 21
stations participated in the observations, and 12 of them sent their data via Internet connection.
The average amount of e-transferred data per week ranges from 4 to 6 TB considering only the
regular INT3 and R1 experiments.

3. Website for Active Transfers

During recent years, the number of stations, that transfer their observational data via high-
speed network connections to the correlators, has increased significantly. This necessitates some

2http://udt.sourceforge.net/
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Table 1. Regular e-transfers to/from Bonn.

Station data rate Experiments
[Mbps]

Onsala 500 GEO (R1, EURO, T2, dBBC test data)
Metsähovi 800 GEO (EURO, T2)
Medicina ? GEO (EURO, T2, R1)
Ny-Ålesund? 100 GEO (INT3, R1, EURO, T2)
Wettzell 250 GEO (INT3, dBBC test data)
Yebes(?) 800 GEO (R1, EURO, T2)
JIVE 400 ASTRO

Hartebeesthoek? 400 GEO (R1, T2, OHIG)

Tsukuba (Aira, Chichijima, VERA-Ishigakijima) 600 GEO (INT3, R1, T2)
Kashima (K1, Kb, Syowa) 600 GEO (R1, T2, OHIG)
Mitaka (VERA-Mizusawa) 400 GEO (T2)
Seshan? 250 GEO (INT3)

Hobart? (Hb, Ho) 300 GEO (R1)
Warkworth? ? GEO (R1, T2 OHIG)
CSIRO (ATCA, Ceduna, Mopra, Parkes) 500 Astrometry (GEO planned)
Fortaleza? 400 GEO (R1, T2, OHIG)

WACO 250 GEO (Hb data)

? via fuseMk5

form of coordination since the transfers are mostly running on the same network connections and
thus interfere mainly due to bandwidth limitations. In order to help coordinating e-transfers among
correlators and stations, the Geodesy VLBI Group has set up a small set of scripts to show ongoing
transfers on a website (http://www.mpifr-bonn.mpg.de/cgi-bin/showtransfers.cgi, see also
Figure 1). It is important to point out that the website merely shows active transfers and works on
a first come first served basis. An overall coordination of e-transfers concerning their importance
and priority is still required, and the transfer website should be regarded as a temporary solution.

The aforementioned website is the front end to display information about current transfers and
is located on the MPIfR Web server. It is created by a Perl script running as CGI which reads the
underlying database. The HTML page is static; there is no mechanism to automatically update
the table. Therefore the page needs to be reloaded in order to see the latest status of transfers.

For others, the most important information in the table displayed in Figure 1 is the route on
which the data are sent (“Sent from” and “Correlator”) as well as the applied transfer rate and
the port on which the transfer is running. The following text will shortly describe how an ongoing
transfer can be shown on the website and be removed again as soon as it is finished.
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Figure 1. View of the transfer website at http://www.mpifr-bonn.mpg.de/cgi-bin/showtransfers.cgi.

3.1. Start and Stop Files

At the start of a transfer it is necessary to create an (empty) start file which needs to be sent
to the MPIfR FTP server (ftp.mpifr-bonn.mpg.de) to directory incoming/geodesy/transfers.
One can, e.g., use the program ncftpput :

ncftpput ftp.mpifr-bonn.mpg.de /incoming/geodesy/transfers file_start

This will send the file via anonymous ftp. As soon as the transfer is finished or aborted(!), it
is important to send the corresponding stop file to our FTP server. As soon as the script sees a
pair of start and stop files it will delete both of them and remove the corresponding information
from the database. In consequence the transfer will disappear from the Web page. The delay time
depends on the current configuration of the cron job that calls the script to generate the html page
but typically will be of the order of ten seconds to one minute. The name of the start file has to
match the following scheme:

[sn]_[exp name]_[sent from]_[correlator]_[preset transfer rate]_[tsunami port]_start

Table 2. File name information.

sn serial number - time stamp, format: YYYYMMDDhhmmss
exp name Name of the experiment of which the data is transferred
sent from (Two-letter) station code of the recording station
correlator Name of the correlator the data is sent to
preset transfer rate The applied transfer rate
tsunami port Port used for the transfer (default=46224)

The words and the square brackets have to be replaced by the appropriate values which are
described in Table 2, e.g.,

20120228075823_ny_Bonn_r1522_100m_default_start.

The “serial number” serves as a time stamp of the transfer start. It is used both for the time
information displayed on the website and, together with the “sent from”, as an identifier of the
transfer itself. This identifier is also used in the stop file which needs to be named as follows:

[serial number]_[sent from]_stop

In the aforementioned example this corresponds to

20120228075823_ny_stop.
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In the database there is also an extra primary key independent of the “serial number”. Consid-
ering it to be very unlikely that a single station sends two experiments starting the same second,
the combination of “serial number” and “sent from” should be sufficient to identify the transfer in
practice.

4. Outlook

In the near future, additional (test) transfers will be performed with new stations such as the
Japanese stations Koganei and Uchinoura, which took part in the observations of T2081.

Concerning our connectivity, the 1-Gbps network connection is sufficient for the current maxi-
mum observing mode of 256 Mbits of experiments that are handled at the Bonn correlator and the
number of e-transfer stations per experiment that we are dealing with at the moment. But as soon
as the observing mode is upgraded to 512 Mbits and even more stations start doing e-transfer (let
alone when the astronomical EVN stations use e-transfer instead of module shipping to the Bonn
correlator), no guarantee can be made to meet the 15-day turn-around time that is envisaged for
R1 experiments.

In view of VLBI2010, it is still planned to upgrade the network connection to 2 Gbps preferably
even 10 Gbps. However, funding problems still tend to be insurmountable.
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Abstract

Higher bandwidth and a vastly increased number of observed radio sources are basic elements of the
roadmap into the future of VLBI. The new twin telescopes at Wettzell is a starting point for these goals.
Systematic intra-technique biases are equally important. Modern instrumentation of quantum optics
and recent progress in high resolution event timing provide new tools for studying system behavior and
the improvement of system stability. Compensated optical fibers may qualify as suitable tools for one-
way system delay reduction. This paper introduces current activities for a better system stabilization
and inter- and intra- technique bias reductions at Wettzell.

1. Introduction

The major measurement techniques of space geodesy are characterized by a very high mea-
surement sensitivity. It resolves the measured quantities, such as the range to satellites or signal
delays, from cosmic sources between radio telescopes to approximately one part in 109. While
all the different observing stations have an impressive precision, the accuracy still carries biases
well in excess of the estimated measurement precision. Within each of the techniques these errors
are minimized by a non-linear data fitting process. Fundamental stations on the other side are
important because they provide a link from one measurement technique to the other. However,
this is also the link where discrepancies between precision and accuracy become evident. The
fundamental station Wettzell has repeatedly carried out survey campaigns, which reproduce the
geometric relationship between the various geodetic markers at the observatory to well within 2
mm. These measurements also routinely include the geodetic reference points of the laser ranging
system and the VLBI system as well as several GNSS receiver antennas. A history of nine consis-
tent campaigns covering more than 20 years was built at Wettzell. Summarizing the results of the
local surveys at Wettzell, the conclusions were:

• Referencing the points of the space geodetic techniques shows no significant displacements
with respect to the local surveying network.

• There is good repeatability of these measurements, also when a different instrumentation and
measurement approach is employed. This can be interpreted as the respective systematic
errors being too small.

• The accuracy of the local ties at Wettzell are in the order of 1–2 mm.
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• The significance of taking a closer look at the intra-technique biases and undertaking every
effort to reduce the effects. This may also mean to devise inter-technique comparisons in
order to identify sources of such biases.

The calibration of VLBI and SLR systems can be considered as highly developed. All the nec-
essary procedures have matured substantially over the last thirty years. However, for an observed
discrepancy of a few centimeters, equivalent to approximately 100 ps in the time domain, it does
not take much of a calibration error or a flaw in the calibration process to generate a bias. Possible
candidates are satellite target signature, signal strength variation, an asymmetry between ranging
and calibration for SLR, system delay variation, or subtle issues in phase-calibration across the
observation bandwidth of the VLBI technique. Two examples can illustrate the type of compli-
cations that one has to expect. Figure 1 shows the short-term time evolution of the measured
cable signal delay between the detection electronics and the antenna head in the telescope. The
measurements of the cable delay were not carried out on the actual VLBI signal line, but on a
parallel running cable of the same type and length, which is used to inject the frequency comb
for the phase calibration of various VLBI data channels. It is believed that both cables operate
the same. A second example is the monitoring of height variations of the reference point of the
telescope. Figure 2 shows a measurement series of half a year in length.

Figure 1. Timeseries of the cable delay measurement at Wettzell over almost 24 hours of measurement.

Apart from a diurnal trend there are also short-term fluctuations, which are caused by antenna movements.

It is assumed that the actual signal line behaves in an identical fashion.

There is a difference of no more than 2.5 mm in height between summer and winter, while the
variation of height over a single day does not exceed 0.5 mm. While the electrical signals cause a
variation of more than 8 mm in a day, seasonal variations in ambient temperature do not amount
to much change in geometry.

If the case of incomplete or missing local ties at some of the radio telescope sites is excluded
from this paper, there is still substantial potential for improvements in the techniques of space
geodesy possible when better use is made of the potential of co-location of techniques on the ob-
served satellites. Furthermore it is important to address technique-specific system biases with new
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Figure 2. Variation of the height of the radio telescope reference point over a period of half a year. There

is a difference in height of approximately 2.5 mm between summer and winter.

concepts. Fundamental stations in geodesy, such as the Geodetic Observatory Wettzell, operate
with a certain amount of redundancy. When the twin telescopes at Wettzell are operational, there
are three VLBI telescopes, two SLR systems, and approximately five GNSS receivers available
for the identification and removal of technique-specific bias sources. It is also intended to apply
inter-technique comparisons in order to find the cause of system specific biases.

2. Inter-technique Comparison and Two-way Measurement Concepts

In order to identify systematic measurement biases by inter-technique comparisons, there are
several options available. Observing GNSS satellites with the VLBI system has the great advantage
(or perhaps disadvantage) that both systems operate in the same regime; i.e., they use microwave
frequencies. Measurement errors common to both techniques are therefore difficult to identify. This
changes completely, when optical and microwave techniques are compared in an inter-technique
verification experiment. For this purpose it may be desirable to place a corner cube reflector right
in front of the VLBI antenna feed, next to a broadband, fast-switching avalanche photo diode in
Geiger mode [1]. While the short laser pulse coming from the SLR system provides an optical link
to the VLBI telescope, the photo-detector generates a signal pulse with a fast rise time of about 35
ps, covering more than 2.5 GHz of bandwidth in the microwave regime. This is at least partially
within the reach of the VLBI recording system and can be used to actually track the delay of a
microwave signal right through the VLBI detection chain in the time domain. In order to make
use of this concept, the timing system of the SLR and the VLBI systems must be synchronized to
about 10 ps, which will be possible by running both systems from a common clock. Furthermore,
it is necessary to calibrate the conversion delay between the incoming laser pulse and the electrical
signal response of the avalanche diode. Last but not least, for this experiment it is desirable to
extend the bandwidth of the applied photo-detector in order to cover more from the operation
bandwidth of the VLBI system. Signal delays from systematic errors are expected to be 100 ps.
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2.1. Event Timers for the Two-way Measurement Concept

The Time of Arrival measurements method based on a transverse surface acoustic wave (SAW)
filter excitation was introduced by P. Panek in [2] and [3]. It was shown that the SAW filter
can be used as an interpolator, and that the mean interpolation error is zero and the root mean
square error is below 1 ps. This allows the investigation and detection of small systematics in
propagation delays. Based on this measurement principle an event timer was constructed at the
Czech Technical University in Prague, which allows the determination of input pulse arrival times
with respect to a local time base. The single shot precision of the registration of synchronously
generated time markers with a jitter fewer than 490 fs RMS was achieved. When two equally
constructed timers are used and the arrival times of split asynchronous pulses are measured, the
resulting single shot precision is found to be 700 fs RMS per channel. In addition, this result
contains all the nonlinearity effects of the time interpolation. The nonlinearity effects of the event
timers were studied in more detail in [4] and do not exceed 0.2 ps. When operating the device in
a laboratory environment without temperature stabilization, a resultant time deviation (TDEV)
of less than 4 fs is routinely achieved for averaging times from 300 s to 3000 s [5].

For performance testing purposes and for experiments involving two-way time transfer (TWTT)
comparisons, a reference time mark generator was included into the timing device. It generates
low jitter pulses synchronously in the local time base. The repetition frequency of these pulses
and the number of generated pulses are programmable. The timing jitter of the pulses was found
to be below 280 fs RMS. In order to find unknown and variable time delays at locations A and B
separated by some distance, a two-way time comparison is most suitable because of the inherent
high common mode error rejection. Provided that all the respective delays in this comparison are
reciprocal, the offset in time and the drift in time between the two terminals can be estimated
with great accuracy. Figure 3 illustrates the procedure. Assume that a frequency source feeds

Figure 3. The two-way time comparison allows estimation of the offset and the drift of two clocks separated

by a spatial distance of up to several kilometers.

a highly stable frequency of 5 MHz to two clock modules, which are located approximately 100
m apart. Each clock module derives a pulse per second (PPS) from the reference frequency and
provides this pulse to a timer for time tagging and clock comparison. In principle, the PPS pulse
arriving at point A is split in two equal pulses for which the respective epoch of arrival is recorded
by both timers. If one would redo these measurements with the two connecting cables exchanged,
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the measured delays τAB and τBA can then be used to compute the offset between the two timer
timescales by averaging the measured delays:

∆τ =
1

2
(τAB + τBA) . (1)

It is important to note that the respective length of the cables involved in the measurement is
no longer contributing to the estimated timescale offset. Applying this concept to the arrangement
depicted in Figure 3, a pulse generator in timer A generates a pulse which is timed at both devices,
using the interconnecting coaxial cable. Then the process is repeated with a pulse generator in
timer B passing through the cable in the other direction. From this pair of measurements the
timescale offset between the two timers can be derived as

∆τ =
1

2
((tB1 − tA1) + (tB2 − tA2)) . (2)

The delay introduced by the length of the connecting cable can also be determined

τc =
1

2
((tB1 − tA1) − (tB2 − tA2)) (3)

and is a valuable quantity to estimating the stability of the measurement setup. For higher statis-
tical resolution the measuremnts are repeated frequently up to 763 times per second. The precision
of the resulting time scale difference will obviously depend on the quality of both event timers,
the reproducibility of pulses generated by TWTT modules, and the influence of noise induced on
the interconnecting cable. Laboratory experiments have demonstrated 3–10 ps consistency of the
TWTT technique and a direct comparison of test pulses delivered to two systems operated close
to each other and interconnected by a long coaxial cable (ca. 100 m - RG214) [7]. The detailed
analysis of the systematic error contributions shows that the resulting accuracy of the two-way
time transfer via a coaxial cable as high as 10 ps may be achieved. The maximum separation
between the two timing units and the maximum length of the interconnection coaxial cable well
exceeds 500 meters. The limiting factor is the transmission bandwidth of the long cable. Both
the error analysis and the experiment show that for slew rates faster or equal to 20 ns / 1 V will
provide 10 ps of timing accuracy.

2.2. Two-Way Time-Transfer Experimental Results

In order to find small systematic errors in VLBI and SLR coming from small unnoticed changes
in system delay, the TWTT technique is applied and a field experiment of TWTT via coaxial cable
has been carried out at the fundamental station Wettzell (Germany). The two time scales were
formed by two equal timers equipped with TWTT modules as shown in Figure 3. The systems
were located in different buildings, namely the time laboratory and the SLR facility. A Heliax
LDF4-50 coaxial cable of 170 meters length was used to link the devices together. The timing
systems were driven by two different 5 to 200 MHz clock frequency multipliers. A common 5 MHz
signal synchronized to the master frequency reference — a Hydrogen maser — was used for both
systems. The TWTT measurements were carried out at a repetition rate of 500 Hz. The entire
measurement session lasted 16 hours. The results are shown in Figure 4. The time scales offset
changed by 300 ps within 16 hours.
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Figure 4. Difference of the two time scales formed by event timers in the field experiment within the master

clock room and the SLR building.

2.3. Timescale Stability between the Master Clock and the GNSS Room

The 5 MHz Cesium clock-generated signal is distributed all around the observatory. At each
building (SLR, VLBI, and GNSS), the 5 MHz reference frequency is used to form a local timescale
by generating 1 pps pulse. Using the TWTT method, these timescales were compared in order to
check the stability of the respective clock modules. The timers were driven from 100 MHz sources,
which were phase-locked to the 5 MHz clock source. The measurement loop was set up so that one
TWTT measurement was performed between two 1 pps signals. The TWTT repetition rate was
set to 400 Hz and 100 measurements were reduced to a mean value. The average precision of the
means became smaller than 1 ps. The result is shown in Figure 5. The jump of 100 ps after 4.5
days was caused by an air conditioner failure in the GNSS room. System calibration procedures
have been developed over the years in order to make the VLBI, SLR, and GNSS measurements
at the observatories robust against drifting clocks and signal level variations. However, it cannot
be entirely excluded that instabilities occur and small errors degrade the geodetic measurements.
Therefore this process of monitoring the general performance of the time and frequency distribution
and the propagation delays of signals within the instrumentation must be considered as a work in
progress.

3. Modernizing the Time and Frequency Distribution

As the measurement sensitivity and accuracy of the instrumentation of space geodesy improves
over the years, higher demands are placed on time and frequency distribution at a fundamental
station. While relatively low frequencies at 5 or 10 MHz (which can be distributed with little
degradation) have been used in the past as timing references, higher demands for sensor resolution
also require higher reference frequency. It is desirable to keep the ratio δf/f as small as possible.
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Figure 5. Time scales comparison between GPS and master clock room.

A natural way of improving the resolution is to move to the higher reference frequency f . Clocks,
based on narrow- band atomic transitions in the optical regime, are currently forming the high-end
regime and reaching accuracies of the order of 10−18; i.e., several orders of magnitudes in excess
of hydrogen masers. Over the coming years they are expected to become available for general
use. Therefore it becomes important to also address the distribution of time and frequency on
the level of an observatory, by implementing appropriate optical time and frequency distribution
techniques. Optical frequency combs [8] have bridged the gap between the optical and microwave
frequency regime, making precision optical spectroscopy available for exploitation in geodesy.

The loss of an optical frequency transfer via an optical fiber over distances well in excess of 30
km has been demonstrated [9]. This concept also uses a two-way transfer concept to compensate
the phase noise introduced to the highly coherent optical frequency transmitted through the fiber.
This concept compares a small portion of the laser frequency injected into the fiber with a portion
of the same signal, back-reflected from the other end of the fiber. A high bandwidth closed-loop
feedback system removes any signal distortions caused by the transport medium. The instability
transfer signal was as low as 10−17 and can be reduced further. A similar approach has also been
demonstrated for the transfer of time as well. Short laser pulses with a width of approximately
10 femto-seconds are transmitted through an optical fiber in a similar two-way approach as it is
used for the frequency transfer. Since such short pulses are composed out of mode-locked train
laser frequencies covering a broad spectral range, dispersion will quickly degrade the pulse shape.
Therefore it is important to compose the entire run of the fiber out of two parts of equal length and
conjugate refractive index. While the first half of the fiber disperses the laser pulses, the second half
will compress them back to short pulses as they exit the fiber on the other end. Transmitting these
pulses back to the fiber allows for the compensation of any variable delay that the fiber introduces
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to the signal, by a closed-loop feedback system employing a fiber stretcher, and the correlation of
the outgoing signal with the back-reflected portion of the transmitted signal. Practical experience
shows that an instability of time transfer can be reduced down to below 1 ps. This concept has
been demonstrated over distances of several hundred meters and is used for the synchronization
of magnets in large-scale free electron lasers [10].

4. Summary

The Global Geodetic Observing System (GGOS) requires both a reduction in measurement
errors as well as a considerable reduction of systematic errors within the measurement techniques
of space geodesy. At the same time, new demands such as highly accurate time transfer emerge.
Current geodetic observatories are not yet equipped for these demands. The Geodetic Observatory
Wettzell has embarked on the modernization of the time and frequency distribution for all the
techniques of space geodesy. It also applies highly resolving two-way time transfer techniques in
order to find and eliminate various systematic errors within VLBI, SLR, and GNSS, assisted by
inter- and intra- technique co-locations on ground and in space in response to the ambitious GGOS
demands.
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Abstract

In the Novel EXploration Pushing Robust e-VLBI Services-project (NEXPReS) the Technische
Universität München (TUM) realizes concepts for continuous quality monitoring and station remote
control in cooperation with the Max-Planck-Institute for Radio Astronomy, Bonn. NEXPReS is a
three-year project, funded within the European Seventh Framework program. It is aimed to develop
e-VLBI services for the European VLBI Network (EVN), which can also support the IVS observations
(VLBI2010). Within this project, the TUM focuses on developments of an operational remote control
system (e-RemoteCtrl) with authentication and authorization. It includes an appropriate role manage-
ment with different remote access states for future observation strategies. To allow a flexible control of
different systems in parallel, sophisticated graphical user interfaces are designed and realized. The soft-
ware is currently under test in the new AuScope network, Australia/New Zealand. Additional system
parameters and information are collected with a new system monitoring (SysMon) for a higher degree
of automation, which is currently under preparation for standardization within the IVS Monitoring
and Control Infrastructure (MCI) Collaboration Group. The whole system for monitoring and control
is fully compatible with the NASA Field System and extends it.

1. Introduction: Observation Strategies

At the Geodetic Observatory Wettzell several possible observation strategies were identified
(Figure 1). The standard case is that an observer controls a VLBI observation locally on site
at the telescope (local observation). But with new remote control technologies it is not required
anymore that the operator reside on location. He can control the telescope remotely (remote
observation). Additionally, this technology can be used to run more than one telescope by a single
operator (shared observation). As communication transfer around the Internet has some delay
times, the telescope must run unattended during these time periods. Therefore also completely
unattended observations have been done at Wettzell during the last three years, mostly for the
weekend sessions. For these the antenna runs completely autonomously and automatically without
an operator (unattended observation). Especially remote and shared observations offer a lot of new
possibilities to the international service; a passive data access can be granted for live monitoring
of the network. There are prospects for tele-working with full control access where specialists
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can assist the local operators remotely. Very remote telescopes as in Antarctica can be controlled
remotely over large distances. And shared observations can reduce the manpower for shifts or help
to react on current research needs. But in order to manage different users with varying system
access rights, an authentication and authorization mechanism is required [5].

Figure 1. An overview about possible observation strategies.

2. Authentication and Authorization

The current version of the software generator (idl2rpc.pl1), which is used for generating the
communication layer, was extended to support authentication and authorization techniques. The
authentication is based on the Linux user authentication mechanism, where the user name and
password are stored encrypted on the operating system level. Therefore a user with valid user
credentials is authorized to set up a connection to the telescope.

In order to prevent potential security issues while transferring data over the Internet, the
connection between the remote operator (client) and the telescope (server) is encrypted, using
a save connection based on the Secure Shell (SSH) network protocol. A tool for an automatic
connection control (sshbroker) was developed to (re-)establish the connection automatically after
a potential breakdown of the connection to the telescope. In order to increase security at the client
side the required password to tunnel through firewalls and for authentication can be stored, using
the AES-256 encryption standard.

Once a user is authenticated on the system, the access rights have to be defined. This is done
by associating each user with a dedicated role.

1more information at [2]
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3. Role Management

In order to give the telescope staff the ability to control the access rights on their system, a
role management is important. Each client which is allowed to access a telescope is associated
with a dedicated role. This basic association can be managed by a responsible person at the
station. A set of available roles is depicted in Figure 2. These roles are categorized into dynamic
and static roles. A static role is a fixed role, which cannot be changed during runtime, whereas a
dynamic role can be changed during runtime to allow alteration of control rights of clients, e.g.,
a notifier can become an active operator. This changing of the active control is realized by a
three-way-handshake strategy, to inform both relevant operator clients about the handover of the
control.

Figure 2. The different roles in the role management strategy for remote operation.

The following fine grained access levels (roles) are defined (a higher credential include all of
the lower ones):

• Observer
The observer is allowed to passively monitor the system state without having any control or
influence over the running system. This is the default associated role.

• Notifier
The notifier can monitor the system but can also send signals. For instance, if a session
scheduler (or a correlator) detects a problem during an observation but has no rights to
control the telescope, he can directly forward a notification to the local staff in real-time.

• Scheduler
A scheduler is capable of manipulating observation schedules and of triggering events. There-
fore a responsible person for a dedicated session can change the schedule’s relevant parts and
inject it into the Field System. During the run he can change complete sequences to replace
sources or change frequencies. An extension to the NASA Field System is needed to realize
these dynamic scheduling possibilities if needed.
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• Agent
An agent can change dedicated procedures during an observations where specific observer
tasks are used. But he cannot move the antenna outside of the schedule.

• Operator
An operator has all rights to access the NASA Field System and several control units on
location at the telescope, which is similar to a remote version of a current operator on site.

• Superuser
The superuser has complete access to the computer system and can change user rights or
system features. Normally only the telescope staff should have these exclusive permissions.

4. Integration of System Monitoring into e-RemoteCtrl

The graphical user interface (GUI) of e-RemoteCtrl has been developed using wxWidgets2. It
is a well-tested, popular, and platform-independent development kit for the C++ programming
language. The current version of the GUI was developed for Linux operating systems. In case
of unattended or remote observations, automated monitoring of operational parameters of VLBI
systems is essential. Such a monitoring system has to be reliable, flexible, and stable in case of
network, system, or human failures. It hides the complexity of the network communication and
allows standardized, individual remote procedure interfaces. First realizations of such a system
monitoring (SysMon) at the radio telescope Wettzell (RTW) and at the newly installed laser
ranging system at Wettzell are complete. This SysMon concept is developed within the VLBI2010
MCI Collaboration Group to specify a standardized interface for monitoring. The integration of
SysMon in the e-RemoteCtrl concept is part of the NEXPReS project. This is already done, by
integrating a GUI into e-RemoteCtrl for graphical outputs of data from an Invar strain meter at
the radio telescope, which is based on the standardized interface for system monitoring.

5. Summary and Outlook

It is discussed that e-RemoteCtrl will become part of the next NASA Field System release.
In addition, the system monitoring concept will be further refined within the MCI Collaboration
Group3. Having a standardized monitoring concept is essential for a network-wide system moni-
toring and remote control. This is the first step towards a technical control realization of a Global
Geodetic Observation System [4] (GGOS4).
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C.; Plötz, C.; Mühlbauer, M.; O(̃n)ate, E.; Zaror, P. First proof of concept of remote attendance
for future observation strategies between Wettzell (Germany) and Concepción (Chile) Proceedings of
Science (PoS) - 10th European VLBI Network Symposium and EVN Users Meeting: VLBI and the
new generation of radio arrays, EID PoS(10th EVN Symposium)075, Scuola Internazionale Superiore
di Studi Avanzati (SISSA), 2010.

[4] Plag (2009) : Plag, Hans-Peter; Pearlman, Michael (Eds.) Global Geodetic Observing System - Meeting
the Requirements of a Global Society on a Changing Planet in 2020 Axel Spring Verlag, 2009, ISBN
978-3-642-02686-7.
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Abstract

We present New Zealand’s recent activities and discuss plans for geodetic VLBI research. The
roadmap for the Warkworth station to evolve into a GGOS core site in the Southern Hemisphere is
discussed. We present the results of improving the estimation of the ocean tide loading displacement at
the Warkworth site. A more accurate coastline model based on SRTM datasets was constructed. The
site-dependent tidal coefficients of the 11 main tides were computed by using this new coastline model.
These were compared with the standard tidal coefficients from the Ocean Tidal Loading Provider;
the differences between the ocean tidal loading displacements at Warkworth calculated from both
site-dependent tidal coefficients were about ±1 mm in the horizontal components and ±2 mm in the
vertical component, respectively. These are large differences compared with our aim of 1 mm accuracy
for baseline measurements.

1. Introduction

Figure 1. AUT’s 12-m ra-

dio telescope at Warkworth

(WARK12M).

The Institute for Radio Astronomy and Space Re-
search (IRASR) of the Auckland University of Tech-
nology (AUT) operates the 12-m fast slewing radio
telescope (WARK12M) located near Warkworth, 60
km north of Auckland (Figure 1) [1]. Since 2011,
WARK12M has operated as a network station of
the International VLBI Service for Geodesy and As-
trometry (IVS). In this report, we describe IRASR’s
recent activities and plans for continuing geodetic
VLBI research. In addition, we present the results
of improvements in the estimation of ocean tide load-
ing displacement at Warkworth.

2. Recent Activities

The New Zealand VLBI station, WARK12M, has participated in global IVS sessions, mainly
R1 and R4 sessions, since the beginning of 2011. The station is connected to the rest of the
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world with a 1 Gb/s fiber link operated by the Kiwi Advanced Research and Education Network
(KAREN). A sustained data rate of 512 Gb/s was achieved in July 2011, when the first real-time
e-VLBI observations were conducted between Warkworth and the first ASKAP antenna (with the
participation of the Australian East Coast radio telescopes—the Australian Long Baseline Array
network). We are establishing the geodetic experimental environment for the purpose of the ultra-
rapid EOP measurements on the New-Zealand–Japan baseline. Since last year, we have carried
out fringe tests, correlation processing, bandwidth synthesis, and data analysis. This progress was
made with assistance from the National Institute of Information and Communications Technology,
Kashima Space Research Center. At the same Warkworth station, a 30-m antenna was handed
over from Telecom New Zealand to AUT University at the end of 2010. It is located 200 m north
of the 12-m radio telescope. After conversion of the antenna into a radio telescope (the first light
is expected in the middle of 2012), the 30-m dish will be used for both astronomical and geodetic
research.

3. Contribution to Geodetic Research

New Zealand is located on the plate boundary of the Pacific Plate and the Australian Plate.
Figure 2 shows the geological situation of New Zealand. Dots indicate earthquakes that occurred
during 2008–2010. Triangles indicate the locations of major volcanoes. The tectonic plate motion
in New Zealand is approximately 4 cm/yr [2]. Uplifts and subsidence are reported in several
geological surveys [3]. About 5 mm/yr uplift is observed in the Southern Alps of the South Island
from GPS observations [4]. A very destructive earthquake occurred at Canterbury in February
2011 [2].

New Zealand has two continuously operating GNSS networks (Figure 3): PositioNZ and
GeoNet. The PositioNZ network consists of 31 stations located across mainland New Zealand,
plus two stations in the Chatham Islands and an additional three in the Ross Sea region of Antarc-
tica. The PositioNZ network was used to construct New Zealand’s geodetic system (NZGD2000).
GeoNet is a network/system designed for monitoring earthquakes, volcanic unrest, land deforma-
tion, geothermal activity, and tsunamis. Each GeoNet station consists of GNSS equipment, a
seismometer, an accelerometer, a tide gauge, and a sea level pressure measurement device. The
GeoNet stations are mainly located in active volcanic areas of New Zealand’s North Island. As New
Zealand now has a VLBI capability, we are proposing development of joint research and synergy
between VLBI and GPS for the benefit of the geoscience community in New Zealand [5].

The Global Geodetic Observing System (GGOS) is currently widely discussed as a major trend
in global geodetic research. GGOS aims to achieve challenging goals by using and integrating
advanced geodetic techniques [6]. To achieve these goals, it is important that many stations
equipped with multiple co-located geodetic observation techniques participate in this project. The
WARK12M station has the capability of becoming a GGOS core site in New Zealand. The location
of WARK12M in the Southern Hemisphere can play an important role in making the distribution
of GGOS core stations around the globe more regular.

Currently, the Warkworth station has two (GNSS and VLBI) out of the four co-located space
geodetic techniques required by GGOS, as well as ground monuments for local survey. We are
investigating the opportunity for installation of an absolute or superconducting gravimeter at the
Warkworth station. To expand the application of the geodetic research in New Zealand, we have
initiated plans to build a new VLBI station (with GNSS) in New Zealand’s South Island.
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Figure 2. New Zealand’s geological situa-

tion. The tectonic plate boundary is shown

with curves. Dots indicate the earthquake

epicenter locations (M ≥ 1, from January

2008 to December 2010) according to the

USGS/NEIC earthquake catalog. Triangles
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Figure 3. The location of the 12-m radio telescope

(WARK12M) is shown with a star. Stations of Po-

sitioNZ and GeoNet (except those in the Chatham

Islands and Antarctica) are shown with squares and

dots, respectively.

4. The Ocean Tide Loading Displacement at Warkworth

The Radio Astronomical Observatory at Warkworth, New Zealand, does not have an appro-
priate geodynamic model to use in geodetic VLBI analysis because it is a young observatory. As
the first step towards a detailed geodynamic model for the WARK12M station, we investigated
the ocean tide loading effects at Warkworth.

The M2 tide propagates counterclockwise around New Zealand [7, 8]. The displacements due to
the ocean tide loading calculated for Warkworth are up to ±10 mm for the horizontal components,
and ±40 mm for the vertical component. To compute the ocean tide loading displacement, geodetic
analysis software uses the site-dependent tidal coefficients of 11 main tides. Usually, the site-
dependent tidal coefficients are obtained from the Web-based program called the Ocean Tide
Loading Provider (OTLP) which is maintained by Onsala Space Observatory [9]. Basically, it
works well, but it is not sufficiently accurate for our station. OTLP employs the coastline data
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which is taken from the GMT package [10]. Figure 4 shows the full-resolution coastline (bold
curves), sea area from SRTM3 data (blue area, please see Web version), and the satellite images
near Warkworth. SRTM3, one of the datasets of the Shuttle Radar Topography Mission [11],
provides 3 arc-second grid data all over the world. There are obvious differences within the range
of 5 km from Warkworth between the GMT and STRM3 datasets.

5	  km	

Image © 2012 DigitalGlobe 
Data SIO, NOAA, U.S. Navy, NGA, GEBCO 

Image © 2012 TerraMetrics 
© 2012 Cnes/Spot Image 

GoogleTM earth 

Figure 4. The GMT’s full-resolution coastline (bold

curves), sea area from SRTM3 data (blue area), and

the satellite images of GoogleEarth near Warkworth.

We calculated the site-dependent tidal coef-
ficients of the 11 main tides of Warkworth by us-
ing GOTIC2 software [12] with SRTM grid data.
For comparison, we also obtained the tidal coef-
ficients using the OTLP. To calculate the OTL
displacement, we employed c5++ software. This
software is the new space geodetic analysis soft-
ware developed at NICT, Hitotsubashi Univer-
sity, JAXA, and AUT. Figure 5 shows the dis-
placement of the OTL at Warkworth and the dif-
ference between the OTLP and this study. The
difference in the East-West direction is less than
1 mm. The difference in the North-South di-
rection is about ±1 mm. Finally, the vertical
difference is ±2 mm. These differences are sig-
nificant considering our aim of 1 mm accuracy
and should not be ignored. We compared OTL
displacement at other GPS sites in New Zealand.
All sites located north of Auckland indicated a
similar difference. The difference at almost all
other sites was not as large as in Warkworth.

5. Conclusion

We describe IRASR’s recent activities and our plans for geodetic research. IRASR’s radio
telescope is ready to contribute to New Zealand and global geodetic research. AUT has started
discussions with related institutes in New Zealand to establish a fundamental geodetic station at
Warkworth. The results of improving the estimation of the ocean tide loading displacement at
Warkworth are shown. We constructed a more accurate coastline model and calculated the site-
dependent tidal coefficients of the 11 main tides by using new and more accurate coastline data.
We demonstrated that the difference of grid data is not small compared to a 1 mm accuracy. For
the next step, we are going to apply this result to geodetic analysis and evaluate the effect.
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Abstract

The Sejong VLBI station has been constructed by the National Geographic Information Institute
(NGII) in the Republic of Korea. It took approximately four years from 2008 to the end of 2011.
In February 2012, we successfully carried out a fringe-test with the Kashima 11-m antenna of the
National Institute of Information and Communications Technology (NICT) in Japan. In March, the
Sejong station was accepted as an IVS network station by acceptance of the IVS Directing Board which
was held at the 7th IVS General Meeting in Spain. This report summarizes activities of the Sejong
station as a new IVS Network Station.

1. General Information

The Sejong station is the first geodetic VLBI station in the Republic of Korea which is solely
dedicated to geodetic purposes. The station is located approximately 120 km south of Seoul at
longitude 127◦18′12′′, latitude 36◦31′12′′, and height 153 meters in the middle of Sejong City where
a new administrative capital will be located in the near future.

Figure 1. The Sejong station site (photos from left to right on the bottom: GNSS station, main building,

gravimeter (FG5), and co-location facilities).
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The name of “KVG” (Korea VLBI system for Geodesy) was the previous name of the Sejong
station. It was named after the project’s purpose in its initial stage. We will use only the name of
“Sejong Station” to prevent confusion about the name of our VLBI station.

This station aims at both maintaining the Korean geodetic datum accurately in the ITRF and
at research for various geodetic purposes.

2. Component Description

The antenna has been constructed on bedrock at the top of a small mountain. It means that
the antenna construction site is stable.

The antenna slew speed is 5◦/sec in both azimuth and elevation. It is quite fast compared to
similar classes of antenna.

The main specifications of the antenna and receivers are summarized in Table 1 and Table 2.

Table 1. Main specifications of Sejong antenna.

Parameters Antenna

Diameter of main reflector 22m
Antenna type Shaped Cassegrain
Aperture efficiency about 60%
Pointing accuracy 0.0131◦

Reflector surface accuracy 86µm
Operation range AZ: ±270◦ EL: 0 ∼ 90◦

Slew speed 5◦/sec (AZ and EL)

Table 2. Receiving system of Sejong VLBI system.

Bands S X K Q

Freq. [GHz] 2.1-2.6 8.0-9.0 21-23 42-44
Receiver noise temp. < 20K < 30K < 50K < 80K
Polarization R,L R,L R,L R,L
1st LO Freq. NONE NONE 13.5GHz 33.9GHz
1st IF Freq. NONE NONE 8-10GHz 8-10GHz
IF Pout/BW -50dbm/500MHz -50dbm/500MHz -50dbm/500MHz -50dbm/500MHz
Phase noise@1KHz -120dBc/Hz -120dBc/Hz -120dBc/Hz -120dBc/Hz
Reference Freq. 100MHz 100MHz 100MHz 100MHz

3. Current Status and Activities

The Sejong station successfully carried out VLBI test observations with the Kashima 11-m
antenna of the National Institute of Information and Communications Technology (NICT) in
February 2012.
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Figure 2. The Sejong 22-m antenna.

In March 2012, the station officially has been accepted as an IVS component, specifically as a
new Network Station, by the IVS Directing Board. The major contents of the Sejong application
form are summarized in Table 3.

We are preparing to participate in IVS regular session starting in early 2013. We wish to join
R1, T2, and APSG sessions in the beginning, and we plan to extend observing gradually.

Table 3. Summary of items from Sejong’s application to become an IVS Network Station.

Co-located techniques GNSS, Gravimeter
Desired session participation R1, T2, APSG
Purposes (Geodesy / Astronomy) 100/0
Data acquisition rack K4
Recorder K5
FS version 9.10.4
H-Maser type VCH-1003M

We also carried out a ground survey to tie the VLBI antenna axes’ cross point to other geodetic
techniques. Four pillars at the Sejong site are used for co-location. As a first step, we performed
a test ground survey for co-location. Figure 3 shows the co-location layout at the Sejong site. We
need more study and a field survey this year.
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Figure 3. Co-location layout at the Sejong site.

4. Future Plans

The Sejong station will work towards system optimization in order to be able to join the IVS
sessions without any problems by the end of this year. More test observations with other stations
will provide good experience for us. Thus we will try to contact some of the IVS Network Stations.
An additional co-location survey will be performed. A study of the next-generation VLBI system
will be carried out in 2012.
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Abstract

We present an investigation to characterize the beam pattern of the 6-m telescope at TIGO. The
near-field and the far-field beam patterns were measured in X-band (8.4 GHz), in order to experimen-
tally verify the shape of the beam and to detect the existence of sidelobes.

1. Introduction

The beam pattern or radiation pattern of an antenna is one of its most important characteris-
tics, representing the directional dependence of the radiated or received power. The beam pattern
of an antenna can be separated in two, namely the near-field pattern and the far-field pattern.
While the near-field pattern is referred to the radiation pattern within the Fresnel zone where it
is also dependent on the distance to the antenna, the far-field pattern corresponds to that beyond
these points, and it is completely independent of the distance to the antenna [1].

TIGO has a 6-m offset radio telescope with a dual band receiver used for VLBI experiments
[2]. The far-field beam pattern of the telescope has been computed by the feed manufacturer ERA
Technology by means of the experimental measurements of the feed horn at several frequencies in
both S and X bands [3]. However, no experimental measurements for the beam pattern of the full
antenna have been documented. The aim of this work is to characterize the near-field and far-field
beam pattern of the telescope in X-band by using a direct method.

The experiment for the characterization of the beam required the use of a signal generator as
the radio frequency (RF) source, due to the fact that celestial sources are not bright enough for the
detection of sidelobes. The RF source was initially located and fixed within the near-field distance
of the telescope and afterwards relocated beyond the Fresnel zone. By measuring the received
power at different positions of the telescope, we were able to characterize the beam pattern.

Section 2 describes the methodology applied in this investigation, followed by the results in
Section 3 and conclusions in Section 4.

2. Methodology

There are several methods to measure the beam pattern of an antenna [4]. We use a direct
method where we place an RF transmitter at a fixed position away from the telescope, measuring
the received power at different positions of the telescope.
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For measurement of the beam pattern at the far-field of the telescope, the RF source has to
be located beyond the near-field region, whose boundary is given by the Fraunhofer distance as
stated in Equation 1:

R >
2D2

λ
(1)

where R is the distance from the telescope, D is the maximum dimension of the telescope, and λ
is the corresponding wavelength for the frequency of operation.

From Equation 1 and by considering the 6-m aperture of the telescope and a frequency of
operation of 8.4 GHz (λ ∼ 36 mm), the RF source must be located at least 2 km beyond the
telescope. With the additional constraints of line of sight and high elevation (to reduce ground
reflection), it becomes difficult or sometimes impossible to use the direct measurement technique
with ground-based RF sources.

2.1. Implementation

The first part of the work was deployed within the observatory by placing the RF source tuned
at 8.4 GHz at a distance of 115 m from the telescope and by using a horn type antenna. The
received RF signal was down-converted to intermediate frequency at 320 MHz (8080 MHz local
oscillator), and later up-converted at 799.9 MHz to the base band converter (BBC). The variations
of the received power were measured at the upper side band of one BBC, set up to the central
frequency of 799 MHz. Instead of measuring digital counts, we obtained the automatic gain control
(AGC) values (given in dB) for the BBC which represent the power fluctuations. Afterwards, a
background noise measurement was performed (with the RF source off) and subtracted from the
data. We implemented an automatic raster scan schedule which allowed us to get measurements
step by step in the azimuth direction and with the elevation position pointing toward the source.

Figure 1. (Left) telescope for VLBI at TIGO and (right) location of the transmitter antenna for the far-field

beam pattern characterization.

In the second part of the project, the RF source was located beyond the Rayleigh distance for
the X-band (∼2 km). Fortunately, the geography of the area allowed us to place the RF source in
an elevated mountain (20 m above the observatory level) at a distance of 2.84 km. The direct line
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of sight crossed a valley, therefore reducing ground reflections. The same previous scanning and
acquisition strategy was used. Figure 1 shows the 6-m telescope at TIGO and the location of the
transmitter antenna used to characterize the far-field beam pattern of the telescope, while Figure
2 shows a satellite image and a geographic profile of the RF path for far-field measurements.

Figure 2. Geographic profile along the RF path for far-field measurements. Credits: GoogleEarth.

3. Results

We present the measured beam pattern after background subtraction and for wide and narrow
scanning ranges. The results obtained for the near-field measurements are shown in Figure 3. The
wide scanning range was obtained between -100◦ and +90◦ with steps of 1◦while the narrow scan
was obtained for angles ±3.5◦ around the maximum with steps of 0.01◦. The elevation angle was
approximately 3◦ for both scans. The main beam data has been fitted with a gaussian function in
order to obtain the best estimate of its shape. We observed that the central part of the main beam
exhibits a depression, which might be caused by the non-planar wave reaching the reflector due
to the short distance between transmitter and receiver. The 3dB beamwidth obtained from the
fit was estimated to be 0.8◦. However, this behavior is expected given the effects in the near-field
and likely affected by ground reflections.

Figure 4 shows the far-field main beam and the wide scanning beam pattern for X-band. The
wide scanning was conducted for an azimuth range of ±90◦ around the maximum with steps of
0.5◦while the narrow scan was carried out for angles of ±4◦ around the maximum each with samples
of 0.01◦. Both scans were performed at an elevation angle of approximately 1◦. The main beam
was fitted with a gaussian function as before. In this case, results show that the estimated 3dB
beamwidth θ3dB = 0.48◦ is larger than expected from the theory for a large aperture antenna such
as the VLBI-TIGO telescope (0.34◦). In addition, the first sidelobe has been detected with a level
of -10 dB at 0.8◦ off the center, and a second sidelobe has been detected with a level of -15 dB, at
1.5◦ off the center. For comparison of the telescope beam pattern, only a computed beam model
based on measured feed beam pattern is presented in the documentation of the manufacturer,
as shown in Figure 5. The computed model, for feed measurements at 8.57 GHz, shows a first
sidelobe of -17.8 dB at 0.8◦ off the center. The second sidelobes are expected to be below -25 dB
and approximately 1.5◦ off the center.
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Figure 3. Beam pattern for the wide scanning (top) and narrow beam scanning (bottom) for near-field

measurements at 8.4 GHz.
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Figure 5. Computed far-field beam pattern at 8.57 GHz (including an ideal 6-m reflector antenna), as

provided by the feed manufacturer.

4. Conclusion

An experimental characterization of the near-field and far-field beam pattern of the 6 m TIGO
telescope has been developed. Results have shown that the near-field beam pattern does not fit the
report by the manufacturer, although this behavior can be expected due to the field effects in this
region. The measured far-field beam pattern is close to the expected computed beam (see Figure
5), although the first sidelobe was measured with a level at only 10 dB below the maximum, i.e.,
approximately 7 dB above the expected level. Moreover, a second sidelobe was measured with a
level of 10 dB above the expected value. However, unlike the computed beam pattern, it appeared
only at one side of the central peak (non-symmetrical sidelobe) so that it could be caused by
surrounding reflections or misalignments. The estimated beamwidth is larger than the theoretical
value but close to that obtained from the computed beam pattern.

The impact of the high level sidelobes over the performance of the telescope, and a review of
the systematics error of the applied technique, are both subjects of future works.
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Javier López-Ramasco 1

1) Centro de Desarrollos Tecnológicos/Instituto Geográfico Nacional
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Abstract

The relative position of the reference points of the different space geodetic instruments is a key
issue in realizing the International Terrestrial Reference Frame. We present simulations carried out
to estimate the invariant reference point (IRP) coordinates of the 40-m radio telescope at the Yebes
observatory. From these simulations we draw conclusions concerning the impact of the number, the
quality, and the geometry of the survey observations on the precision of the estimated IRP coordinates.

1. Introduction

The International Terrestrial Reference Frame (ITRF) is currently constructed from the com-
bination of the terrestrial frames realized by the ground stations of four space geodetic techniques:
Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS), Satellite Laser Rang-
ing (SLR), Global Navigation Satellite Systems (GNSS), and Very Long Baseline Interferometry
(VLBI) [1]. The combination of these four terrestrial frames is achieved thanks to the observa-
tion of the relative position vectors (local ties) between the ground stations belonging to different
techniques at co-location sites. Furthermore, in order to avoid significant internal distortions of
the combined reference frame, the local ties accuracy should be better than the individual space
geodetic techniques, and an accuracy of better than 1 mm is usually demanded.

For the VLBI terrestrial frame, the position and velocity of any radio telescope are given for
its reference point, the so-called invariant reference point (or IRP). In a Cassegrain-type radio
telescope, the IRP is located on the azimuth axis and is realized by the projection of the elevation
axis onto the azimuth axis, or equivalently, the nearest point of the azimuth axis to the elevation
axis. This geometrically-defined point is usually not physically accessible. Therefore, the IRP
coordinates with respect to a local coordinate system are indirectly estimated through survey
observations to targets located on the revolving structure of the radio telescope. The approach
being developed at the Yebes Observatory (IGN, Spain) is based on automated, unmanned, remote-
controlled, and continuous survey observations. Some geodetic observatories have recently started
to apply a similar approach [6]. This approach could also allow identification of station-dependent
systematic errors as monument instabilities or radio telescope deformations [5].

On the basis of this approach, this paper presents the results of a simulation study carried out
for the 40-m radio telescope at Yebes. Similar simulation studies have been undertaken for other
radio telescopes [3]. In order to optimize the observing strategy, several scenarios with different
geometric configurations, numbers of observations, and levels of precision were tested.
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2. The IRP Estimation

Two different geometric approaches are currently used to estimate the IRP coordinates, namely
the ‘circle fitting’ approach [2] and the ‘transformation’ approach [4]. The latter approach allows
the IRP to be determined while the radio telescope is performing its inherent observations; i.e.,
no downtime of the radio telescope is required. This is a minor difference for current geo-VLBI
operations, but it will become a significant advantage in the framework of the VLBI2010 project,
where continuous observations are planned. Therefore, the method chosen at Yebes is based on
the transformation approach.

Figure 1. Schema of the IRP estimation approach.

The transformation approach is based on a spatial similarity transformation between two co-
ordinate systems (see Figure 1): a coordinate system attached to the radio telescope (RCS) and
a local coordinate system attached to the observatory (OCS). From Figure 1, for any orientation
of the radio telescope, the observed vector (O) from an external observing instrument (p), with
known position in the OCS, to a target (t) located on the radio telescope is the sum of three
vectors:

• the IRP position in the OCS (vector X between p and i),

• the axis offset (vector E between i and v), rotated by the radio telescope azimuth angle, and

• the target position in the RCS (vector C between v and t), rotated by the radio telescope
elevation and azimuth angles.

This can be summarized in the following expression:

Ot
a = Ra

(
E + Ct

)
+ X (1)
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where R represents the rotation matrix between both coordinate systems, the subscript a represents
each radio telescope orientation, and the superscript t represents each observed target.

To estimate a reliable IRP, the rotation matrix R has to allow extra unknown parameters
relating both coordinate systems. These parameters correspond to the relative vertical inclination
of the azimuth axis with respect to the OCS, the non-orthogonality between the azimuth and
elevation axes, and the angular offsets for the azimuth and elevation readings of the radio telescope.
All these parameters, together with the IRP coordinates and the axis offset, have been included
in the geometric model and adjusted through a non-linear weighted least-squares inversion.

However, there are some assumptions behind the adopted approach. First, the azimuth and
elevation values are used as input observations in the geometric model. They may be assumed to be
error-free, but actually they may be randomly or systematically affected by unmodeled mechanical
defects of the radio telescope (e.g., torsion, compression, bending, vibration, etc.) and by external
effects like the wind. The uncertainties of the input orientation angles should be then taken into
account. Further work out of the scope of this study is required to assess the impact of these
effects on the estimation of the IRP coordinates.

Also, the vector C, given in the RCS, must be known a priori as an exact value. However,
whereas the relative position of the targets can be precisely obtained by survey observations, de-
termining their absolute positions in the RCS is not so straightforward. The circle fitting approach
could be used to estimate the vector C and their uncertainties should be taken into account in
the error propagation. Alternatively, we have added adjustments to the a priori target coordinates
in our least-squares inversion. In this study, however, we held the target coordinates as fixed
parameters but added simulated systematic errors (see Section 3).

Finally, the vector C may be also assumed to be time constant. However, this vector is
actually affected by time-dependent deformations of the radio telescope structure (e.g., thermal
and gravitational effects). The deformation of the vector C, unless corrected, will be absorbed by
the estimated IRP coordinates. This implies that by integrating successive short observation spans,
this approach could be used to monitor the time-variable deformations through the variations of
the IRP coordinates [5], although the uncertainties of the estimated parameters will be increased.
Nevertheless, it is also expected that, depending on the target locations, the deformation would
propagate into the other estimated parameters in the form of systematic biases and increased
uncertainty. Thus, the deformation will not likely translate 1:1 into a bias of the IRP coordinates.
The mechanism of the propagation of the deformation of the radio telescope structure into the
estimated parameters needs to be addressed in a future work, and it is out of the scope of this
paper. For the simulations carried out in this study we assumed that the vector C is constant.
Still, very short observation spans will be simulated to assess the suitability of this method to
estimate the short-term deformations of the radio telescope.

3. Simulation

The simulations were carried out according to the following steps:

1. Simulating the coordinates of targets on the RCS: two targets were simulated to be located
on both counterweights. Each target was simulated to consist of a hemispherical reflector (for
instance by coupling four corner cube reflectors) in such a way to admit observations from
everywhere in any radio telescope position. The counterweights were chosen because they
move similarly (inversely) to the radio telescope main reflector but are less prone to ther-
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mal/gravitational deformations. The coordinates of both targets in the RCS were extracted
from the construction plans.

2. Simulating the radio telescope orientations: several sets of azimuth/elevation values were
simulated to be homogeneously distributed on a hemisphere. Sets of 100, 400, 700, and 1000
orientations were simulated. These values were chosen due to the fact that, for the 40-m
radio telescope at Yebes, the largest VLBI experiment had ∼400 observed sources, and based
on the radio telescope turning velocity and acceleration, the largest number of orientations
it could ever have in 24 hours is ∼1000.

3. Simulating the observing instruments: one, two, and three robotic total stations were simu-
lated to be separated by 120◦ in azimuth from the radio telescope. The distances to the radio
telescope were not considered as they were simulated by the different precision levels of the
survey observations, assuming survey errors to be proportional to the separation distance.

4. Simulating the survey observations: the coordinates of the observed targets in the OCS were
estimated using Equation 1 where all the parameters (IRP coordinates, axis offset, vertical
inclination, azimuth/elevation offset, and non-orthogonality) were set to zero. The target
occultation behind the radio telescope structure was taken into account based on the target
location, the radio telescope orientation, and the location of the observing instrument.

5. Simulating survey errors: to simulate random survey errors, white noise amplitudes of 0.5, 3,
6, and 9 mm (standard deviation) were added to the error-free target coordinates previously
estimated in the OCS. In addition, to simulate systematic errors in the RCS and OCS, the
same white noise amplitudes were added to the a priori known target coordinates in the RCS.
We considered 0.5 mm as the upper (optimistic) precision level taking into account that the
radio telescope is never stopped during a VLBI session.

This sequence was repeated 1000 times with different numbers of observations, numbers of
observing instruments, and precision of the target coordinates, resulting in 46 different scenarios.
For each simulated scenario, the repeatability of the 1000 estimates allowed us to infer the precision
of the estimated IRP coordinates.

4. Results

In this section we show the precision of the IRP coordinates after reducing the simulated target
coordinates under several observing scenarios. Table 1 shows the precision of the IRP coordinates
(3D component at 2 sigma confidence level) for the 46 scenarios simulated.

Taking an upper limit of 1 mm for the IRP precision, the requisites of the survey observation
in terms of the number of observing instruments, the number of observations, and the precision
of the coordinates will be assessed. Specifically, the objective of the simulation was to tune the
observing procedure by answering three main questions:

• Is it enough to use only one observing instrument? Or, how much is the precision improved by
using additional observing instruments? One observing instrument would be appropriate only
with highly precise target coordinates (∼0.5 mm) or with very many observations (∼1000)
and a precision better than 3 mm. The precison is improved by 57% and 68% using two and
three observing instruments, respectively.
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Table 1. Precision (two sigma) of the estimated IRP coordinates (3D component) with respect to the

number of observing instruments, the number of observations, and the target errors (all values in mm).

1 Instrument 2 Instruments 3 Instruments

# Obs / Error 0.5 3 6 9 0.5 3 6 9 0.5 3 6 9

1000 0.20 0.90 1.84 2.74 0.04 0.40 0.78 1.18 0.02 0.30 0.60 0.86
700 0.22 1.08 2.18 3.22 0.08 0.48 0.94 1.40 0.02 0.36 0.70 1.08
400 0.30 1.58 2.96 4.38 0.12 0.62 1.26 1.84 0.06 0.48 0.92 1.40
100 0.58 2.84 5.42 8.12 0.24 1.22 2.36 3.56 0.18 0.90 1.78 2.68

• Is it enough to use the radio telescope orientations of a current 24-hour VLBI session at
Yebes? Current 24-hour sessions would only be suitable with highly precise target coordi-
nates (∼0.5 mm) or with at least two observing instruments. With Intensive and dedicated
radio telescope orientations (>1000 in 24-h) it would be possible to use only one observing
instrument if the target coordinates are observed with a precision better than 3 mm.

• What is the required precision for the target coordinates? Using one observing instrument,
it should be better than 1 mm with the number of observations in a 24-hour VLBI session
at Yebes. With more observations (orientations or instruments), the precision requirement
is reduced to 3 mm.
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Abstract

Using the estimated coordinates in a common terrestrial frame, we have obtained the relative vector
between the reference points of the GPS station and the 14-m and 40-m VLBI radio telescopes at the
Yebes observatory. These vectors between both space geodetic instruments is a key issue for the
realization of the International Terrestrial Reference Frame. As a preliminary assessment of the local-
tie survey, the estimation of the position and velocity in the ITRF2008 is used to derive the relative
vector between these three instruments at the Yebes observatory. In the absence of systematic errors in
the VLBI, the GPS, and the terrestrial survey observations, local-tie surveys and ITRF-derived relative
vectors should agree. From the estimated coordinates of their reference points in the ITRF2008, we
discuss the main issues of tying both VLBI and GPS terrestrial frames: how precisely is the relative
position of both instruments determined? How does the data analysis and the observation setup impact
the ITRF-derived vector?

1. Introduction

Most of the space-based and ground-based Earth observation, such as precisely determining
satellite orbits, monitoring Earth rotation, modeling tectonic plate motion, or assessing sea level
rise and its variability in space and time, fundamentally depend on the availability of a global
Terrestrial Reference System (TRS) that only space geodesy is able to realize [1]. The four space
geodetic techniques currently used to realize a geometric Terrestrial Reference Frame (TRF) are:
Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS), Satellite Laser Rang-
ing (SLR), Global Navigation Satellite Systems (GNSS), and Very Long Baseline Interferometry
(VLBI). The combination of the TRF of each technique allows the best International Terrestrial
Reference Frame (ITRF) realization possible. The ITRF is regularly updated by the International
Earth Rotation and Reference Systems Service (IERS) to take into account not only new accu-
mulated data, but also improved data analysis strategies of each technique. The last realization
released by the IERS in 2010 has been the ITRF2008 [1] covering a data span from the beginning
of space geodesy (∼1980) to 2008.

The most frequent method for a multi-technique combination is through co-locating several
instruments of different techniques at a subset of sites on Earth. Two space geodetic techniques
are operated currently at Yebes observatory, the YEBE GNSS station operated since mid 1990
and the VLBI radio telescopes. The 14-m radio telescope was in use from 1995 to 2004, and the
new 40-m radio telescope has participated since 2008 in geo-VLBI sessions (see Figure 1 for a
panoramic view of the space geodetic instruments co-located at the Yebes observatory).

Co-location by itself is not enough for the combination. The actual geometric three-dimensional
local vector tying the physical reference points of each instrument must be accurately known. This
three-dimensional vector is known as the local tie. In the ITRF combination, the available local ties
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are used as additional observations with their proper variances together with the TRF solutions
provided by each technique. The determination of the local ties is usually carried out by highly
precise local terrestrial surveys. Currently, the method to determine the local tie between the 40-m
VLBI radio telescope and the YEBE GNSS station at the Yebes observatory is under study. First,
the Invariant Reference Point (IRP) of the 40-m radio telescope needs to be estimated [4]. Please
refer to Santamaŕıa-Gómez et al. and their work in this IVS 2012 General Meeting Proceedings
volume for further information [3].

As a preliminary assessment of the local-tie survey, the estimation of the position and velocity
in the ITRF2008 of the reference points of the different instruments is used to derive the relative
vector between them at the Yebes observatory.

Figure 1. GPS antenna and VLBI radio telescopes at Yebes Observatory.

2. Estimation of the Local Relative Vectors

The coordinates of the 40-m radio telescope were estimated in the ITRF2008. Daily VLBI ter-
restrial frames, in Solution Independent Exchange (SINEX) format from the Goddard IVS Analysis
Center (GSFC), were stacked in order to estimate the long-term position and velocity of the 40-m
radio telescope. Only the SINEX files in which the 40-m Yebes radio telescope was included were
stacked using the CATREF software [1]. Each input daily terrestrial frame (radio telescope po-
sitions) was aligned through a seven-parameter similarity transformation into a long-term (radio
telescope positions and velocities) mean terrestrial frame while applying internal constraints on
the transformation parameters. The resulting position time series for each radio telescope were
checked and corrected for outliers and offsets, mainly due to earthquakes. Finally, the long-term
terrestrial frame was aligned to the ITRF2008. A 14-parameter similarity transformation was
applied with minimal constraints using the high-quality coordinates and velocities of a set of 20
radio telescopes extracted from the ITRF2008.

From 12 July 2011 onwards, the subreflector of the 40-m radio telescope was fixed to its
optimum position for an elevation of 45◦ for geodetic VLBI sessions. A position offset was therefore
included in the time series, and the radio telescope coordinates were estimated before and after
the discontinuity. The radio telescope velocity was constrained between both segments. After the
change of the focus, a significant offset of ∼4.6cm was found in the vertical coordinate (see Figure
2 top right).

The coordinates for the YEBE GPS station and the 14-m radio telescope were extracted
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from the ITRF2008. With the coordinates of all the instruments in a common terrestrial frame
(ITRF2008) and at a common epoch (2010.4), the local relative vectors between the space geodetic
instruments were estimated straightforwardly (see Table 1).

Table 1. Estimated local relative vectors (m) in ITRF2008 at epoch 2010.4 between the space geodetic

instruments at the Yebes observatory.

∆X ∆Y ∆Z σ∆X σ∆Y σ∆Z σ3D

14m-40m 18.2822 -217.5799 -49.1285 0.0064 0.0025 0.0055 0.0088

40m-YEBE 37.2256 147.8632 -9.1818 0.0023 0.0010 0.0019 0.0031

YEBE-14m -55.5078 69.7167 58.3104 0.0064 0.0025 0.0055 0.0085

3. Discussion

The precision in the estimation of the relative positions between these different instruments
depends directly on the precision of each space geodetic technique and also on the data available
for each instrument. Thus, the relative vectors including the 14-m radio telescope are excessively
loose due to the fact that this radio telescope was decommissioned in 2004, and the uncertainty
of its estimated position in epoch 2010.4 is heavily affected by the data scatter (see Figure 2 top
left). A local-tie survey of this radio telescope today would therefore provide little constraint for
the ITRF combination.

The estimated precision for the 40-m YEBE relative vector is reduced to 3 mm, which however,
is still far from the demanded sub-mm level accuracy in the frame of the GGOS initiative [2]. In
order to avoid internal distortions of the combined ITRF, the local-tie surveys should be more
accurate than the individual space geodesy TRFs used in the combination. This way, regardless of
the origin of this uncertainty, the future local-tie surveys at the Yebes observatory will provide a
useful constraint for the ITRF combination if it is merely better than 3 mm, despite the demanded
sub-mm accuracy. These 3 mm come mostly from the uncertainty of the estimated position of
the 40-m radio telescope in the ITRF2008. Although the precision of the 40-m reference point
coordinates will improve in the future with more observations, the uncertainty may still be too
large unless the scatter of the residuals in the position time series is understood and reduced (see
Figure 2 top right).

The scatter of the VLBI residuals shown in Figure 2 may be related to some remaining un-
modelled systematic errors (e.g., the radio telescope deformations). If this scatter actually reflects,
or at least partially reflects, motion of the IRP of the radio telescopes, a proper local-tie survey
methodology should be used for the detection and monitoring of these deformations [3]. On the
other hand, the scatter may also reflect technique-dependent systematic deviations of the estimated
IRP coordinates in the VLBI data analysis and not real IRP motion. As a matter of fact, the
estimated vertical coordinate of the 40-m IRP was shifted by 4.6 cm after changing the observation
setup by fixing the focus to its optimum position for an elevation of 45◦. Yet its relative position
with respect to other instruments is not expected to change in-site. This VLBI-dependent effect,
which may be being reproduced in other radio telescopes, has therefore a direct impact when tying
VLBI and other terrestrial frames.
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Susana Garćıa-Espada et al.: Tying VLBI and GPS at Yebes

14 m VLBI radio telescope. 40 m VLBI radio telescope.

YEBE GNSS station.

Figure 2. Residual coordinate time series (mean position with velocity removed) of the space geodetic

instruments at the Yebes observatory.
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Susana Garćıa-Espada et al.: Tying VLBI and GPS at Yebes

References

[1] Altamimi, Z., X. Collilieux, L. Métivier, ITRF2008: an improved solution of the international terrestrial
reference frame, J. Geod. 85, 457-473, doi:10.1007/s00190-011-0444-4, 2011.

[2] Gross, R., G. Beutler, H.-P. Plag, Integrated scientific and societal user requirements and functional
specifications for the GGOS. In: Global Geodetic Observing System, edited by H.-P. Plag and M.
Pearlman, 2009.
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Abstract

This paper discusses the current status of creating the co-location stations at the observatories of
the Russian VLBI network “Quasar”. Satellite Laser Ranging systems “Sazhen-TM” manufactured
by Research-and-Production Corporation “Precision Systems and Instruments” were installed at all
observatories of the network in 2011. The main technical characteristics of the SLR system and the
co-location of high-precision observational instruments at the observatories are presented in this paper.

1. Introduction

Observatories of the Russian VLBI Network “Quasar” have actively participated in both in-
ternational and national programs of VLBI observations since 2006. During 2008–2011 essential
upgrades to and development of the “Quasar” Network were performed [1]. All observatories have
been linked by optical fiber lines, providing operational determinations of Universal time from
1-hour sessions in e-VLBI mode. Combined GPS/GLONASS/Galileo receivers perform continu-
ous observations in the framework of IGS global and European permanent networks, sending the
observational data hourly. New satellite laser ranging systems were installed at all observatories
of the “Quasar” Network in 2011.

2. SLR System “Sazhen-TM”

Compact satellite laser ranging system “Sazhen-TM” (Figure 1) has been manufactured by
Open Joint-stock Company “Research-and-Production Corporation “Precision Systems and In-
struments”. The main technical characteristics of the “Sazhen-TM” system are given in Table
1.

3. Current Status of Co-location Stations

At present the observatories “Svetloe” and “Zelenchukskaya” are the co-location stations with
three types of high precision space geodetic instruments and the “Badary” observatory is one of
those few stations with four types of instruments. The status of the observatories as stations of
different global and continental space geodetic networks is presented in Table 2.
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SLR system mount. Laboratory equipment.

Figure 1. “Sazhen-TM” SLR system.

Table 1. Main technical characteristics of “Sazhen-TM” system.

Characteristics Values

Ranging distance day 400-6000 km
night 400-23000 km

Aperture 25 cm

Wavelength 532 nm

Beam divergence 12”

Laser pulse frequency 300 Hz

Laser pulse width 300 ps

Pulse energy 2.5 mJ

Mass 170 kg

Normal points precision 1 cm

Angular precision 1-2”

Table 2. Different network stations at the “Quasar” observatories.

Technique Network station “Svetloe” “Zelenchukskaya” “Badary”
VLBI IVS station (year) Sv, 7380 (2003) Zc, 7381 (2005) Bd, 7382 (2006)
GNSS IGS, EPN station (year) SVTL (2004) ZECK (1997) BADG (2011)
SLR ILRS station (year) 1888 (2012) 1889 (2012) 1890 (2012)

DORIS IDS station (year) BADB (1992)

4. Location of Instruments at the Observatories

The optical mounts of the SLR systems were installed on concrete pillars inside specially built
mini-towers covered with dome “Astro Haven” (Astro Haven Enterprises Inc, USA). The mini-
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towers are 2 – 4 m in height and are located at distances of 20 – 35 m from the laboratory
buildings of the observatories (Figures 2, 3, and 4). These locations provide full views in all
azimuths at elevations greater than 20◦. Electronic blocks of the SLR systems, including the
equipment for laser pumping, control, and management, are installed in the laboratory buildings
of the observatories.

Figure 2. Location of observational instruments (left) and cut-off angles for the SLR system (right) at

“Svetloe” observatory.

Figure 3. Location of observational instruments (left) and cut-off angles for the SLR system (right) at

“Zelenchukskaya” observatory.

Eccentricity vectors from the GNSS antenna markers to the reference points of the SLR systems
(intersection of axis) were determined by means of local geodetic surveying, taking into account
the height of the system mount according to its passport data. Results are given in Table 3.
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Figure 4. Location of observational instruments (left) and cut-off angles for the SLR system (right) at

“Badary” observatory.

Table 3. NEU components of eccentricity vectors.

Eccentricity vectors ∆N , m ∆E, m ∆U , m
From SVTL to 1880 RP 32.540 ± 0.003 -23.158 ± 0.003 -7.634 ± 0.001
From ZECK to 1889 RP 30.683 ± 0.002 25.381 ± 0.002 -10.856 ± 0.001
From BADG to 1890 RP 36.585 ± 0.002 25.925 ± 0.002 -8.085 ± 0.001

Figure 5. View of “Svetloe” observatory (left) and the SLR system (foreground) and the VLBI antenna

(background) at “Badary” observatory (right).
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Abstract

We are developing a compact VLBI system with a 1.6-m diameter aperture dish in order to provide
reference baseline lengths for calibration. The reference baselines are used to validate surveying instru-
ments such as GPS and EDM and is maintained by the Geospatial Information Authority of Japan
(GSI). The compact VLBI system will be installed at both ends of the reference baseline. Since the
system is not sensitive enough to detect fringes between the two small dishes, we have designed a new
observation concept including one large dish station. We can detect two group delays between each com-
pact VLBI system and the large dish station based on conventional VLBI measurement. A group delay
between the two compact dishes can be indirectly calculated using a simple equation. We named the
idea “Multiple Antenna Radio-interferometry for Baseline Length Evaluation”, or MARBLE system.
The compact VLBI system is easy transportable and consists of the compact dish, a new wide-band
front-end system, azimuth and elevation drive units, an IF down-converter unit, an antenna control
unit (ACU), a counterweight, and a monument pillar. Each drive unit is equipped with a zero-backlash
harmonic drive gearing component. A monument pillar is designed to mount typical geodetic GNSS
antennas easily and an offset between the GNSS antenna reference point. The location of the azimuth-
elevation crossing point of the VLBI system is precisely determined with an uncertainty of less than 0.2
mm. We have carried out seven geodetic VLBI experiments on the Kashima-Tsukuba baseline (about
54 km) using the two prototypes of the compact VLBI system between December 2009 and December
2010. The average baseline length and repeatability of the experiments is 54184874.0 ± 2.4 mm. The
results are well consistent with those obtained by GPS measurements. In addition, we are now plan-
ning to use the compact VLBI system for precise time and frequency comparison between separated
locations.

1. Introduction

The National Institute of Information and Communications Technology (NICT) has been work-
ing on the development of compact VLBI (Very Long Baseline Interferometry) systems and analysis
technologies in the framework for the second midterm plan which began in fiscal year 2006. At
the NICT, a system which combines all these components is called MARBLE (Multiple Antenna
Radio-interferometer for Baseline Length Evaluation). The NICT is carrying out the development
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of the MARBLE system based on a research collaboration with the GSI of Japan. The GSI has
the responsibility to calibrate and maintain a 10-km reference baseline for validating surveying
instruments such as GPS (Global Positioning System) and EDM (electro-optical distance mea-
surement). We are developing a compact VLBI system with a 1.6-m diameter aperture dish to
certify the length of that reference baseline [1]. The scope of applying the MARBLE system is not
only limited to the reference baseline lengths for calibration validation but enables also geodetic
VLBI at locations where conventional VLBI systems have not been deployed so far. In addition,
the NICT has considered the MARBLE system as a technology for realizing time and frequency
(T&F) transfer for maintaining the precision of standard time systems by taking advantage of its
portability and high precision characteristics. This paper provides results of geodetic experiments
using the MARBLE system, as well as future development based on the “VLBI2010” concept, pro-
posed by the International VLBI Service for Geodesy and Astrometry (IVS) as the next generation
of VLBI technology.

2. Validation of Reference Baseline Lengths for Calibration and VLBI Measure-
ment Technologies

The GSI has the responsibility to calibrate and validate survey instruments such as GPS re-
ceivers and EDM used by surveying companies. The facility which carries out this validation is
called a “reference baseline lengths for calibration”. It is located along a cycling road (built on
leftover tracks of the former Tsukuba Tetsudo Tsukuba Line) of about 10 km in length located
approximately 4 km east of the GSI headquarters in Tsukuba. Along the baseline, pillar monu-
ments made of stainless steel are installed. To guarantee the quality of validation, the baseline
length has to be evaluated routinely. In addition, GSI compares an operational EDM equipment
and iodine-stabilized He-Ne laser wavelength standards in order to keep its traceability of length
to a national standard maintained by the National Metrology Institute of Japan (NMIJ) and the
National Institute of Advanced Industrial Science and Technology (AIST). However, since it is too
long to get a line of sight from one end to the other end by EDM at the actual reference baseline,
calibration works at present are only performed at the shorter baseline instead of a measurement
of 10 km. Geodetic VLBI technique can give an independent measurement to examine the baseline
with the accuracy of a few millimeters using the hydrogen-maser. Moreover, the hydrogen-maser
frequency standard can be considered as the traceable technique to the national standard. Thus,
we started to develop a compact VLBI system with a 1.6-m diameter aperture antenna in order
to measure the accurate length of the reference baseline.

3. MARBLE Concept and Compact VLBI System Development

3.1. MARBLE System

We have started the development of compact VLBI systems specialized for geodetic purposes.
The compact antenna is too insensitive to detect fringes between both stations. Therefore, we
have designed a new observation concept by including one large-antenna station into observation
networks and we have evaluated an availability of the concept. We refer to this method as the
MARBLE concept and the schematic image of the new concept is shown in Figure 1 (see the
previous paper in detail). As shown in Figure 1, compact VLBI systems are installed at both ends
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of the reference baseline lengths for calibration. Here, X and Y denote two compact VLBI stations
at both ends of the baseline. In addition, one large antenna such as the NICT Kashima 34-m or
the GSI Tsukuba 32-m,

GPS GPS

Quasar

large antenna
（station R)

compact
VLBI system
（station 　）

compact
VLBI system
（station　）XY = RY - RXX Y

10km?

Figure 1. Schematic image of the MAR-

BLE concept for the reference baseline

validation.

is added into the observation network (station R). We can
detect two group delays between each compact antenna and
the large one based on conventional VLBI measurement.
A group delay XY between the two compact antennas can
be indirectly calculated using a simple equation as shown
in Figure 1. RX and RY are two group delays obtained in
a conventional way. Here, in order to obtain the baseline
length with 2 mm accuracy, each group delay of baseline
RX and RY is determined within comparable or superior
accuracy. The MARBLE system determines the integrated
system including the observation network composed of a
large antenna and compact antennas and its new analysis
concept.

broadband feed
(quadridge horn antenna)front-end
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down converter
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for local tie

1650 mm

Figure 2. Schematic image of

the MARBLE compact VLBI

system.

Figure 3. Installation of a first prototype of the compact VLBI system

on the top of the 34-m antenna building on December 9, 2008 at

Kashima.

3.2. Compact VLBI System

Figure 2 shows a conceptual diagram of the first prototype. It consists of a 1.6-m diameter
aperture antenna with a broadband feed, a drive unit of Az/El-mount type, an IF down-converter
unit, an antenna control unit (ACU), a counterweight, and a monument pillar. Each drive unit
is equipped with a zero-backlash harmonic drive gearing component. The monument pillar is
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designed to install typical geodetic GNSS antennas easily and an offset between a GNSS antenna
reference point. A location of the azimuth-elevation crossing point of the VLBI system is precisely
co-located within less than 0.2 mm of uncertainty. The antenna and mount can be dissembled into
many parts avoiding the need for heavy machinery in approximately half a day using a tripod crane
as shown in Figure 3. In the fiscal year 2008 we developed the second prototype of the system.
By halfway through fiscal year 2009, the first prototype was installed at the NICT Kashima Space
Research Center while the second one was installed at the GSI, and both were set-up to carry out
the first verification tests (see Figure 4).

~54 km

GSI@Tsukuba

NICT@Kashima
(c)GSI

Figure 4. Station location.
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Figure 5. The new front-end system for the MARBLE

compact VLBI system.

We developed a new front-end system using a broadband dual-polarized quad-ridge horn an-
tenna (type 3164-05 ranging 2-18 GHz) made by ETS-LindgrenTM. A block diagram of the new
front-end system is shown in Figure 5. At the back of the feed, there is a front-end receiver with
wide-band LNAs which can amplify up to 11 GHz. The front-end receiver also plays the roles of a
polarizer and frequency discriminator. At present, the receiver is only set-up for S and X bands.

However, by replacing RF filters and other RF components, it will be able to receive arbitrary
frequency bands between 2 and 11 GHz. As a test of this frontend system, on February 12, 2009,
the first fringe detection was successfully completed using the first prototype and the Kashima
34-m antenna using the latest cutting edge “ADS3000+” A/D sampler. It operated at a sampling
rate of 4096 Msps and was equipped with a high speed FPGA function, confirming its functionality
as a VLBI. This allowed for the preparation of following geodetic experiments.

4. MARBLE System Geodetic Observation Results

We have carried out VLBI experiments on the Kashima-Tsukuba baseline (about 54 km) using
the two prototypes of the compact VLBI system during December 2009 - December 2010. On
December 24, 2009, the first 24 hour VLBI test used four stations; two prototypes of the compact
VLBI system, the Tsukuba 32-m station and the Kashima 34-m station, was carried out. The
formal error of the approximately 54 km of baseline between the two prototypes at Kashima and
at Tsukuba was 2.7 mm. As of the end of 2010, five VLBI experiments have been successfully
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carried out. In addition, the monument pillar for the second prototype has a mechanism which
allows for sliding of 20 mm in the horizontal direction. If this slider is intentionally displaced,
the station position displacement detection can also be used as a precision evaluation item. The
open square (VLBI) and open circles (GPS) in Figure 6 denote the results which the monument
was displaced using this slide mechanism. The averaged baseline length and repeatability of the
five experiments is 54184874.0 ± 2.4 mm which is well consistent with those obtained using GPS
processing. In fact, the dual-frequency (S/X bands) processing for ionospheric delay compensation
has not yet been carried out in these analysis results. In the same manner, for the results in Figure
6 for which ionosphere compensation has been also carried out, the RMS value was nearly 50%
rather worse yielding a precision of 4.7 mm. The cause of this is still unknown. Since the effect
of ionospheric delay error is somewhat canceled in the procedure of the MARBLE concept, it is
possible to overestimate or to underestimate the effect. A further investigation about this issue
needs to take place.
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Figure 6. Results of geodetic experiments.

Using the slide mechanism, a maximum
displacement of 18.7 mm can be introduced
to the direction of the baseline between
Kashima and Tsukuba. The displacement
was set to 10.5 mm w.r.t. the results of
October 8 and 13.7 mm when compared to
the average value of the above three analyses,
which are slightly too small. However, these
results were well within the formal errors. It
is necessary to carry out similar experiments
multiple times in the future to investigate
the details.

5. Conclusions and the Future of Compact VLBI Systems

We are developing a compact VLBI system with a 1.6-m diameter aperture antenna in order
to provide reference baseline lengths for GPS and EDM calibration. The results of geodetic exper-
iments imply millimeter level baseline determination is available using our compact VLBI system.
The results are well consistent with those obtained by GPS measurements. In addition, we are
now planning to use the compact VLBI system for precise time and frequency comparison between
separated locations.
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Abstract

About ten years ago the IVS introduced the rapid turnaround sessions IVS-R1 and IVS-R4 with
the goal of providing EOP (Earth Orientation Parameter) results twice weekly within a 15-day period
from the end of recording to results. The networks chosen for the rapid sessions were determined by
station availability as well as network simulations. Both session series were successful in accomplishing
the latency goal most of the time. The IVS-R1s experienced a start-up problem in 2002 and had
weaker years in 2007 and 2011 w.r.t. the timeliness goal. The timeliness performance of the IVS-R4s
maintained a good success rate over the full first decade.

1. Introduction

With the start of the observing year 2002, the IVS established the observation of the rapid
turnaround sessions IVS-R1 and IVS-R4. The IVS-R1 sessions were scheduled for observation
on Mondays and the IVS-R4 sessions on Thursdays; hence the names R1 and R4, respectively.
The introduction of the rapid sessions followed a recommendation of IVS Working Group 2 ‘IVS
Product Specification and Observing Programs’, and their observation continues to this day. The
main goals of the rapid sessions are to provide EOP (Earth Orientation Parameter) results twice
weekly within a 15-day period from the end of observing to results. During the first decade, 26
participating stations agreed to ship their data to the correlators as rapidly as possible, a total
of 1,020 sessions were recorded, and 6,854 station days were utilized. In this paper we review the
first decade of data in terms of networks being used and the actual timeliness of the sessions.

2. Station Networks of the IVS-R1 and IVS-R4 Sessions during 2002–2011

The individual station networks for the IVS-R1 and IVS-R4 sessions were determined by station
availability as well as network simulations for optimal EOP determination (see [1] for the observing
year 2010). The network sizes increased over the years from about six stations to nine stations
per session on average. For each session type a set of core network stations was augmented by two
to three additional stations to form the final networks. Figures 1 and 2 give an overview of the
station usage in the IVS-R1 and IVS-R4 sessions for the past ten years. The plots display how
frequently the stations were used. For the IVS-R1 sessions, selected core stations were Gilcreek
(Gc), Ny-Ålesund (Ny), Tigo (Tc), Tsukuba (Ts), Westford (Wf), and Wettzell (Wz). For the
IVS-R4, selected core stations were Algonquin Park (Ap), Badary (Bd), Fortaleza (Ft), Gilcreek
(Gc), Kokee (Kk), Matera (Ma), Ny-Ålesund (Ny), Svetloe (Sv), Tigo (Tc), Wettzell (Wz), and
Zelenchukskaya (Zc). The plots also show when stations started or ended operations, or when
they had operations interruptions. For instance, Fortaleza (Ft) and HartRAO (Hh) went down for
repairs from fall 2009 to spring 2011 and from fall 2008 to summer 2010, respectively. While VLBI
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operations were discontinued at Gilcreek (Gc) at the end of 2005 and at Algonquin Park (Ap)
in summer 2006, several new stations came online: Zelenchukskaya (Zc) in 2006, Badary (Bd) in
2007, Hobart 12-m (Hb) in 2010, and Warkworth (Ww) in 2011.

Figure 1. Station networks of the IVS-R1 sessions during 2002–2011.

Figure 2. Station networks of the IVS-R4 sessions during 2002–2011.

3. Timeliness of the IVS-R1 and IVS-R4 Sessions

From 2002 through 2006, the correlation of the IVS-R1 sessions was shared between the Bonn,
Haystack, and Washington Correlators. Starting in 2007, the IVS-R1 sessions were processed
only by the Bonn Correlator. The IVS-R4 sessions were always processed by just the Washington
Correlator.
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Figures 3 and 4 show the latency numbers of the IVS-R1 and IVS-R4 sessions as well as
the annual and decadal percentages of sessions completed within 15 days. The decadal success
rate amounts to 77.2% for the IVS-R1 sessions and to 89.2% for the IVS-R4 sessions. Most of
the IVS-R1 sessions were processed within 13–14 days, while the IVS-R4 sessions were processed
within 11–12 days.

# of  6-7 DAY   8 DAY 9 DAY 10 DAY 11-12 DAY 13-14 DAY 15 DAY 16-17 DAY 18-19 DAY 20+ DAY % Completed

YEAR SESSIONS DELAY DELAY DELAY DELAY DELAY DELAY DELAY DELAY DELAY DELAY within 15 days

2002 49 0 0 0 2 0 11 16 5 0 15 59.2%

2003 52 1 1 4 4 3 18 9 6 0 6 76.9%

2004 52 2 7 5 15 0 7 12 0 0 4 92.3%

2005 49 0 4 13 5 1 17 7 1 0 1 95.9%

2006 52 0 1 3 7 3 21 10 2 0 5 86.5%

2007 52 0 0 2 5 1 18 4 11 0 11 57.7%

2008 50 0 1 3 8 4 17 7 6 1 3 80.0%

2009 52 0 0 0 4 1 20 14 7 1 5 75.0%

2010 52 0 0 1 4 5 29 5 4 1 3 84.6%

2011 50 0 1 6 4 1 16 4 11 0 7 64.0%

510 77.2%

Figure 3. Latency numbers of the IVS-R1 sessions for the period of 2002-2011.

# of  6-7 DAY   8 DAY 9 DAY 10 DAY 11-12 DAY 13-14 DAY 15 DAY 16-17 DAY 18-19 DAY 20+ DAY % Completed

YEAR SESSIONS DELAY DELAY DELAY DELAY DELAY DELAY DELAY DELAY DELAY DELAY within 15 days

2002 49 0 1 0 3 29 11 0 1 2 2 89.8%

2003 51 0 0 0 6 20 15 0 2 4 4 80.4%

2004 52 7 2 1 13 22 5 0 0 2 0 96.2%

2005 50 4 0 0 7 25 10 0 0 2 2 92.0%

2006 52 17 0 0 15 11 4 0 1 0 4 90.4%

2007 52 13 3 0 11 16 4 0 0 3 2 90.4%

2008 51 14 0 1 11 14 2 1 0 3 5 84.3%

2009 52 1 4 0 11 19 7 1 2 2 5 82.7%

2010 52 4 0 0 17 22 5 0 1 1 2 92.3%

2011 49 1 1 0 4 21 18 1 2 1 0 93.9%

510 89.2%

Figure 4. Latency numbers of the IVS-R4 sessions for the period of 2002-2011.

The IVS-R1 sessions experienced some start-up problems in 2002, and 20 sessions (40.8%)
were delayed. The timeliness improved for the next few years until 2006. In 2007, 22 sessions
(42.3%) were delayed mainly because of a two-step transmission process for the Tsukuba data:
the data was first e-transferred to Haystack and then physically shipped to Bonn. The timeliness
regained previous levels in July 2007 when Bonn and Tsukuba established a direct e-connection.
The timeliness slipped again in 2011 when 18 sessions (36%) were delayed. The delays can be
attributed mostly to start-up problems with the DiFX Software Correlator. The IVS-R4 sessions
kept a more or less constant timeliness level over the decade.

Figure 5 shows that, on average, the latencies for the IVS-R1s and the IVS-R4s met the 15-day
processing goal. Only in 2002 was the annual latency average above 15 days for the IVS-R1s. The
IVS-R4 sessions were usually processed faster than the IVS-R1 sessions.
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Figure 5. Annual averages of the latency numbers of the IVS-R1 and IVS-R4 sessions for the period of

2002–2011.

With the exception of three years, the annual percentages of sessions completed in more than
15 days over the past 10 years (failure rate, see Figure 6) were 25% or less. During 2002, 2007, and
2011 the IVS-R1 sessions were completed in over 15 days in up to 43% of the sessions. These high
latencies could be attributed to the above mentioned circumstances: a) start-up problems (2002),
b) Tsukuba data transfer to Bonn (2007), and c) problems with the new DiFX correlator (2011))
and are not likely to occur again. Figure 7 shows the success rates for the 15-day processing target
plus an imaginary success rate if the processing target had been ten days. With the latter success
rate ranging between 10–60%, work is still needed before the 15-day processing goal can be reduced
to ten days.

4. Conclusions

We have shown the networks and timeliness of the IVS rapid sessions during the first decade
of their observation. In general, the set goals have been accomplished. The few exceptions to the
timeliness goal have been understood. In order to get to a higher timeliness goal (e.g., ten-day
processing goal) the high success rates for 2004 and 2006 could be analyzed. In those years the
IVS-R1s and IVS-R4s were processed within ten days in over 50% of the sessions. The increased
use of e-transfer of data will likely lead to improved timeliness values. Improved timeliness is
essential for the success of the VLBI2010 Global Observing System (VGOS).
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Abstract

The Deep Space Network (DSN) is replacing the aging Mark IV Data Acquisition Terminal (DAT)
with a digital backend, the DSN VLBI Processor (DVP). It is based on the Wideband VLBI Science
Receiver (WVSR), a custom-made open-loop digital receiver developed at JPL that is successfully
supporting differential-VLBI for spacecraft navigation (DDOR) and other radio astronomy applications,
e.g. Earth orientation, astrometry, and spectroscopy observations.

From the WVSR the new acquisition terminal has inherited the Intermediate Frequency (IF) dig-
itizer module, the firmware architecture, and monitor and control software. Among the new features,
the DVP improves considerably the recording rate providing at least 2 Gbps with the goal of achieving
4 Gbps; uses a CASPER ROACH board for real-time Digital Signal Processing and channelization and
streams the data into a Mark 5C recorder. This paper describes in detail the DVP in the context of
similar digital developments (e.g., RDBE, DBBC).

As the new backend will not use the standard Field System environment to perform the VLBI
observations, efforts are under way to make it compatible with non-JPL correlators, providing monitor
and calibration data in the appropriate format. Lately an important effort has been made in the DSN
towards automation of VLBI data acquisition using the Automation Language for Managing DSN
Operations (ALMO). The automation process will be adapted for the new DAT.

1. Introduction

Since the origin of the Very Long Baseline Interferometry (VLBI) technique, the contribution
of NASA’s Deep Space Network (DSN) has been crucial, providing outstanding sensitivity and
resolution. For instance, the first trans-Pacific VLBI observation was performed using antennas
of the DSN (Gubbay et al., 1969). Since that milestone, the DSN has contributed to different
radio astronomy research areas through participation in a large number of VLBI observations:
galactic and extragalactic studies, with special emphasis on observations of supernova remnants
and gravitational lenses, participation in space VLBI observations as well as remarkable results in
astrometry, celestial reference frames, and geodesy.

Nowadays the DSN supports many different types of VLBI observations from various customers
within the Jet Propulsion Laboratory (JPL) and externally. The JPL Reference Frame Calibration
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(RFC) group is responsible for providing the Earth Orientation Parameters, determined during
the VLBI Time and Earth Motion Precision Observations (TEMPO), and it also realizes and
maintains an extragalactic reference frame for JPL navigation purposes (Garćıa-Miró et al., these
proceedings). The JPL Delta Differential One-way Ranging (DDOR) group uses VLBI techniques
to reference the positions of spacecraft with respect to distant quasars. Moreover, proof-of-concept
VLBI applications for navigation, such as phase referencing and same beam interferometry, are
also performed.

Among our external customers are the European VLBI Network, the International VLBI Ser-
vice for Geodesy and Astrometry, and the Australian Long Baseline Array. Other non-VLBI cus-
tomers use the same hardware to perform their observations such as the Host Country Programs
in Spain and Australia or the Guest Observer Programs.

The purpose of the VLBI Data Acquisition Terminal modernization task presented here is to
replace the aging Mark IV DAT hardware with a modern Digital Backend system, the DSN VLBI
Processor (DVP). It is based on the Wideband VLBI Science Receiver (WVSR), a custom-made
open-loop digital receiver developed at JPL (Jongeling et al., 2006) that is already successfully
supporting DDOR and other radio astronomy applications. The DVP has inherited from the
WVSR the IF digitizer module, the firmware architecture, and the monitor and control software,
but it contains new key elements such as the CASPER ROACH board (Casper, 2012) and the
Mark 5C recorder (Haystack, 2008). It is compatible with other digital developments (e.g., DBBC,
RDBE).

2. DSN VLBI Processor Overview

This section describes the different elements that constitute the DVP (Navarro et al., 2011):
IF switch, IF digitizer module, ROACH transition module and ROACH board, Mark 5C recorder,
and the control computer. The following subsections describe in detail each component. Figure 1
represents a block diagram of the system.

2.1. Signal Selection and IF Digitizer Module

Unlike most VLBI sites, each DSN complex has many antennas available for VLBI observations,
each with different receiving bands. Therefore the DVP should be able to accept a wide range of
input signals. In this respect the DVP is compatible with all available DSN receiving bands: L-
band (1.4–1.9 GHz), S-band (2.2–2.3 GHz), X-band (8.2–8.6 GHz), K-band (18–26 GHz), K-band
phase-II (25.5–27.0 GHz), Ka-band (31.8–32.3 GHz), and Q-band (38–50 GHz). An IF switch
selects from among 12 inputs at the DSN intermediate band (IF) of 100–600 MHz, in order to
support at least three antennas per complex. The switch selects two IF outputs, each one covering
up to 500 MHz of bandwidth.

The two selected IF signals are digitized using the JPL IF sampler module. The sampler mod-
ule provides A/D 8-bit samples at 1280 MHz, generated from a 100 MHz reference provided by
the frequency and timing distribution subsystem. It has a digitally controlled built-in attenua-
tor. The digitizer is already in operational use in the DSN and was specially designed to avoid
spurious signals for spacecraft tracking. In fact, spurious signals are attenuated 75 dB below the
A/D saturation level thanks to the optical isolation from the digital processing backend, using an
interface transition module to connect to the ROACH board. This feature makes it very suitable
for astronomical spectral line studies.
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Figure 1. DVP block diagram showing main components: JPL hardware (JPL IF digitizer and ROACH

transition module), non-JPL hardware (ROACH board and Mark 5C recorder), and COTS hardware (IF

switch and DVP control computer).

2.2. Channelization and Sub-band Filtering

Digital Signal Processing and Channelization is performed using a ROACH board (Casper,
2012). The channelization is broken up into two stages (Figure 2). The first stage is a polyphase
filter bank that breaks up the input signal (500 MHz bandwidth) into seven fixed bands of data,
each 160 MHz wide (complex). Channels are centered at 80, 160, 240, 320, 400, 480, and 560
MHz, respectively. The second stage selects one of the seven first stage wideband inputs, applies a
digital mixer for precise channel location selection, and using a cascade of downconverting filters
(CIC & FIR type) provides a total of 32 upper/lower or 16 complex sub-channels (in-phase and
quadrature-phase). The output bandwidth per channel is variable from 16 MHz to 0.5 kHz (or
from 32 MHz to 1 kHz for the complex sub-channels), and the supported bits per sub-channel are
8, 4, 2, or 1 bits. The FIR filter’s coefficients are selected in order to get a maximum of 0.1 dB
ripple in the passband and at least 40 dB attenuation in the stopband. Additionally, the system
has the ability to detect in real-time phase calibration signals for different sub-channels.

2.3. Recording and Control

The DVP streams the data from the ROACH board through a 10GigE connection to a Mark 5C
recorder (Haystack, 2008) providing at least 2 Gbps data rates with the goal of achieving 4 Gbps.
Data is stored on Mark 5 SATA disk packs in VDIF format. The modernization task also includes
incremental improvements to the JPL VLBI Software Correlator to support Mark 5C hardware
and new data formats.
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C. Garćıa-Miró et al.: VLBI DAT Modernization at DSN

Figure 2. DVP channelization (left box) and sub-band filtering (right box).

The PC-Field System computer is replaced by a Dell PowerEdge R210 server as Data Proces-
sor and Controller (DPC) computer and uses the driver, command, modeling, and monitoring &
control WVSR-based software instead of the standard Field System application. The DPC com-
puter interfaces to the DSN Monitor & Control infrastructure (NMC), which interacts with all
DSN subsystems (RF microwaves and noise diode control, antenna control, etc.) via directives,
responses, and monitor data.

3. DVP Functionality Requirements from Customers

The modernization task has to maintain compatibility with other VLBI centers for DSN support
of international VLBI and Host Country activities. As the Field System application will not be used
to support the VLBI observations, a translator will produce a Field System type log compatible
with the correlators and will contain the following information:

• System temperature monitoring in ANTAB format: the total power on each channel will be
calculated at the digital stage with appropriate dynamic range.

• Antenna calibration parameters in rxg format: the DSN performs antenna calibration tasks
using custom built tools (Rochblatt et al., 2007) that substitute Field System calibration
applications (fivept and onoff procedures, gnplt application, etc.).

• Phase calibration signal in /pcald/ notation.

• Antenna status in /onsource/ and /flagr/ notation.

• Weather in /wx/ notation.

• Mark 5C monitor data.

• Equivalent gps-fmout values: currently the DVP digitizer does not provide a 1pps signal
from its internal clock; a solution must be found to provide a gps versus digitizer time offset.

DVP users should provide VEX 2.0 files that contain appropriate $blocks for DVP configuration
and precessed coordinates for the observing date.
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4. Automation of VLBI Operations

Lately an important effort has been made in the DSN towards automation of the VLBI opera-
tions. Pre-pass, in-pass, and post-pass tasks are performed automatically, reducing manual input
and subsequently minimizing critical operator errors. As a side effect, countdown (set up) and
teardown times have been reduced considerably. This feature makes use of the DSN Monitor &
Control infrastructure (NMC) automation scheme, using Connection Blocks (scripts) written in
Automation Language for Managing Operations (ALMO), a superset of Tcl/Tk (Bokor, 2000).
The automation scheme provides the ability for simultaneous subsystems configuration and closed
loop directive/response control. The automation process will be adapted for the DVP operations.

5. Conclusions

The digital backend presented here will enhance considerably the quality of the DSN VLBI
observations. Among many other advantages, the digitizer module decreases the spurious signals,
and the digital linear filters have reduced instrumental artefacts and no channel-to-channel varia-
tions. The usage of the Mark 5C recorder will allow us to increase the recording rate up to at least
2 Gbps to sample the whole 500 MHz instantaneous bandwidth available (per polarization). This
will provide the DSN with an unprecedented sensitivity: e.g., in a single baseline formed by two
70-m antennas, we will achieve a 1.4 mJy sensitivity at K-band, with just one-minute integration
(1-σ). As a result the DVP will make the DSN a world-class radio astronomy instrument.
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Abstract

The AuScope VLBI array, consisting of three new 12-m radio telescopes in Australia dedicated to
geodesy, has now commenced operations. The telescopes at Hobart (Tasmania), Katherine (Northern
Territory), and Yarragadee (Western Australia) are co-located with other space geodetic techniques
including GNSS, gravity, and SLR. This new facility is making significant contributions to improving
the densification of the International Celestial Reference Frame in the southern hemisphere, to im-
proving the International Terrestrial Reference Frame in the region, and in measurement of intraplate
deformation of the Australian tectonic plate. We present an overview of the current status of the VLBI
facility and its current performance. We also highlight some of the geodetic research projects currently
underway that are taking advantage of this new facility.

1. Introduction

In 2006 the National Cooperative Research Infrastructure Strategy (NCRIS) initiated pro-
gram 5.13,“Structure and Evolution of the Australian Continent”, which is funded by the De-
partment of Innovation, Industry, Science, and Research (DIISR) and managed by AuScope Ltd.
(http://www.auscope.org.au). A major component of this project was the establishment of a na-
tional geospatial framework to provide an integrated spatial positioning system spanning the whole
continent. Total federal funding for this undertaking is AUD$15.8M, together with AUD$21M from
universities, state governments, and Geoscience Australia. The infrastructure that was funded to
achieve this improvement to the geospatial framework included: three 12-meter radio telescopes
and a computer cluster for a software correlator; about 100 GNSS receivers; upgrade of exist-
ing SLR facilities; an absolute gravimeter and three tidal gravimeters; and improved computing
facilities.

As part of this effort, the University of Tasmania (UTAS) has constructed three new ra-
dio telescopes, located near Hobart (Tasmania), Yarragadee (Western Australia), and Katherine
(Northern Territory). UTAS is responsible for construction and operation of the three new VLBI
sites (Figure 1). A software correlator facility has been developed at Curtin University.

The new telescopes double the number of IVS stations in the Southern Hemisphere. They allow
the extension of astrometric VLBI solutions to radio sources south of declination −40 deg, an area
of the sky that has been severely under-sampled by the existing array because so few telescopes
were available in the south. The AuScope telescopes closely follow the International VLBI Service
VLBI2010 specification for the next generation of telescopes for geodesy [4] or provide an upgrade
path to meet the specification where it is not currently possible to do so.
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Figure 1. The geographical distribution of VLBI and GNSS infrastructure for AuScope. The locations of

the new 12-m telescopes are labelled, and the new GNSS sites are indicated by filled dots.

2. Infrastructure

Each AuScope VLBI observatory is equipped with a 12.1-m diameter main reflector designed
and constructed by COBHAM Satcom, Patriot Products division. The telescope specifications
include: 0.3 mm of surface precision (RMS), fast slewing rates (5 deg/s in azimuth and 1.25 deg/s
in elevation), and acceleration (1.3 deg/s/s). All three sites are equipped with dual polarization S
and X-band feeds from COBHAM with room temperature receivers, developed at UTAS by Prof.
Peter McCulloch. The receiver systems cover 2.2 to 2.4 GHz at S-band and 8.1 to 9.1 GHz at X-
band. System Equivalent Flux Densities (SEFDs) are 3500 Jy in both bands. Data digitization and
formatting is managed by the Digital Base Band Converter (DBBC) system from HAT-Lab, and
data are recorded using the Conduant Mark 5B+ system. Each site is equipped with VCH-1005A
Hydrogen maser time and frequency standards from Vremya-CH.

Observatory sites were selected to satisfy two main criteria: good geographical coverage over the
Australian continent and co-location with existing geodetic techniques. The new Hobart telescope
is co-located with the existing 26-m telescope to preserve the more than 20 year VLBI time series
at the site. Midway between the 26-m and 12-m telescopes is the HOB2 GNSS installation which
has been a core site of the International GNSS Service (IGS) since its conception. A hut capable
of housing a mobile gravimeter is also co-located on the site. The Yarragadee telescope provides
a far western point on the continent and is co-located with multiple existing geodetic techniques
including SLR, GNSS, DORIS, and gravity. The Katherine site is new and provides a central
longitude, northern site. The telescope at Katherine is co-located with a new GNSS site that
forms part of the AuScope GNSS network.

AuScope also includes funding for a software correlator, the Curtin University Parallel Processor
for Astronomy (CUPPA) which is a 20 node beowulf compute cluster. Each node consists of a
server class PC with dual quad-core processors, 8 GB of RAM, and 1 TB of internal hard disk
storage. Additionally, the cluster incorporates external mass storage and a total disk pool of
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100 TB is available to the cluster. CUPPA is networked internally with standard 1 GbE (two ports
per node) and with a 10 GbE connection to iVEC, the eastern Australian state supercomputing
center. In order to process AuScope data, three Mark 5B+ VLBI data recorder/playback units
were acquired for CUPPA. For VLBI correlation, CUPPA runs the DiFX software correlator [1].

3. Project Status

Construction of the first AuScope telescope at Hobart was completed in 2009 and officially
opened at the Sixth IVS General Meeting on 9 February 2010. Following a period of commissioning,
testing, and debugging, the Hobart telescope made its first successful IVS observation in October
2010. Construction and commissioning at the other two sites continued in parallel. Yarragadee
made its first successful IVS observation in May 2011. Following a successful full-network fringe
check on 8 June 2011, correlated at CUPPA, all three telescopes participated in an IVS observation
for the first time on 16 June 2011.

All three observatories were designed and constructed to be remotely controlled and monitored
to keep operating costs at a minimum. Operation of the AuScope VLBI array is being carried out
from a dedicated operations room on the Sandy Bay campus of the University of Tasmania.

Presently, the AuScope VLBI facility has sufficient operational funds for ∼70 observing days
per year, usually consisting of two AuScope telescopes observing as part of the IVS network.
Unfortunately operational funds are not presently sufficient to support correlation at CUPPA.

3.1. Antenna Positions

Global VLBI measurements made as part of the IVS observations were used to construct
antenna position time series. OCCAM 6.3 software [5] was used for analysis. Each 24-hour IVS
session was analyzed individually. In all, 51 sessions between February and October 2011 were
used to determine the position of the Hobart 12-m antenna; 7 sessions were used for Yarragadee,
and 9 sessions were used for Katherine. Station positions derived from these observations are
presented in Table 1. In each case, the inner uncertainties represent the average rms of individual
measurements while the outer uncertainties denote scatter in best-estimates (i.e., weighted rms
about the trend line for the whole time series). In other words, the first number corresponds to
formal uncertainty given by an OCCAM solution for a typical 24-hour session. The second number
indicates how repeatable the station position estimate is from one session to the next.

While there is only limited data for the Yarragadee and Katherine antennas, a time series
can be constructed for the Hobart AuScope antenna. In Figure 2 we show the evolution of the
Hobart 26-m (Ho) and Hobart 12-m (Hb) baselines to station Kokee Park, Hawaii (Kk). Inclusion
of AuScope antennas is expected to improve both the formal errors and repeatability (wrms)
of the Hobart-26-m–Kokee baseline. Taking a similar number of observations (33), we obtain
(σ,wrms) = (0.014,0.017) m for the period 2009–2010 when no AuScope antennas were involved;
and (0.014,0.029) m in 2011, when AuScope antennas are included. The larger baseline errors when
AuScope antennas are included are consistent with results for individual antenna positions. This,
in turn, is due to “teething problems” at the stations, such as frequent clock discontinuities. It is
encouraging though to see a decrease in scatter between Hb-Kk baseline solutions with time as the
observing system improved. A more subtle effect is network geometry. AuScope antennas observe
in more Southern Hemisphere-dominated networks than Hobart 26-m. Scarcity of short baselines

178 IVS 2012 General Meeting Proceedings



Jim Lovell et al.: The AuScope VLBI Array

(affecting the quality of atmospheric solutions) and smaller number of quasars that do not exhibit
structure therefore degrade the solutions involving AuScope antennas.

Table 1. Calculated positions for the three AuScope VLBI antennas at epoch 2011.50, ITRF2005 datum.

Inner uncertainties represent the average rms of individual measurements, while the outer uncertainties

denote the scatter in best-estimates.

Hobart

Latitude −42 48 20.06380 (±0.0004, 0.0004)
Longitude 147 26 17.3055 (±0.0005, 0.0008)
Height 40.971 (±0.011, 0.012)

Katherine

Latitude −14 22 31.66897 (±0.00024, 0.00033)
Longitude 132 09 08.5430 (±0.00044, 0.0005)
Height 189.257 (±0.013, 0.013)

Yarragadee

Latitude −29 02 49.72375 (±0.00044, 0.0004)
Longitude 115 20 44.2564 (±0.0009, 0.00054
Height 248.239 (±0.014, 0.012)
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Figure 2. Time series for the baselines Hobart-26-m–Kokee (Ho–Kk) and Hobart-12-m–Kokee (Hb–Kk).

Black filled circles represent data for the Ho–Kk baseline before construction of the AuScope antennas.

Red open circles show the Ho–Kk baseline with at least one AuScope station included. Blue filled triangles

show the Hb–Kk baseline, offset by 207 meters. With the construction and operation of the AuScope array,

Hobart 26-m has only been observing once per month on average in 2011.
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As expected for two antennas located on the same bedrock, the measured baseline length
between Hobart 12-m and 26-m is stable at 295.92 m, with (σ,wrms) = (0.007,0.020) m. These
residuals are due to effects such as thermal and gravitational deformation of the antennas, clock
stability, and structure of quasars making up the ICRF. This is in perfect agreement with the
results of the Mt. Pleasant local tie survey [3] of 295.918 ± 0.001 m.

4. Geodetic Research Program

Space geodetic tools including Global Navigation Satellite Systems (GNSS), Satellite Laser
Ranging (SLR), and Very Long Baseline Interferometry (VLBI) are key to the realization of modern
celestial and terrestrial reference frames that underpin the study of both astronomical and Earth
based phenomena. “Environmental space geodesy”, or the use of space geodetic tools applied to
global climate change and sea level studies, crustal strain and seismic deformation, and surface
expression of hydrologic loading, is an active theme area of research at UTAS between the School of
Maths and Physics and the School of Geography and Environmental Studies. With the completion
of the AuScope telescope array, a high priority for research and development within this theme
area is geodetic VLBI and its contribution to improving the reference frame. A specific focus
of this theme area includes the investigation of systematic errors that currently limit individual
space geodetic techniques and therefore their combination in the process of realizing the terrestrial
reference frame. A specific outcome of the new AuScope telescope array will therefore be the further
characterization and mitigation of systematic error sources within geodetic VLBI and GNSS data
analyses.

Areas of activity include automated monitoring of the 26-m and 12-m telescopes to better un-
derstand thermally induced deformation, source structure and motion studies, and from a GNSS
perspective, investigations into the mitigation of spurious energy at harmonics of the GPS dra-
conitic year in coordinate time series. These are some of a number of sources of systematic errors
that bias the ITRF and hence limit geophysical interpretation from space geodetic data.
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Abstract

We present the state-of-the-art Russian VLBI network “Quasar”. Domestic observations are carried
out within the scope of two programs: Ru-U for the operational determination of Universal Time in
near real-time and Ru-E for the determination of EOP from 24-hour sessions. Correlation of the data
is performed at the IAA correlator ARC. The IAA Analysis Center performs data processing with the
QUASAR and OCCAM/GROSS software packages. We show the progress in the EOP determination
accuracy after upgrading the registration system to the R1002M DAS developed at IAA.

1. “QUASAR” Domestic Programs

Russian domestic EOP determination is very important for the GLONASS system and for the
international VLBI community due to its contribution to the improvement of station and source
positions and the densification of EOP time series.

Observations have been carried out within the scope of the domestic programs Ru-U and Ru-E
since 2006 [1]. Currently observation sessions are scheduled once a week on Fridays. One-hour
Ru-U sessions on the baseline Zelenchukskaya — Badary are performed for dUT1 determination
and 24-hour Ru-E sessions on the QUASAR network are for EOP determination. Before Ru-U
sessions are observed, Ru-F sessions with three scans for the entire network are run to check the
data transfer.

The observation schedule is compiled by the Technical Consulate for a year and is accepted ev-
ery month with necessary corrections. The Operating Center prepares the schedule file for current
observation sessions. Observation data from the 1-hour Ru-U sessions are transmitted to the IAA
correlator using e-VLBI data transfer. The 24-hour session media are shipped to the correlator by
air. The data correlation is carried out on the IAA correlator ARC (Astronomical Radiointerfero-
metric Correlator) [2]. Resulting NGS-files are available in the IAA ftp area [4]. The secondary
data treatment is performed at the IAA Analysis Center and results of EOP determinations are
placed in the IAA ftp area [5] (files veopi-ru.dat and veops-ru.dat for Ru-U and Ru-E results,
respectively).

The scheduling of sessions are performed with the NASA/SKED software adapted for Linux at
IAA. Schedules are optimized for the best estimation of EOP, clock, and tropospheric parameters.
Specifications of the Ru-U and Ru-E sessions are presented in Table 1.

In May and December of 2011 two week-long series of daily Ru-U sessions were successfully
carried out.
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Table 1. Specifications of the Ru-U and Ru-E sessions.

Program Ru-U Ru-E

Stations BdZc(Sv) SvZcBd
Duration, hours 1 24
Aim dUT1 EOP (Xpol, Ypol, dUT1, Xc, Yc)
Turn-around time 2 hours 3-5 days
Schedule weekly, Friday, 20:00UT weekly, Friday, 22:00UT
Range X/S X/S
Scan duration, min 1 1
Sources set 159 (>0.25 Jn) 63 (>0.5 Jn)
Number of sources per session 20 50
Sampling 1-bit 1-bit
Bandwidth, MHz 8 16
Data Rate, Mbit/s 256 512
Number of scans 20 300-350
Number of observations 20 1000

2. “QUASAR” Network Modernization

In 2011, a significant modernization of the “QUASAR” network was completed. As a result,
all observatories of the “QUASAR” network are equipped uniformly: a 32-m radio telescope with
low-noise receivers, frequency and time keeping systems with H-masers (VCH-1003M), control com-
puters, and recording terminals Mark 5B+, and DAS R1002M. The new digital DAS R1002M [3]
was designed and created at the IAA RAS. In 2011, the correlator control software was improved
to obtain near-complete automatical data transfer and processing in e-VLBI mode.

3. Results of EOP Determination

At the IAA Analysis Center, the QUASAR software is used for data analysis and the OC-
CAM/GROSS software is used for data verification. All data reduction procedures correspond
to IERS Conventions (2010). The celestial reference frame is fixed to the ICRF2 catalog of ra-
diosources, and the TRF is fixed to the station position catalog from our global solution [6].

Ru-U sessions are processed in automatical mode as soon as NGS-files become available after
correlation. Tropospheric gradients are not estimated in our data analysis.

Differences between EOP calculated from 24-hour Ru-E sessions and IERS EOP 08 C04 time
series are presented in Figures 1–5. The differences for dUT1 calculated from the Ru-U sessions
are presented in Figure 6. Figure 7 illustrates the same values for the sessions with e-VLBI data
transfer. For 38 Ru-E sessions in 2011, the mean RMS of EOP deviations from the IERS 08 C04
series were 1.0 mas for Pole position, 35 µs for UT1-UTC, and 0.37 mas for Celestial Pole position.
The RMS of the Universal Time deviations for 58 Ru-U sessions was 53 µs.
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Figure 1. Xpol: differences between IAA estimates and IERS EOP08 C04.
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Figure 2. Ypol: differences between IAA estimates and IERS EOP08 C04.
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Figure 3. dUT1: differences between IAA estimates and IERS EOP08 C04.
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Figure 4. Xc: differences between IAA estimates and IERS EOP08 C04.
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Figure 5. Yc: differences between IAA estimates and IERS EOP08 C04.
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Figure 6. dUT1: differences between IAA estimates (Ru-U) and IERS EOP08 C04.

-400

-200

 0

 200

 400

 2010  2011  2012

dU
T

1,
 µ

s

time, year

Figure 7. dUT1: differences between IAA estimates with e-VLBI data transfer and IERS EOP08 C04.

4. Supplementary Tests

We made additional tests to check the quality of our results. For comparison of EOP results
we used observations of IVS-R4 sessions with participation of all three stations of the “QUASAR”
network. The EOP were then determined from observations of the Svetloe, Zelenchukskaya, and
Badary stations selected from the NGS-files of IVS-R4 sessions. The number of selected IVS obser-
vations was smaller than for the domestic sessions (350–600 versus 600–800). The only difference
in data treatment was the estimation of tropospheric gradients when processing observations of
IVS sessions. The UT1 estimates from the Ru-U sessions were compared with the results from the
IVS-Int2 sessions (Wettzell-Tsukuba32) for 2011. Results of these tests are shown in Table 2.

Table 2. RMS of differences between “Quasar” network EOP results and IERS 08C04.

Domestic sessions IVS sessions
EOP Nsess RMS Nsess RMS

2011.2–2012.2 2007–2011

UT1-UTC, Int., µs 53 59 125 37
Xp, mas 30 0.72 34 0.73
Yp, mas 30 1.13 34 1.13
UT1-UTC, µs 30 35 34 37
Xc, mas 30 0.41 34 0.29
Yc, mas 30 0.39 34 0.34

The accuracy of the EOP calculated from the Russian domestic sessions is very close to the
accuracy of the EOP obtained from “Quasar” network observations from selected IVS sessions.
Nevertheless, careful analysis of effects such as the number of excluded observations or the unstable
work of some devices (channels in DAS and picosecond impulse generator) should be done. We
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hope that this analysis can improve the accuracy of the EOP from “Quasar” network domestic
sessions.
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Abstract

In the second half of September 2011 the continuous VLBI campaign CONT11 was observed. Thir-
teen globally distributed VLBI stations collected data for fifteen consecutive days without interruption.
In addition an ultra-rapid dUT1 determination demonstration was performed on the baseline Onsala–
Tsukuba yielding dUT1 estimates with very low latency during the ongoing CONT11 campaign. In this
paper we describe the planning and organization of the campaign, give an overview of the correlation
effort, and conclude with first analysis results from the campaign.

1. Introduction

The continuous VLBI campaign 2011 (CONT11) was observed with a network of thirteen
stations in the period from 15–29 September 2011 (see Figure 1). CONT11 constitutes the sixth

Figure 1. Observational network of thirteen stations of the CONT11 campaign.

continuous VLBI campaign following the successful observations of CONT94, CONT96, CONT02,
CONT05, and CONT08. As in previous campaigns, CONT11 acquired state-of-the-art VLBI data
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to demonstrate the highest accuracy of which the current VLBI system is capable. Among many
possible studies, the data will be used for high-resolution Earth rotation studies, investigations of
reference frame stability, and investigations of daily to sub-daily site motions.

2. Campaign Planning and Organization

The planning and organization of CONT11 commenced about a year prior to observing. The
Coordinating Center (CC) together with the Observing Program Committee reviewed the necessary
resources and analyzed test schedules. Furthermore, dedicated R&D experiments were observed,
and extensive station testing was performed under the direction of Brian Corey and Ed Himwich
to make sure that the participating stations were in good operating condition before CONT11.

The CC prepared the media usage and shipment schedules as well as the detailed observing
schedules and notes. The actual observing was done at a rate of 512 Mbps on the basis of UT days,
with each CONT11 day running from 0 UT to 24 UT. UT-day observing is needed to facilitate the
most accurate combination and comparison with results from other techniques. In order to avoid
observational gaps in the overall network, the station check times were organized in staggered
fashion at convenient and well-coordinated times for the stations (Figure 2) and were decoupled
from schedule change-overs between CONT11 days.

	  Station 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Bd
Ft
Hb
Hh
Kk
Ny
On
Tc
Ts
Wf
Wz
Ys
Zc

Monday	  through	  Friday Saturday	  &	  Sunday

Friday

Figure 2. Staggered station check times to avoid observational gaps for days two to fourteen of CONT11.

With the exception of the first and last CONT11 days, all CONT11 sessions had a one-hour
slot for each station to perform system and pointing checks. The stations observing Intensive
sessions were given two-hour slots. All stations were scheduled in tag-along mode during their
check periods so that they could resume observing as soon as possible.

3. Ultra-rapid dUT1 Determination

For the duration of the CONT11 campaign an ultra-rapid dUT1 determination was performed
on the baseline Onsala–Tsukuba. Dedicated fiber lines were set up in order to e-transfer the data
to the Tsukuba correlator. Near real-time correlation and analysis was performed using a sliding
window in the analysis with C5++. dUT1 estimates were obtained with very low latency during
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the ongoing CONT11 campaign and displayed on a dedicated Web page. Figure 3 shows the dUT1
estimates and the predicted values for the entire 15 days.

Figure 3. Continuously estimated dUT1 values using C5++ over the full 15 days of the CONT11 campaign.

4. Correlation

For logistical ease and consistency of results, and to gain experience in VLBI2010-type load,
correlation was performed at a single correlator: the Washington Correlator correlated the entire
CONT11 data set. The correlation parameters, such as station clock values, were kept as smooth
and continuous as possible. The clocks for each station were set by examining and fitting the
‘fmout-gps’ values supplied by the stations (plotted in Figure 4 for six stations). Test correlations
were done using the various phase cal tones to try to determine the tones with the least problems
over all stations (see, e.g., Figure 4). The final tones (5010 for X-band and 3010 for S-band) were,
at the least, no worse than any other set over all stations and 15 days. The final clock values used
for correlation are listed in Table 1.

Appendix I

Clock Plots

Note: the “clock-jump” at HARTRAO is not real but reflects a change in the GPS reference receiver

Appendix I

Clock Plots

Note: the “clock-jump” at HARTRAO is not real but reflects a change in the GPS reference receiver

Figure 4. Clock behavior (‘fmout–gps’) during CONT11 as exemplified at six stations. The clock jump at

HartRAO (Hh) is not real but rather is due to a change of the GPS reference receiver.
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Table 1. Clock values used for correlating CONT11.

‘fmout–gps’ Used clock Rate
Station

[µsec] [µsec] [×10−12]
Comments

Bd −2.07 −1.34 0.185 before 266–0000
−1.20 0.160 266–0000 through 269–2109
−1.45 0.280 after 269–2109

Ft 0.55 −7.41 0.216
Hb 21.20 23.87 0.042
Hh 7.97 8.54 0.006
Kk 4.19 5.19 −0.072
Ny −11.99 −11.59 0.436
On −18.31 −26.23 0.498
Tc 0.72 0.97 −0.0494
Ts 0.53 1.85 −0.167
Wf 10.75 10.86 0.008 before 264–1930

10.75 10.78 0.008 after 264–1930
Wz −23.34 −31.08 −0.106
Ys 1.01 0.95 0.361
Zc −1.66 −1.29 0.016

5. First Results

In the correlation process about 10% of the data were removed. The overall quality of the data
after correlation is compiled in Table 2. About 97% of the correlated data has quality codes in the
range 5–9.

Table 2. Overall correlation results in terms of quality codes.

Qcode % of total scans % of corr. scans

5–9 87% 97%
0 2% 2%

B–H 1% 1%

The average formal errors for the EOP are comparable to those of the two previous CONT
campaigns. The formal errors are slightly worse in x- and y-pole and universal time, whereas the
nutation parameters are better determined (Table 3). The baseline length repeatabilities (scatter)
are comparable for the last three CONT campaigns for shorter baselines up to 6,000–7,000 km.
For long baselines (8,000-12,000 km) CONT11 has less scatter than the CONT05 or CONT08
campaigns (Figure 5). The scatter in baseline lengths can be reduced by accounting for correlated
noise between the observations at the same epoch (scan) on baselines that have a common station
(Figure 6). To get a measure of the quality of the polar motion estimates we compared them with
GPS estimates. The CONT11 estimates agree much more closely with GPS results (IGS final
series) than polar motion from previous continuous VLBI campaigns (Table 4).
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Table 3. Average EOP formal errors.

xp yp dUT1 ψ ε
Campaign

[µas] [µsec] [µas]

CONT05 34 33 1.4 69 27
CONT08 36 34 1.5 59 23
CONT11 37 37 1.6 43 17

Table 4. VLBI–GPS EOP differences.

X Y
Campaign

WRMS χ2 WRMS χ2

CONT05 65 2.7 40 1.1
CONT08 48 1.4 48 1.6
CONT11 33 0.8 31 0.7

Figure 5. Baseline length scatter of the last three CONT campaigns.

Figure 6. Reduction of baseline length scatter in CONT11 when correlated noise is taken into account.

6. Conclusions

CONT11 is one of the best continuous VLBI campaigns observed yet. It can be considered
as a precursor to VLBI2010 continuous observing. Specifically, the staggered individual station
check times effectively prevented observational gaps which had caused discontinuities in the high-
frequency EOP series in earlier campaigns, and session days were from 0 UT to 24 UT conforming
with observing by other geodetic techniques. In terms of analysis results, baseline length repeata-
bilities and polar motion estimates were better than in previous CONT campaigns. The high
quality of this continuous set of data will certainly be valuable for geophysical investigations.
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Abstract

The AuScope VLBI array consists of three Australian 12-m telescopes located in Hobart (Hb),
Katherine (Ke), and Yarragadee (Yg). The full array commenced operations with the IVS in June
2011. The telescopes are operated by the University of Tasmania and are all controlled from an
operations center at the University’s main campus. With two telescopes located in distant remote sites
with limited local support, it has been vital to have a reliable and comprehensive remote observing
system. A short outline of the system and the current performance of the telescopes is given below.

1. Introduction

With three telescopes separated by ∼3000 km from each other, and with limited local support
available at two sites, a reliable system for remote operation and monitoring is critical. This report
outlines the system in use for the AuScope array as well as the current performance of the AuScope
telescopes. For a more complete overview of the AuScope array and its role in IVS operations,
please refer to Lovell et al. 2012 (this volume).

2. Control & Monitoring Systems for Remote Operations

The control of the AuScope array is carried out from an operations center, located on the Uni-
versity of Tasmania campus. The individual telescopes are connected to the University’s network.
Each site has two independent network connections to provide reliable access.

The AuScope antennas use a standard PCFS configuration (using the current 9.10.04 version)
with customized modules for antenna control and system monitoring. The PCFS host machines
are server-class machines using RAID file systems for reliability.

Control and monitoring of the experiments is carried out using the eControl interface for the
field system, together with the Open-MoniCA system. eControl was developed by [1] and offers
significant benefits in bandwidth usage and connection reliability for the remote sites, compared to
alternatives such as VNC. The MoniCA system was originally designed for the Australia Telescope
Compact Array (ATCA), and it collects information on the observing system from a number of
monitoring points. For the AuScope array, this encompasses supply voltages for the receiver elec-
tronics, temperature and humidity in the antenna structure, wind conditions, drive parameters,
generator battery voltages, and so on. Most of the analog interfaces are provided by PICAXE-
based devices which are interfaced to MoniCA via simple TCP servers. All of the information
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collected by MoniCA is permanently logged to assist in post-facto fault finding. A real-time mon-
itoring system is also present to detect any faults when they occur, and to warn the operator.
Informational displays are used in the control center to provide operators with a summary of im-
portant information. The open-MoniCA system in currently under active development to improve
its performance and to offer a number of new features such as a Web-interface system and finer
control of the alarm system.

All the systems in the AuScope array have been standardized as much as possible, in order to
make troubleshooting and replacement of units easier. The basic operation of the array consists
of a number of modular units. The IF signal first passes through the IF unit, and then into the
DBBC for sampling. The sampled data is then recorded to disk using a Mark 5B+ unit. All of
the IF and recording systems are controlled by the PCFS machine.

The IF unit consists of four IF chains (RCP and LCP of S- and X-band), each with tuned
cable compensators, IF amplifiers, and independent controllable attenuator array. The output of
each IF is split with two outputs going to the inputs of the DBBC conditioning modules, together
with one other output as an analog monitor point. In usual operation, these monitoring points
are connected to a remotely controlled selector device which determines the input to the Agilent
power sensor. A network-accessible spectrum analyzer is also connected to this analog monitor
point. This is particularly useful for detecting the presence of RFI.

3. Performance

During the commissioning of the antennas and after any work on the receiver system, the
system temperature is measured using a warm load. Using the nominal LNA temperatures, the
inferred system temperature is generally in the range of 85-90 Kelvin for a system in good order.
The SEFD of the telescope was estimated using sources from the [2] catalog as flux calibrators,
primarily Virgo A and Hydra. The zenith SEFD of the AuScope antennas is estimated at ∼3500
Jy for both S- and X-band. A plot of the current performance of the Hobart 12-m telescope is
included in Figure 1.

The gain of the telescope was measured using observations of sources that transit near to the
zenith. The amplitude of the sources relative to the noise diode was measured at elevations between
10 and 85 degrees. At S-band, there is no evidence for any change with respect to elevation with
an estimated aperture efficiency of 60%. At X-band, the optimal gain is seen at an elevation of
55 degrees, and a slight decrease is apparent toward the zenith and horizon. The peak aperture
efficiency is 63.8%, decreasing to 60% at the zenith. The gain curve was estimated via a polynomial
fit which is included here and shown in Figure 2.

ApertureEfficiency = −2.77 × 10−5 El2 + 3.03 × 10−3 El + 0.555 (1)

The pointing model is currently implemented through the drive controller itself, which accounts
for structural offsets such as tilts and encoder offsets. The RMS pointing accuracy across the sky
is estimated at 45 arcseconds. The effect of these pointing errors should be a loss of ≤ 1% at X-
band. The pointing model and error estimates were obtained using grid-like observations. Further
improvements should be possible using cross-scans of the source. While the antenna controller
does support this, it is not presently integrated into the field system.
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Figure 1. SEFD performance of the Hobart 12-m telescope. The X-band measurements are in black with

the different symbols indicating the source. The S-band observations have been averaged across elevation

and are plotted are in red. The averaging was necessary as S-band is considerably noisier due to terrestrial

interference. The S-band system was suffering from a slightly elevated system temperature when these

measurements were made.

Figure 2. Estimated aperture efficiency for the Hobart 12-m telescope.
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Abstract

Ka-band (32 GHz, 9 mm) Very Long Baseline Interferometric (VLBI) networking has now begun
and has tremendous potential for expansion over the next few years. Ka-band VLBI astrometry from
NASA’s Deep Space Network has already developed a catalog of ∼470 observable sources with highly
accurate positions. Now, several antennas worldwide are planning or are considering adding Ka-band
VLBI capability. Thus, there is now an opportunity to create a worldwide Ka-band network with
potential for high resolution imaging and astrometry. With baselines approaching a Giga-lambda, a
Ka-band network would be able to probe source structure at the nano-radian (200 µas) level (100X
better than Hubble) and thus gain insight into the astrophysics of the most compact regions of emission
in active galactic nuclei. We discuss the advantages of Ka-band, show the known sources and candidates,
simulate projected baseline (uv) coverage, and discuss potential radio frequency feeds. The combination
of these elements demonstrates the feasibility of a worldwide Ka network within the next few years!

1. Introduction

Ka-band is ∼32 GHz or 9 mm wavelength. It is found between the 22 GHz water line and the
60 GHz O2 line. At Ka-band sources tend to be core-dominated because the extended structure
in the jets tends to fade away with increasing frequency. There are 21 VLBI antennas worldwide
that either have, are planning, or are considering Ka-band capability (Figure 1 and Tables 1 and
2).
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Figure 1. Ka-band station distribution. Note clusters in Europe and Australia. Credit: Google maps.

Table 1. Ka-band European VLBI sub-net.

Station Location Diameter Bands Time frame
Robledo Spain 34 S,X,Ka now
Cebreros Spain 35 X,Ka now
Effelsberg Germany 100 Ka now
Wettzell Germany 13 S,X,Ka 2012

RAEGE
Yebes Spain 13 S,X,Ka 2013
Canaries Spain 13 S,X,Ka 2013
Santa Maria Azores 13 S,X,Ka 2014
Flores Azores 13 S,X,Ka 2014

Russian sub-net
Kazan Russia 12 S,X,Ka TBD
Kislovodsk Russia 12 S,X,Ka TBD
Effelsberg supports only linear polarization

Advantages of Ka: There are several advantages of Ka-band. The short 9-mm wavelength and
long baselines approaching a Giga-lambda allow for resolutions approaching 200 µas. The sources
are more compact than at X-band, which should reduce source structure effects and core shifts.
Ka-band allows for higher telemetry rates for spacecraft communications by +5 to +8 dB as well
as smaller lighter RF spacecraft systems. Ka-band avoids S-band RFI issues. Ionosphere and solar
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Table 2. Ka-band Pacific VLBI sub-net.

Station Location Diameter Bands Time frame
Tidbinbilla Australia 34 X,Ka now
Narrabri Australia 6x22 Ka now
Mopra Australia 22 Ka now
Parkes Australia 12 S,X,Ka TBD

Auscope+NZ
Hobart Australia 12 S,X,Ka now/TBD
Katherine Australia 12 S,X,Ka now/TBD
Yarragadee Australia 12 S,X,Ka now/TBD
Warkworth New Zealand 12 S,X,Ka now/TBD

N. Pacific Outriggers
Kashima Japan 34 Ka now
Usuda Japan 45 S,X,Ka 2018

E. Pacific Outrigger
Goldstone California 34 X,Ka now
Mopra and Narrabri support only linear polarization

plasma effects are reduced by a factor of 15 compared to X-band, thus allowing observations closer
to the Sun or the Galactic center.

Disadvantages of Ka: Because Ka-band is near the 22-GHz water line, Ka-band is more weather
sensitive and has higher system temperatures than comparable systems at X-band. Because Ka-
band has a shorter wavelength than X-band, coherence times are shorter thus limiting the potential
for longer integrations on source. Some sources are weaker or resolved. Antenna pointing is more
difficult, but Rochblatt et al. (2007) have demonstrated Ka-band blind pointing over the full sky
for large 34-m antennas. The net effect is to reduce system sensitivity, but advances in recording
technology are rapidly compensating (e.g., Whitney, 2012).

2. X/Ka-band Radio Catalog

A catalog of ∼470 Ka-band sources exists. Based on comparisons to the S/X-based ICRF2
(Ma et al., 2009) accuracy is 200 to 300 µas (Garćıa-Miró et al., 2012; Jacobs et al., 2011). The
south polar cap is not yet covered, but a pilot project is underway (Horiuchi et al., 2012) using
144 of the 498 candidates identified by Sotuela et al. (2011). Thus sufficient sources are available
for geodesy, global astrometry, and differential VLBI phase calibration.

3. Network Geometry and UV Coverage

How strong is the potential for imaging? To answer this question, we made simulations (AIPS,
AU/NSF) of the set of projected baseline lengths generated as the Earth rotates (uv coverage).
The Euro sub-net can cover out to ∼600 Mega-lambda. The south Pacific sub-net can cover out
to ∼500 Mega-lambda, with both arrays having potential for almost a Giga-lambda if outriggers
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in the U.S. and/or Japan are added. Figure 2a shows uv coverage for the Euro net (Table 1) for
a circumpolar source at Dec= +75◦. Figure 2b shows the south pacific sub-net with Japanese
outriggers added to extend North-South coverage to ∼800 Mega-lambda. In summary, there is
potential for imaging at the few 100 µas level.
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b) S. Pacific net + Japan outrigger: Dec −30◦.

Figure 2. Ka-band network UV coverage examples.

4. Feeds for X/Ka and S/X/Ka-bands

Ka-band capable feeds are a key element required for a functioning Ka network. NASA’s Deep
Space Network (DSN) has had X/Ka feeds for over a decade in its 34-m antennas (e.g., Chen et al.,
1993 and 1996; Stanton et al., 2001). More recently, several designs have appeared for 12-m class
antennas intended for geodesy in the IVS2010 era. Hoppe & Reilly (2004) designed an X/Ka feed
for the (then) Patriot 12-m antenna. Twin Telescopes Wettzell (TTW) is designing an S/X/Ka
feed (Goldi, 2009). The RAEGE project is also designing an S/X/Ka feed (Tercero, 2012; and
López-Pérez et al., 2012). Thus there are sufficient feed designs to equip antennas at Ka-band.
As a proof-of-concept, the first Ka-band fringes outside the DSN were obtained on the DSS-55 to
Effelsberg baseline on 2011 day-of-year 223 with source OT 081 recording at 448 Mbps.

5. Conclusions and Future Prospects

Ka-band (32 GHz, 9 mm) Very Long Baseline Interferometric (VLBI) global networking is
feasible within the next few years. Ka-band VLBI astrometry from NASA’s Deep Space Network
has already developed a catalog of observable sources with highly accurate positions. Now a
number of antennas worldwide are planning to add or are considering adding Ka-band VLBI
capability. Thus, there is now an opportunity to create a worldwide Ka-band network capable of
high resolution imaging and astrometry. With baselines approaching a Giga-lambda, a Ka-band
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network would be able to probe source structure at the nano-radian (200 µas) level (100X better
than Hubble) and thus gain insight into the astrophysics of the most compact regions of emission in
active galactic nuclei. We discuss the advantages of Ka-band, show known sources and candidates,
simulate uv coverage, and discuss potential RF feeds. First Ka fringes outside the DSN were
demonstrated in 2011. Ka fringe tests from the DSN to TTW and RAEGE are being planned for
late 2012. All these things demonstrate that a worldwide Ka-band network is feasible within the
next few years!
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[3] Garćıa-Miró, C., et al., ‘X/Ka-band Extragalactic Reference Frame,’ IVS GM, Madrid, Spain, 2012.
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Abstract

The Chinese lunar exploration spacecraft Chang’E-3 satellite will be launched during 2012-2013.
In this mission, the two kinds of probes, lander and rover, will arrive at the surface of the moon. It
will bring new challenges to technology and theories compared with traditional VLBI in current CE
missions. As the ∆DOR and SBI methods are adopted, the old models are updated synchronously.
Besides, after the lander lands it will stand still on the moon as time passes. Observations at varying
times at stationary coordinates within the body-fixed system of the moon will be accumulated, an
adjusted algorithm will be used, and the precision of angular position should be greatly improved.
Moreover, the rover will move and stop in different sessions. So the D-VLBI models will also be different
in the two situations, and the Kalman filter method will be introduced to solve the parameters. This
paper reports the simulation analysis results in all the above cases in the CE-3 mission, including the
verification of positioning models, discussions aiming at the possible problems that arise in practice,
precision evaluation, etc.

1. Introduction

As the development of advanced technology of deep space exploration, increasingly more targets
were gradually selected to be observed, including the moon, as a hot topic in recent years. It was
appealing to about one hundred circumvolant lunar spacecrafts launched by different countries.
The Chinese Chang’E lunar exploration project was initiated in 2004. The main means adopted
are to process the VLBI observations in near real time, taken in charge by the orbit determination
subsystem-Shanghai Astronomical Observatory. The Chang’E lunar exploration is divided into
three stages: orbiting, landing, and returning. During the orbiting stage, CE-1 and CE-2 probes
were successfully launched in 2007 and 2010 respectively. They flew around the moon and took
photos of possible landing areas, which would be used as a significant reference for the task of
the next stage, soft-landing and lunar surface walking in the CE-3 mission. Specifically, the
CE-1 experienced earth-moon transfer phase through several time orbital adjustments, entered a
near circular orbit around the moon at the height of approximately 100 km, and finally made a
controlled landing on the moon after 494 days of continuous observation were accumulated in 2009
[1]. Whereas, CE-2 was directly injected into the trans-lunar orbit, entering into a 100×100 km
orbit and descending to 15 km to obtain the photograph of Sinus Iridum area. The noise of time
delay is at the level of 2-5 ns in the CE-1 mission. Since positioning results mainly depend on the
precision of the observation due to the characteristics of the Instantaneous State Vector method
[2], the traditional VLBI solution can only reach the precision of level 1. Nevertheless, it can play a
pivotal role in the orbital maneuver such as lunar capture, soft-landing, surface walking, etc. The
orbit elements were used to demonstrate the evolution of the orbital figure and location in real time.
As great improvements, the X-band experiment was observed during the period. DBBC replaced
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ABBC to overcome the non-linear phase frequency response, and more GPS and extragalactic
radio sources were adopted to fit the clock drifts and calibrate the instruments’ delay. In addition,
bandwidth synthesis of X-band signal with 40 MHz bandwidth was used in the post-processing
mode. In the post-processing mode, the delay data noise reaches 0.2 ns with an improvement of 1
order of magnitude compared with E-1 [3]. ∆DOR technology was also introduced to eliminate or
abate the common errors in the radial direction. In follow-on CE-3 mission, ∆DOR and SBI (Same
Beam Interferometry) methods were taken to achieve higher precision [4]. This paper presents the
relative theoretical models and corresponding results with simulation data.

2. Data Simulation and Strategies

• Static positioning for lander

In the follow-on CE-3 mission, the lander will stop on the moon for automatic exploration.
During this period, observations will be accumulated at varying times. Under this condition,
the multi-wave front and multi-station solution will be possible instead of same wave-front.
We generated a uniform and smooth satellite orbit in the Geocentric Celestial Reference
Frame with fixed lunar latitude and longitude of 30 and 40 degrees respectively. Time series
of delay, rate, USB ranging and doppler for October 2012 were obtained hypothetically
according to the orbit. EOP predictions for the whole year from EOP-PCC were adopted.
The sampling interval was five seconds. The random errors added on time delay and ranging
were set to different values to test the positioning ability. The main strategy for this case
has to divide all the time into several sessions and then solve for the positions with different
time sessions and different observation noise. Time delay and ranging were used as the
observations. The observation equation and corresponding deviation are as follows:

For time delay,

cτ = ρ2 − ρ1 = |−→r0 −−→r2 | − |−→r0 −−→r1 |
∂cτ
∂−→r0 = (−→r0−−→r2)

ρ2
− (−→r0−−→r1)

ρ1

For ranging,

r = ρ2+ρ1
2

∂ρ

∂−→r0 =
(
−→r0−−→r2 )

ρ2
+

(
−→r0−−→r1 )

ρ1
2

ρ1 and ρ2 are the distances from the lander to two stations respectively; −→r0 ,−→r1 , and −→r2 are
the vectors in the geocentric frame of the lander and two receivers. τ is the time delay, and
r is the average of the distances from the lander to each station.

• Relative positioning for the lander and the rover when they stand still;

When the rover also lands on the lunar surface, delay and rate will be the observation. The
differential model for both lander and rover were expressed as follows,

cδτ = (ρ4 − ρ3)− (ρ2 − ρ1)
ρ1 and ρ2 are the distances from the lander to each station. ρ3 and ρ4 are the distances from
the rover to each station.

The derivative with respect to the position of the rover in the GCRF was as follows,

∂cδτ
∂−→rr = (−→rr−−→r2)

ρ4
− (−→rr−−→r1)

ρ3
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−→rr , −→rl , −→r1 , and −→r2 are the position vectors in the GCRF of the rover, the lander, and the two
stations.

Suppose the relationship between −→r and −→v is linear during every short time interval.
∂cδτ
∂−→v0 = ∂cδτ

∂−→rr ∆t

−→v0 is the velocity of the rover. ∆t is the time interval during which a linear relationship
between coordinate and velocity is assured.

As for the rate, the observation equation will be as follows,

cτ̇ = (−→r2−−→rr )(−→v2−−→vr )
ρ4

− (−→r1−−→rr )(−→v1−−→vr )
ρ3

−→v1 , −→v2 , and −→vr refer to the velocity of the two stations and the rover, respectively.

The derivative with respect to the position and the velocity of the rover in the GCRF are
expressed as follows,

∂cδτ̇
∂−→rr =

(−→vr−−→v2)ρ24−(−→rr−−→r2)2(−→vr−−→v2)
ρ34

− (−→rr−−→r1)ρ23−(−→rr−−→r1)2(−→vr−−→v1)
ρ33

∂cδτ̇
∂−→vr = ∂cδτ̇

∂−→rr δt

• When the rover walks on the lunar surface, the relative model will be similar to the above
case, but with the Kalman filter algorithm introduced into the solution. The basic formulas

are as follows: status transfer matrix is φ =



1 δt
1 δt

1 δt
1

1
1


X̂k,k−1 = f(X̂k−1, k − 1)

Dk,k−1 = Φk,k−1Dk−1Φ
T
k,k−1

Kk = Dk,k−1H
T
k [HkDk,k−1H

T
k +Rk]

−1

X̂k = X̂k,k−1 +Kk[Zk − h(X̂k,k−1, k)]

Dk = [I −KkHk]Dk,k−1

X̂k,k−1 and X̂k−1 are the positions in the K and K-1 epoch. f is the relationship equation
between the two vectors. Dk,k−1 and Dk−1 represent the corresponding covariances. Zk is
the observation, and h is the relative coefficient matrix. The above equation will be used
iteratively to solve for D and X in every epoch.

3. Results Analysis

Table 1 shows the precision with different systematic errors in case 1. As the observation error
increases, the position accuracy will decrease. In the table, B, L, and R represent the latitude,
the longitude, and the selenocentric distance of the lander in the body-fixed system of the moon,
respectively.

As is shown in Figure 1, with the different random errors, the precision will be better than 1 m
after 10 minutes of accumulated observations except in the case in which two stations are removed.
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Table 1. Comparison with different systematic errors with range constraint (unit: m).

0 sys 0.1 ns sys 0.2 ns sys 0.5 ns sys 1 ns sys

5
B 0.013± 2.553 55.814± 2.553 111.165± 2.553 277.786± 2.554 555.470± 2.554
L 0.027± 5.257 120.918± 5.258 240.842± 5.259 601.996± 5.261 1204.143± 5.264
R -0.019± 3.698 -84.685± 3.697 -168.651± 3.697 -421.364± 3.696 -842.224± 3.694

10
B 0.006± 1.805 118.845± 1.805 237.236± 1.805 593.020± 1.805 1185.913± 1.806
L 0.012± 3.716 250.878± 3.717 500.817± 3.718 1252.333± 3.721 2505.710± 3.726
R -0.008± 2.614 -175.992± 2.613 -351.244± 2.613 -877.675± 2.611 -1753.962± 2.608

20
B 0.012± 1.274 135.611± 1.274 270.868± 1.275 676.966± 1.275 1353.756± 1.275
L 0.025± 2.624 285.430± 2.625 570.143± 2.625 1425.489± 2.628 2852.309± 2.632
R -0.017± 1.845 -200.255± 1.845 -399.902± 1.844 -999.021± 1.843 -1996.235± 1.841

30
B -0.011± 1.038 137.474± 1.038 274.660± 1.038 685.543± 1.038 1370.854± 1.039
L -0.022± 2.137 289.242± 2.138 577.903± 2.138 1443.033± 2.141 2887.323± 2.144
R 0.016± 1.503 -202.917± 1.503 -405.320± 1.502 -1011.240± 1.501 -2020.556± 1.499

Figure 1. Positioning results comparison with different errors in the observations.

4. Conclusion

In the follow-on CE-3 mission, the lander and the rover will be sent onto the moon. Positioning
for the two targets in different phases will be significant for the project accomplishment. This paper
presented the methods to position in the three cases in the CE-3 mission and analyzed the results
from each case. Adding different systematic errors and random errors will influence the positioning
results. To achieve the precision of 1 m order of magnitude, the integration interval should be more
than 10 minutes.
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Abstract

The development of software is a creative process, which offers a huge degree of freedom. In
scientific fields a lot of researchers develop their own software for specific needs. Everyone has their
own preferences and backgrounds regarding the used programming languages, styles, and platforms.
This complexity results in software which is not always directly usable by others in the communities. In
addition, the software is often error-prone as hidden bugs are not always revealed. Therefore ideas came
up to solve these problems at the Geodetic Observatory Wettzell. The results were coding layouts and
policies, documentation strategies, the usage of version control, and a consistent process of continuous
integration. Within this, the discussed quality factors can define quality metrics which help to quantize
code quality. The resulting software is a repository of tested modules that can be used in different
programs for the geodetic space techniques. This is one possible contribution to future GGOS stations.

1. Introduction

Source code is just an individual representation of an algorithm prepared for a processing plat-
form. Such representations can have very individual forms and are expressions of the programmer.
But software quality is also dependent on a clear structure, readability, and used mechanisms as
errors can be hidden behind unstructured and unreadable code text, thus making it very difficult
to maintain. Figure 1 shows how dense but unreadable code can be written. The program really
solves the task to position N queens on an NxN chess board so that one code is not in the way of
another.

Figure 1. A code snippet from “The International Obfuscated C Code Contest” demonstrates how dense

but unreadable codes can become [7].

Another problem is the testing behavior of developers with their source code especially in
the scientific field. While the industry has dedicated certifications, scientific programs are almost
untested, even if the developers perform tests. Dependencies on compilers and platforms or sketchy
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function checks reduce the re-usability and even the functionality of a program. Based on this the
authors of this article made a private initiative and used ideas, discussed in another article of these
proceedings [5], to realize a continuous integration environment, which is also accessible for other
scientists. This service is offered on a private Web site of the authors and is currently for free.

2. Continuous Integration as e-service for the Community

Continuous integration means that the newest versions of source code are downloaded from a
version control system and are used for automated, daily inspections. Static code checks, nightly
builds for different platforms and multiple compilers, code beautifier runs, documentation gener-
ators or even unit tests can be started automatically on the latest software version to check the
included source code. The results of these inspections are converted to HTML pages. These are
published on the e-service homepages [3] in password restricted areas, to which only the developers
of the project can get access. Therefore, each developer can use this information to detect and fix
possible problems in the code. Figure 2 gives an example of the service.

Figure 2. Continuous integration mechanisms as e-service for the science community.

Full effectiveness of the service is only given when the following items are under consideration:

• Reduction to a few software languages (to reduce needed checker tools and complexity).

• A style guide with coding layout and coding policies (to offer a unique style and become
comparable between projects in terms of code metrics).

• A general way to use legacy codes (to include older codes, e.g., written in Fortran).

• Documentation generation (to get the developers documentation automatically, which can
be very detailed if special identifiers and structures are used within the code).
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• Automated code tests and inspections (to find errors which are not found by the compilers
and to classify software quality in the sense of a quantitative metric).

• Version control (to support the continuous integration workflow with a version management).

• Offering of tested, open source toolboxes (to have reusable, well tested modules).

3. The e-service Chain of Tools

The offered environment combines several Open Source tools and concentrates on C/C++
codes (some tools can also deal with other languages, e.g., the document generator). While the
tools themselves are just a loose collection, the e-service combines them into a powerful unit,
offering quick-look overviews (e.g., in the form of smiley matrices, see Figure 3), well-formatted
HTML outputs and statistics graphs, or to see the historical development of errors. The goal is
to offer a low-level, general metric. Metrics try to classify software with quantitative parameters,
which can be measured. Such parameters are not always clearly interpreted. But lines of code,
found errors, found platform dependencies, number of updates, number of new lines, etc., can give
a feeling about the current status of the code. The tools in the e-service environment help to
acquire such parameters. The currently offered tools are:

• Static program analysis (cppcheck [2]).

• Spell check of program and text files (codespell [1]).

• Extracting of development information (StatSVN [10]).

• Find non-reentrant functions in code (nsiqcppstyle [8]).

• Find security problems (Flawfinder [6]).

• Detect common printf/scanf format errors (pscan [9]).

• Generate developer documentation based on Doxygen [4]).

• Detect redundant files in the repository (own development).

Figure 3. The quick-look overview about the project status in the form of a smiley matrix.

The inspections and checks can be run daily or weekly. The environment is also flexible enough
to deal with TAR-archives if no version control repository is available. But then the workflow of
continuous integration is not as effective as it might be as the response times in the development
process increases.
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4. Impressions from the e-service

The environment can be used to portray a certain emotion about the software status. The
quick-look overview with the smiley matrix gives a first impression about the project status (see
Figure 3). The statistics can be used to classify the software quality. Lines of code or found errors
over time give an overview about the historic progress in a project (see Figure 4). The statistics
can also be used to show the regular work in a project, for funding institutions, and for splitting
the contribution to the different developers (see Figure 5).

Figure 4. Statistics help to obtain an impression of the historic progress in a project over time.

5. Summary and Outlook

This continuous integration workflow reduces the amount of severe issues during the whole
development phase. The e-service environment is a private initiative of the authors to help in
improving the software in scientific developments and is open to others. The service is currently
for free but the capacities are limited. Therefore, registrations can only be made by contacting
the authors by email so that load balances and maximum transfer capacities are not overrun and
to reduce costs for the authors. Currently the DiFX community uses this service on the e-Control
Software Web page [3]. Also the NASA Field System is intermittently checked.
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Figure 5. The contribution can be clearly allocated to developers to demonstrate the regular progress and

the individual participation in funded projects.
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Abstract

I present an overview of the “openDB format” for storing, archiving, and processing VLBI data.
In this scheme, most VLBI data is stored in NetCDF files. NetCDF has the advantage that there
are interfaces to most common computer languages including Fortran, Fortran-90, C, C++, Perl, etc,
and the most common operating systems including Linux, Windows, and Mac. The data files for a
particular session are organized by special ASCII “wrapper” files which contain pointers to the data
files. This allows great flexibility in the processing and analysis of VLBI data. For example it allows
you to easily change subsets of the data used in the analysis such as troposphere modeling, ionospheric
calibration, editing, and ambiguity resolution. It also allows for extending the types of data used, e.g.,
source maps. I present a roadmap to transition to this new format. The new format can already be
used by VieVS and by the global mode of solve. There are plans in work for other software packages
to be able to use the new format.

1. Introduction

Table 1. Original membership in Working Group 4.

Chair John Gipson

Analysis Coordinator Axel Nothnagel

Correlator Representative Roger Cappallo

GSFC/Calc/Solve David Gordon
Leonid Petrov

JPL/Modest Chris Jacobs
Ojars Sovers

Occam Oleg Titov
Volker Tesmer

TU Vienna Johannes Boehm

IAA Sergey Kurdobov

Steelbreeze/MAO Sergei Bolotin

Observatoire de Paris/PIVEX Anne-Marie Gontier

NICT Thomas Hobiger
Hiroshi Takiguchi

At the 15 September 2007 IVS
Directing Board meeting I proposed
establishing a “Working Group on
VLBI Data Structures”. The thrust
of the presentation was that, al-
though the VLBI database system
has served us very well these last
30 years, it is time for a new data
structure that is more modern, flex-
ible, and extensible. This pro-
posal was unanimously accepted, and
the Board established IVS Working
Group 4 (WG4). Quoting from the
IVS Web site [1]: “The Working
Group will examine the data structure
currently used in VLBI data process-
ing and investigate what data struc-
ture is likely to be needed in the fu-
ture. It will design a data structure that meets current and anticipated requirements for individual
VLBI sessions including a cataloging, archiving and distribution system. Further, it will prepare
the transition capability through conversion of the current data structure as well as cataloging and
archiving softwares to the new system.”
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Any change to the VLBI data format affects everyone in the VLBI community. Therefore, it
is important that the working group have representatives from a broad cross-section of the IVS
community. Table 1 lists the original members of WG4 together with their affiliation at that time.
The initial membership was developed in consultation with the IVS Directing Board. On the one
hand, we wanted to ensure that all points of view were represented. On the other hand, we wanted
to make sure that the size did not make WG4 unwieldy. The composition and size of WG4 is a
reasonable compromise between these two goals. My initial request for participation in WG4 was
enthusiastic: everyone I contacted agreed to participate with the exception of an individual who
declined because of retirement.

Since the formation of Working Group 4 there have been several changes. I am sad to note
the passing of Anne-Marie Gontier. Leonid Petrov has also left the Goddard VLBI group and
is no longer active in WG4. The work of both of these scientists served as inspiration for initial
discussions of WG4, and many of their ideas live on in the work of this group. The affiliation of
other scientists has changed, and some have retired.

2. History of Working Group 4

WG4 held its first meeting at the IVS 2008 General Meeting in St. Petersburg, Russsia. This
meeting was open to the general IVS community. Roughly 25 scientists attended: ten WG4
members and 15 others. This meeting was held after a long day of proceedings. The number of
participants and the lively discussion that ensued is strong evidence of the interest in this subject.
A set of design goals, displayed in Table 2, emerged from this discussion. In some sense the design
goals imply a combination and extension of the current VLBI databases, the information contained
on the IVS session Web pages, and much more information [2].

During the next year the working group communicated via email and telecon and discussed
how to meet the goals that emerged from the St. Petersburg meeting. A consensus began to emerge
about how to achieve most of these goals.

The next face-to-face meeting of WG4 was held at the 2009 EVGA meeting in Bordeaux,
France. This meeting was also open to the IVS community. At this meeting a proposal was put
forward to split the data contained in the current Mark III databases (MK3-db) into smaller files
which are organized by a special ASCII file called a wrapper. Some of the characteristics and
advantages of this approach were summarized. Overall the reaction was positive.

In the summer of 2009 I worked on elaborating these ideas, and in July I circulated a draft
proposal to Working Group 4 members. At the same time I began a partial implementation of
these ideas and wrote software to convert a subset of the data in a Mark III database into the new
format. This particular subset included all data in NGS cards and a little more. The subset was
chosen because many VLBI analysis packages including Occam, Steelbreeze, and VieVS can use
NGS cards as input. In August 2009 three VLBI sessions in the new format were made available
via anonymous FTP: an Intensive, an R1, and an RDV.

Andrea Pany of the Technical University of Vienna developed an interface to VieVS working
with the draft proposal. This work was later modified by Matthias Madzak. During this process
the definition of a few of the data items needed to be clarified, which emphasizes the importance
of working with the data hands on. At NASA’s Goddard Space Flight Center, Sergei Bolotin
interfaced a variant of this format to Steelbreeze. Steelbreeze uses its own proprietary format, and
one motivation for interfacing to the new format was to see if there was a performance penalty
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Table 2. Key Goals of New Format.

Goal Description

Provenance Users should be able to determine the origin of the data and what was
done to it.

Compactness The data structure should minimize redundancy, and the storage format
should emphasize compactness.

Speed Commonly used data should be able to be retrieved quickly.

Plaform/OS/ Data should be accessible by programs written in different languages
Language Support running on a variety of computers and operating systems.

Extensible It should be easy to add new data types.

Open Data should be accessible without the need for proprietary software.

Decoupled Different types of data should be separate from each other.

Multiple data Data should be available at different levels of abstraction. For example,
levels most users are interested only in the delay and rate observables. Special-

ists may be interested in correlator output.

Completeness All VLBI data required to process (and understand) a VLBI session from
start to finish should be available: schedule files, email, log-files, correlator
output, and final ‘database’.

Web Accesible All data should be available via the Web

associated with using the new format. Bolotin found that there was a performance penalty of 40 µs
of processing time per observation1. At that time there were about 6 million VLBI observations,
which translates into an extra six minutes to process all of the VLBI data. This is a modest price
to pay for the many advantages the format brings.

Most of the work of 2010-2012 has been devoted to implementing the ideas of the Working
Group 4 and making them concrete. This has taken much longer than anticipated. There were
two areas of emphasis.

1. Major efforts were devoted to completing the utility, db2openDB to convert from MK3-db to
openDB format. Mark III databases contain over 400 different L-codes, and it was necessary
to figure out what to do with each of them. In this process the L-codes were tabulated and
circulated to members of the working group to solicit feedback. Many L-codes, such as the
speed of light or the value of π, were discarded because they were no longer needed. Others
were discarded because they are obsolete and not used. Most were kept. Development of this
utility is a neccessary part of the transition to the openDB format and is explicitly mentioned
in the terms of reference for WG4.

2. Solve was modified to use the openDB format as a replacement for superfiles. This was done
in part to gain experience using the new format. However, as discussed in more detail later,
any discussion of converting to openDB has to include a discussion of modifying calc/solve
because all VLBI data is initially processed using calc/solve.

These major hurdles are now over, and we are optimistic that the remaining steps described at
the end of this paper will occur in a timely fashion.

1No effort was made to optimize the interface. With optimization this figure should be less.
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3. Overview of New Organization

3.1. Modularization

A solution to many of the design goals of Table 2 is to modularize the data, that is to break
up the data associated with a session into smaller pieces. These smaller pieces are organized
by ‘type’, that is the kind of data: group delay observable; meteorological data; editing criteria;
station names; station positions; etc. In many, though not all, cases, each ‘type’ corresponds to
a MK3-db L-code. Different data types are stored in different files, with generally only one or a
few closely related data types in each file. For example, it might be convenient to store all of the
meteorological data for a station together in a file. However, there is no compelling reason to store
the meteorological data together with pointing information. Splitting the data in this way has
numerous advantages, outlined below. The first three of these directly address the design goals.
The last two were not originally specified but are consequences of this design decision.

1. Separable. Users can retrieve only that part of the data in which they are interested.

2. Extensible. As new data types become used, for example, source maps, they can be easily
added without having to rewrite the whole scheme. All you need to do is specify a new data
type and the file format.

3. Decoupled. Different kinds of data are separated from each other. Observables are sepa-
rated from models. Data that won’t change is separated from data that might change.

4. Flexible. Since data is kept in separate files, it is possible to keep and use several alternatives
of the same data type. For example, you might have different sources of met data, or files
that contain editing flags from different analysts or groups.

5. Partial Data Update. Instead of updating the entire database, as is currently done, you
only need to update that part of the data that has changed2.

Data is also organized by ‘scope’. Scope is how broadly applicable the data is — whether
it holds for the entire session, for a particular scan, for a particular scan and station, or for a
particular observation. The current Mark III database is observation-oriented: all data required
to process a given observation is stored once for each observation. This results in tremendous
redundancy for some data. For example, in an N station scan, each station will participate in
N − 1 observations. Station dependent data, such as pointing data, or met-data, is stored once
for each observation, instead of once for the scan. Organizing data by scope allows you to reduce
redundancy.

3.2. NetCDF as Default Storage Format

Data storage is independent of data organization. WG4 reviewed a variety of formats including
NetCDF, HCDF, CDF, and FITS . In some sense, all of these formats are equivalent—there exist
utilities to convert from one format to another. Ultimately we decided to use NetCDF because it
has a large user community, and because several members of the Working Group have experience
with using NetCDF. At its most abstract, NetCDF is a means of storing arrays in files as pictured
schematically in Figure 1. The arrays can be of different sizes and contain different kinds of data –

2This is done by making a new version of the relevant file, keeping the old one intact.
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strings, integer, real, double, etc. Most VLBI data can be considered an array, which makes using
NetCDF a natural choice. Since NetCDF files can contain ASCII strings it is easy to incorporate
information about the provenance and processing history of the data.

Figure 1. A NetCDF file is a container for arrays.

Storing data in NetCDF format has the following advantages, some of which are answers to
the design goals from Table 2.

1. Platform/OS/Language Support. NetCDF has interface libraries to all commonly used
computer languages running on a variety of platforms and operating systems.

2. Speed. NetCDF is designed to access data fast.

3. Compactness. The data is stored in binary format, and the overhead is low. This means
that a NetCDF file is much smaller than an ASCII file storing the same information.

4. Open. NetCDF is an open standard, and software to read/write NetCDF files is freely
available.

5. Transportability. NetCDF files use the same internal format regardless of the machine
architecture. Access to the files is transparent and handled by libraries.

6. Large User Community. Because of the large user community, there are many tools
developed to work with NetCDF files.

3.3. Organizing Data by Wrappers

The main disadvantage of breaking up the Mark III database into many smaller files is that
you need some way of organizing the files. This is where the concept of a wrapper comes in.
A wrapper is an ASCII file that contains pointers to VLBI files associated with a session. The
wrapper concept is illustrated schematically in Figure 2. An appendix gives a concrete example of
a wrapper for an IVS Intensive session. The wrapper can serve several purposes:

1. The wrapper can be used by analysis programs to specify what data to use.

2. The wrapper allows analysts to experiment with ‘what if’ scenarios—for example, to use
alternative data editing. All you need to do is modify the wrapper to point to the alternate
file, as illustrated in Figure 3.
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Figure 2. ASCII wrapper files organize the VLBI data and contain pointers to file locations.

3. Wrappers allow users to exchange subsets of the data—for example, editing criteria or me-
teorological data, or trophosphere modeling.

Figure 3. Wrappers allow you to explore ‘what-if’ scenarios by editing the wrapper file and pointing to

alternative data-items.

4. Different analysis packages can define custom data-items and refer to them in wrappers.

5. If some of the VLBI data changes, you only have to update that part that has changed and
write a new wrapper.

There are many other features of the new format which space prohibits from describing. All
of these are discussed in the draft proposal, which has a complete specification of the wrapper
grammar, together with a specification of the file format.
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4. Transition to OpenDB Format and Calc/Solve Issues

Figure 4. Standard VLBI data path. The starting point

for most VLBI analysis is version 4 databases which are

converted to different formats depending on the analysis

package.

Figure 4 shows the standard process-
ing of VLBI data from the correlator to
the version 4 database. The version 4
database, either in MK3-db format, or as a
subset of the data exported to NGS cards,
is the starting point of many VLBI analy-
sis packages. Here are the steps involved:

1. Dbedit takes the individual correla-
tor output fringe files (one for each
observation and band) and knits
them into a version 1 database for
each band.

2. Calc computes the theoretical de-
lay (used by many analysis pack-
ages) and other quantities primarily
of interest to solve users (e.g., vari-
ous partials), producing a version 2
database.

3. Dbcal extracts cable-cal and mete-
orological information from the log
files and inserts it into the database
producing a version 3 database.

4. Interactive-Solve combines the X- and
S-band databases and allows the an-
alyst to do data-editing, ambiguity
resolution and ionosphere calibration.
The result is saved as a version 4
database. The version 4 database
is exported to an IVS Data Center
where it is available for download.

At this point the data flow branches depending on the analysis software.

1. For calc/solve users, mksup converts a MK3-database into a ‘superfile’ — a special binary
file containing much of the information in a MK3-database. This is used in globl-solve, which
processes several databases jointly to obtain, for example, estimates of station position or
source coordinates. This step is neccessary because the I/O involved in accessing the infor-
mation in a MK3-database directly is prohibitive if you are going to be analyzing hundreds
or thousands of sessions.

2. For users of other software packages, such as Occam, Steelbreeze, VieVS, etc., dbngs extracts
a subset of the data contained in the MK3-database and writes it to an ‘NGS cardfile’ which
is a special ASCII file. Note that since this is only a subset of the data you are limited in
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what you can do. As a specific example, it is impossible to resolve ambiguities using only
the data present in the NGS cards. Because of this most software packages take this data
‘as-given.’ If there are problems with the ambiguity resolution there is little you can do
about it.

Figure 5. Data path of VLBI data with hybrid Mark III

databases and openDB format. The goal is to transition

from the left-hand-side to the right-hand-side of this chart

by working upwards from the bottom.

A key point of the above discussion is
that to make a version 4 database, the
starting point of many data-analysis pack-
ages, you need to process the VLBI data
through calc/solve. Any discussion of con-
verting to a new format of necccessity in-
volves a discussion of modifying calc/solve
to use the new format. This problem is
made more difficult because calc/solve is
an operational program which is central
to the IVS data-flow. You have to keep
the normal data-flow working while imple-
menting an alternative datapath. The sit-
uation is very much like building a new
bridge for a road. First you build a bridge
in parallel to the original bridge. Then you
route traffic over the new bridge. Finally
you tear down the old bridge.

In our case there are several ‘bridges’
with each bridge corresponding to tak-
ing a database from one version to the
next. Our approach is to start at the
last stage of the data path and work back-
wards towards the correlator output as il-
lustrated in Figure 5. Our first goal was
to write a utility db2openDB to convert
from MK3-format to the openDB format.
This is a neccessary step in transitioning
to the new format. Work began on this
in July 2009 and was completed in July
2012. A beta version in openDB format of all sessions through 2011 is publicly available at
ftp://gemini.gsfc.nasa.gov/pub/openDB.

While developing db2openDB the VLBI group at Goddard worked on modifying globl-solve to
use openDB files instead of superfiles, and the VLBI group at the Technical University of Vienna
modified VieVS to use openDB. Feedbacks from these efforts resulted in ‘tweaking’ the organization
of the data and resulted in defining some data-items which were not originally MK3-database L-
codes. The NGSQualityflag, which is identicaly to the NGS quality code in NGS cardfiles was
introduced as well as some other items specific to solve. This illustrates one of the strengths of
this approach—it is easy and straightforward to add or modify data items.

The Goddard VLBI group is actively involved in writing replacements for earlier stages in
the data analysis. nu-Solve, our replacement for interactive solve, is being modified to read and
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write openDB files. OpenDBcal, a replacement for dbcal that works directly with openDB files, is
currently in alpha testing. openDBcalc, a calc replacement, and makopenDB, are currently under
development. We expect all of these programs to be complete in early 2013. At this stage we will
no longer need Mark III databases.

Timing tests done at Goddard indicate that sessions involving a small amount of data, such
as the Intensives, take longer to process in using the openDB format instead of superfiles. We
speculate that this is because of: A) The extra overhead involved in processing many files instead
of one; and B) Some intermediate conversion of the openDB data that happens as solve reads it
in. On the other hand, large sessions such as the RDVs and T2s are processed much faster using
the openDB format instead of superfiles. In processing a solution using all available VLBI data
these two effects balance out, and there is negligible difference in run time between a large solve
run using superfiles and openDB format files. Since the amount of data in each session continues
to increase, we believe that in the future openDB format will be superior in terms of execution
time for calc/solve.

5. Next Steps and Conclusions

Currently only two software packages can use the openDB format: Solve in its global mode
and VieVS. For the new format to become the geodetic VLBI standard it is neccessary that other
VLBI analysis programs be able to read and write openDB format. The developers of both C5++
and Occam are planning on doing so.

The draft proposal written in 2009 needs to be modified and updated to reflect the latest
changes to the openDB format. This proposal was written prior to trying to use the format in
analysis packages. Although the heart of the proposal remains intact—storing the VLBI data
items in ‘small’ NetCDF files, and organizing these files by an ASCII ‘wrapper’ file—some of the
details were modified as a result of experience gained in using the format in a real-world situation.

Lastly, we plan on writing a final report which we will submit to the IVS Directing Board in
March of 2013 at the EVGA meeting. At this point the working group will be formally dissolved.

6. Appendix

This appendix displays the wrapper for an Intensive session. This wrapper can easily be read
and modified by a text editor.

! Information contained in NGS cards.

Begin History

Created 2012/07/19 13:48:30

Createdby John Gipson NVI, Inc./GSFC

Program db2openDB 2012Jul17

History 10JAN04XU_V004.hist

End History

! **** Start of Session Section *****

Begin Session

Session I10004

AltSessionId 10JAN04XU

Head.nc
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Default_Dir Session

ScanIndex.nc

TimeUTC.nc

End Session

! **** Start of Station Section *****

Begin Station KOKEE

Default_Dir KOKEE

AzEl.nc

Met.nc

Cal_kCable.nc

TimeUTC.nc

End Station KOKEE

!

! *** WETTZELL omitted because of space****

!

! **** Start of Observation Section ****

Begin Observation

Default_Dir Obs

GroupDelay_bX.nc

AmbigSize_bX.nc

GroupRate_bX.nc

GroupRate_bS.nc

GroupDelay_bS.nc

AmbigSize_bS.nc

Source.nc

Baseline.nc

ObsIndex.nc

!

Default_Dir ObsEdit

GroupDelayFull_bS_V004.nc

GroupDelayFull_bX_V004.nc

NGSQualityFlag_V004.nc

End Observation
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Abstract

In this paper we describe the first release of νSolve. νSolve is software that will replace the current
interactive part of the SOLVE system. We review the capabilities of the software, its current status,
and our plans for future development.

1. Introduction

The deployment of the VLBI2010 network of stations will result in a significant increase in
observations. The current VLBI data analysis software was not designed for this amount of data.
VLBI2010 will also introduce new types of observables.

To face this challenge, development of the next generation VLBI data analysis software was
initiated at the NASA Goddard Space Flight Center. First, the IVS Working Group on VLBI
data structures (IVS WG4) was established in 2007. The results of the group’s work made it
possible to begin designing the new VLBI data analysis software. In 2010 the general design of the
software and an overview of its architecture were presented at the IVS General Meeting at Hobart
(Tasmania). Subsequently, we began writing the software and in 2011 at the EVGA Meeting in
Bonn we demonstrated a prototype of the new software system.

Correlator
output

dbedit

Ver 1 Database

calc

Ver 2 Database dbcal Ver 3 Database

Ver 4 Database

global

Solution

interactive solve

mksup

Superfiles

Ver 4 Database

νSolve

OpenDB

db2openDB

Figure 1. Geodetic VLBI data flow.

In Figure 1 a simplified data flow diagram of geodetic VLBI observations is shown. Currently
(solid arrows on the diagram), the correlator output passes through a program called dbedit and
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is converted into a database version 1 file. Then, the program calc adds theoretical values into
the database and the program dbcal adds cable calibration data and meteorological parameters
(if available). The resulting database version 3 files (for X- and S-bands) are processed with an
interactive tool, called interactive solve, and the results are stored in a database version 4
file. Many things are done during the last transformation: ionospheric calibrations are computed,
ambiguities are resolved, and outliers are marked for exclusion from solutions. In general, database
version 4 files are assumed to be free of all anomalies and can be safely processed in automatic
modes. The program mksup creates a binary superfile, which contains a subset of the data in the
database necessary for analysis. Finally, the non-interactive part of the SOLVE system, global,
generates final solutions using superfiles. Since the current CALC/SOLVE system is involved in
data preparation process, it will be replaced with the new software piece by piece.

In the whole chain of data flow, the most time-consuming part is interactive solve. This
part imposes some restrictions on input data (e.g., the number of observed stations has to be no
greater than 32) and is a source of analyst errors. In the future (dashed lines on the diagram),
this part will be replaced first by νSolve. In parallel, improvements to global are under way as
well as the replacement of the Mark III databases by OpenDB files.

The openDB format described elsewhere in this volume in [5] has many advantages over the
custom Mark III database format. The openDB format stores most VLBI data in netCDF files
where each netCDF file contains a few items of related VLBI data, for example meteorological
parameters at a site, or editing criteria. The netCDF files are organized by a special ASCII
“wrapper” file which provides the location of files requested for a solution. This gives great
flexibility. For instance, one can easily see the effect of alternative editing by modifying the
wrapper. In addition, netCDF files are platform and operating system (OS) independent and
there are netCDF interfaces to many programming languages. This allows the data to be accessed
by anyone in the VLBI community. Furthermore the netCDF user community has developed many
freely available tools for accessing and manipulating data in netCDF files.

In this article we will discuss features and abilities of the νSolve software, as a replacement
for the interactive part of the SOLVE system.

2. New VLBI Data Analysis Software

2.1. Software Development Environment

The new VLBI data analysis software is being developed under the GNU/Linux operating
system. However, there is no explicit demand for GNU/Linux OS and νSolve is designed to
operate on any POSIX compatible OS. We chose C++ as the programming language due to its
power, flexibility, and portability. The well known and widely used Qt library provides sets of
widgets for the graphical user interface and containers of data and auxiliary tools.

Currently, the new VLBI data analysis software consists of two parts: a Space Geodesy Library,
a library where data structures and algorithms are implemented (about 90% of total source code);
and an executable νSolve – a driver that calls library functions and organizes work with an end-
user (about 10% of total source code). However, in this article we will refer to all the source codes
as νSolve software.
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2.2. Modular Structure

νSolve uses a modular structure. This allows us to keep our system flexible and stable. A
module is a logical part of source code that is loosely tied to other parts of the software. Several
modules are represented by external libraries (e.g., GUI module of Qt library). The modular
structure of the software was discussed in detail in [4].

2.3. Functionality

There are two modes to work with VLBI observations: νSolve can operate with data through
the CALC/SOLVE catalog subsystem or work in a standalone mode.

The capabilities of νSolve are evolving in accordance with the adopted model of the software
production process (see [3]). All necessary key functional points are implemented in the software.
It is able to read VLBI observations from Mark III database files, process a single multiband VLBI
session and save results, display various data on the plots, estimate various parameters, detect and
process clock breaks, resolve group ambiguities, perform ionospheric correction, calibrate weights
of observations, and eliminate outliers. We will next discuss the most important functional points
in detail.

Plotting subsystem. A simple plotting subsystem has been developed for νSolve. It allows a
user to display various values that are either stored in the files, evaluated “on the fly”, or estimated
from VLBI observations analysis. Also, it permits a user to edit observations by eliminating
outliers, resolving ambiguities, and adjusting clock break parameters. In Figure 2, the residuals
for the session $10DEC06XA are shown by the plotter. A 1-second clock jump is clearly visible for
baselines to the NYALES20 station.

Figure 2. Plotting subsystem: a screenshot of a plot with residuals.
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Estimator. In νSolve we employ a square root information filter (SRIF, see [1] for details) for
parameter estimation. SRIF is a powerful and flexible algorithm that allows us to implement types
of parameters that are realized in the current CALC/SOLVE system (local parameters, parameters
modeled as piecewise linear functions) as well as to introduce stochastic parameters. Also, it is
less restrictive for segmented parameters, e.g., piecewise parameters can have different lengths of
segment intervals or have overlapping segments.

Clock breaks. To compensate for a clock break, νSolve adds a step-wise linear function to
the clocks of a station. There are session-wide and band-dependent clock break models. A simple
algorithm was developed to detect clock breaks in automatic mode and evaluate parameters of a
clock break model. Alternatively, the user can add or adjust the parameters of clock break model
manually.

Ambiguity resolution. We applied the same ideas for ambiguity resolution as used in SOLVE.
However, the realization is different. νSolve does not make any assumptions about ambiguity
spacing and is able to resolve ambiguities automatically for a session with mixed (due to lost
channels at a band) ambiguity spacing. Manual editing of ambiguities is also available.

Reweighting. To normalize the χ2 distribution of residuals, we use the same approach im-
plemented in SOLVE. Additional standard deviations are computed either for a whole session or
for each baseline.

Outliers. νSolve treats outliers as observations where the absolute value of normalized resid-
uals is greater than the user specified threshold. The normalization is made either for a whole
session network or for each baseline. There are two modes in outlier processing: 1) elimination
where outliers are tagged for exclusion from data analysis; and 2) restoration, where previously
excluded observations are marked for inclusion back into analysis. Outlier processing is performed
in conjunction with the reweighting process.

2.4. Processing a Session

In this section we describe a typical sequence of operations that are necessary to process a
VLBI session with the νSolve software. First, the user reads the observations. Depending on the
selected mode of working, νSolve either reads files specified by the user from the hard drive or
consults with CALC/SOLVE to figure out where the databases are expected to be and reads them.
Then the user selects clock parameters to be estimated and obtains a single band delay solution.
This solution is used in the first stage of data processing to check clock breaks and resolve group
ambiguities.

The user inspects residuals obtained from a single band solution, eliminates outliers, and checks
for clock breaks. Real clock breaks have the same value of jump in clock behavior for both bands.
In contrast, pseudo clock breaks have different magnitudes in each band. These are discussed
further below.

After clock breaks are fixed, the user switches from single band delay to group delay and
resolves group ambiguities for each band. Resolving group ambiguities is an iterative process;
after each iteration the user has to obtain a new solution. Usually, two or three iterations are
sufficient. However, sometimes it is necessary to turn on estimation of wet zenith delays and
station positions to correctly resolve ambiguities.

At the same stage of processing, small pseudo clock breaks should be checked. There are
some effects that manifest themselves as clock breaks (e.g., manual phase calibration which was
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applied at a correlator in several segments). To correct these anomalies, band-dependent clock
break models are introduced by νSolve. After resolving ambiguities, fixing small clock breaks and
obtaining the ionospheric corrections, the user can evaluate ionosphere corrections for each band.

With resolved ambiguities, fixed clock breaks and obtained ionosphere corrections the user
can turn on estimation of wet zenith delays, station positions, angles of nutation, rate of Earth
rotation, etc. Obtaining a solution with all these conventional parameters allows the user to detect
and mark for exclusion large (for example, 10 − 20σ and greater) outliers.

The next step is estimating clocks, wet zenith delays, and tropospheric gradients as piecewise
linear functions. Again, large outliers should be excluded.

The last two operations, reweighting and outlier processing, are done in combination. First,
the user “reweights” the solution – that is adjusts the sigmas of the observations until χ2 = 1.
Then, outliers are eliminated. If some observations are removed from data analysis, the reweighting
should be repeated and outlier processing should be performed too.

At the end of session processing, the user saves results as a new version of the database. If
the session was accessed through the CALC/SOLVE catalog subsystem, the catalog is updated to
reflect that a new version of this session is available. Also, the user can generate an NGS file with
the observations to export data for external software.

3. Public Release

At this time, νSolve has all the necessary capabilities to analyze a VLBI session. Now we are
making tests comparing the results and intermediate values produced by the interactive part of
current SOLVE and the new software.

νSolve has the following advantages over interactive SOLVE: 1) better user interface; 2) ability
to plot more kinds of data; 3) ability to automatically resolve baseline dependent ambiguities, and
4) automatic clock breaks processing. In general, it significantly decreases an analysts’ time to
process a VLBI session.

A first public release of νSolve is expected with the forthcoming release of the CALC/SOLVE
system. After public release we expect user feedback to improve the software.
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Abstract

Modern software has to be stable, portable, fast, and reliable. This requires a sophisticated infras-
tructure supporting and providing the developers with additional information about the state and the
quality of the project. That is why we have created a centralized software repository, where the whole
code-base is managed and version controlled on a centralized server. Based on this, a hierarchical
build system has been developed where each project and their sub-projects can be compiled by simply
calling the top level Makefile. On the top of this, a nightly build system has been created where the top
level Makefiles of each project are called every night. The results of the build including the compiler
warnings are reported to the developers using generated HTML pages. In addition, all the source
code is automatically checked using a static code analysis tool, called “cppcheck”. This tool produces
warnings, similar to those of a compiler, but more pedantic. The reports of this analysis are translated
to HTML and reported to the developers similar to the nightly builds. Armed with this information,
the developers can discover issues in their projects at an early development stage. In combination
it reduces the number of possible issues in our software to ensure quality of our projects at different
development stages. These checks are also offered to the community. They are currently used within
the DiFX software correlator project.

1. A Short Introduction to Continuous Integration

During the development of a software project the state and stability of the current development
version is hard to determine. It is difficult to find side-effects between the modules, when there
are updates in the source. Also portability issues, such as deprecated functions or 64bit-/32bit-
compatibilities, are difficult to find, without dedicated checks. This situation becomes more com-
plex when multiple developers work on resources, having relations to other projects. A first helpful
step is to set up a centralized version control management system, to which each developer commits
his changes regularly (at least once a day). All the different versions over the time line of software
projects are managed and stored in this centralized software repository. Therefore all versions can
be restored easily. This makes it very comfortable to revert to an older version of the source code
trunk. Also the newest version of the source code is always available for the developers and also
for automated inspections.

Static code checks, nightly builds on different platforms with multiple compiler versions, code
beautifier runs, documentation generators, or even unit tests can be started automatically on
the latest software version, to check the included source code (see Figure 1). The results of the
inspections and tests are converted to HTML pages. These are published on project homepages [5]
in password restricted areas, to which only the developers of the project can get access. Therefore,
each developer can use this information to detect and fix possible problems in the code.
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Figure 1. Software development including continuous integration mechanisms.

2. Different Methods of Code Inspection

In the continuous integration environment at the Geodetic Observatory Wettzell several dif-
ferent inspections are processed automatically each night. These are briefly introduced in the
following sections.

2.1. Static Code Analysis

Static code analysis inspects the code to find potential programming flaws, without execut-
ing or compiling the source code. Currently a collection of open source static analyzing tools
are used [3][8][6][7]. These tools aim to find bugs, which usually a compiler does not detect in
C/C++-source code. It checks the code for memory leaks, null pointer dereferencing, unused
variables, uninitialized variables, mismatching allocations/de-allocations, buffer overruns, out of
bound memory accesses, and many others.

2.2. Nightly Builds

An automated build-system is based on standardized GNU-Makefiles for each project. Projects
with several sub-projects have a top level Makefile, which is able to build all sub-projects at once.
Therefore the whole code basis can be compiled by simply calling the top-level Makefile. Exactly
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this is done automatically on a Linux server every night, using several GNU-compiler versions. The
build output is parsed, colorized, and converted to HTML for the presentation to the developers.
Therefore they can check immediately if their committed source code has some effect on other
builds in different configurations.

2.3. Documentation Generator

The developer documentation is created by Doxygen [4], an open source documentation gen-
erator. This tool reads the source code, including all the comments, and extracts the needed
information to generate a developer documentation in different output formats with call-graphs
and Unified Modeling Language diagrams. Running the documentation generation automatically
supports a quick sharing of information. Furthermore, the generated documentation can be used to
get an overview about the object-oriented software structure and the relationship of software com-
ponents in the projects. This makes it easier for project beginners to understand the programming
interfaces and the internal structures.

2.4. Spell Checker and Code Beautifier

Due to the limited spell checking capabilities of programming editors, an automated spell
checking tool [2] helps to reduce the number of misspelled words in source code and ASCII files.
Finally, this improves the readability of the code and reduces errors in the automatically generated
documentation.

An automatic formatting tool [1] is used at regular intervals to format the source according to
specific design rules. This ensures retention of the same indentation and text style in the whole
software project and improves significantly the readability. In addition, it reduces maintenance
time for developers and simplifies the sharing of source code.

2.5. Unit Tests

Unit tests are small test programs that check the plausibility of function behavior and results on
the function level. A programming based environment to collect all the functional testing programs
for different test cases is used (simple testsuite). This suite validates all of the basic software
components and the generated code. The suite runs on different architectures (32-/64-bit) with
different compilers and in combination with different Linux operating systems to reveal portability
issues. Furthermore, the test-coverage is measured using the GNU-compiler functionality. The
information about the current test-coverage as well as the unit test reports give an overview of the
current software test state. Based on this information, it is possible to measure the quality of the
tested source code in a dedicated code metric.

3. Summary and Outlook

The continuous integration work-flow reduces the amount of severe issues during the whole
software development phase at the Geodetic Observatory Wettzell. Currently, all software devel-
opments at the observatory are checked internally. Also the DiFX community uses this service on
the e-Control Software Web Page [5]. An interactive usage of these possibilities helps to improve
shared code to increase the quality factors.
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Abstract

The standard VLBI analysis models the distribution of measurement noise as Gaussian. Because
the price of recording bits is steadily decreasing, thermal errors will soon no longer dominate. As
a result, it is expected that troposphere and instrumentation/clock errors will increasingly become
more dominant. Given that both of these errors have correlated spectra, properly modeling the error
distributions will become increasingly relevant for optimal analysis. We discuss the advantages of
modeling the correlations between tropospheric delays using a Kolmogorov spectrum and the frozen
flow assumption pioneered by Treuhaft and Lanyi. We then apply these correlated noise spectra to
the weighting of VLBI data analysis for two case studies: X/Ka-band global astrometry and Earth
orientation. In both cases we see improved results when the analyses are weighted with correlated noise
models vs. the standard uncorrelated models. The X/Ka astrometric scatter improved by ∼10% and
the systematic ∆δ vs. δ slope decreased by ∼50%. The TEMPO Earth orientation results improved
by 17% in baseline transverse and 27% in baseline vertical.

1. Introduction

Measurement errors in VLBI data have, until recently, been partially dominated by thermal
noise, which is characterized by Gaussian uncorrelated random distributions. As a result, the
correlated nature of error sources such as those induced by clocks and troposphere fluctuations have
not often been given much consideration given that their contribution was often small compared
to thermal errors. However, as the cost of recording bits goes down, we are seeing data rates
increasing. In fact, we anticipate up to a factor of ten reduction in thermal errors in the near
future due to increased data rates. As thermal noise contributions drop, correlated noise sources
will increasingly begin to dominate the error budget. Thus now is an opportune time to review data
analysis with correlated noise models. Section 2 will review the model of troposphere correlations
developed by Treuhaft and Lanyi (1987). We then give its application to two case studies: Section
3 on VLBI for global astrometry and Section 4 on VLBI for Earth orientation.

1.1. Historical Context

Data Rates: Until the last few years, VLBI systems had been recording at a standard rate
of 128 Mbps for over a decade. Recent Research & Development VLBI (RDV) sessions with
the VLBA have increased that to 256 Mbps, gaining a

√
2 improvement in signal to noise ratio

(SNR). The current VLBA default continuum rate is 512 Mbps, gaining a total factor of two SNR
improvement. Within about the past year, the Mark 5C system has demonstrated 2 Gbps fringes
at the VLBA for a factor of two total SNR improvement. NASA’s Deep Space Network (DSN) is
also moving to Mark 5C with its 2 Gbps rate. Eventually Mark 5C with parallel recording to two
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disk packs will achieve a 4 Gbps rate. Finally, the Haystack Mark 6 recorder (Whitney et al., this
volume) can achieve 16 Gbps recording with short term 32 Gbps rates.

In summary, the recent rapid improvements in recording data rates means that there will be
factors of 10 or more improvement in SNR in the near future compared to previous decades. In
addition to these SNR-driven reductions in random errors, we expect that moving the digitization
process from the back end (after long cable runs) to near the front end will greatly reduce systematic
errors from temperature-driven variations in filters and cable delays. The combined effect of these
technology improvements will be to make significant improvements in instrumental errors in the
near future.

WVRs: The impact of tropospheric turbulence on VLBI data has been probed with the JPL
Advanced Water Vapor Radiometers (A-WVR). An experiment was performed with the DSN
8000 km Goldstone—Madrid baseline in which each station had an A-WVR (Bar-Sever et al.
2007) monitoring the brightness temperature of the 22 GHz water line along the line of sight. The
antennas observed a very strong source and measured phase delay to reduce the thermal error con-
tribution to negligible levels. The results of the experiment showed that including the observations
of the A-WVR reduces the scatter of the delay residuals from 3 mm to 1 mm. Unfortunately the
Advanced WVR costs ∼$500K (U.S.) and WVRs are not available at every station.

However, when lacking such direct tropospheric calibrations, we can strive to model the sta-
tistical properties of the correlated spectrum of troposphere fluctuation errors using Kolmogorov’s
(1941) theory of turbulence. This theory will be used to convert density fluctuations in tropospheric
water vapor content into fluctuations in the observed delays. The spatial and temporal scales of the
density fluctuations will determine the degree of troposphere-induced correlation between delays
at different stations.

The inclusion of correlated error models in the analysis of VLBI data is expected to improve
results by more rigorously treating common mode error sources. For example, a large scale tropo-
sphere fluctuation might alter several sequential delay measurements by nearly the same amount.
In such a case, the strongest information would be in the differences between delays, while the sum
of the delays would be poorly determined. This is one example in which a correlated noise model
might improve the solution’s performance.

2. Troposphere Correlated Noise Model

Kolmogorov’s theory of turbulence provides a handle on the spatial scales of troposphere fluctu-
ations. The structure function of a turbulent velocity u is defined as Du(R) =

〈
|u(r + R)− u(r)|2

〉
where r is a position in the sky and R is an offset vector. Kolmogorov (1941) used dimensional
arguments to determine that the structure function is given by a power law Du(R) = Cε2/3R2/3

where ε is the average energy dissipation of the medium and C is a medium-independent constant.
This result assumes only that the turbulence is locally isotropic and that R > (ν3/ε)1/4 where ν
is the viscosity of the medium.

In Tatarskii (1961) the structure function for spatial variations of the refractivity χ = ( in-
dex of refraction - 1 ) is determined based on the Kolmogorov (1941) theory of turbulence. This
is given by Dχ(R) = C2R2/3 where the constant C is independent of spatial coordinates r and R.
Starting from this point Treuhaft and Lanyi (1987) translated the turbulent refractivity structure
function into radio signal delay and delay rate structure functions. The electromagnetic wave delay
(τ) observed at an antenna is obtained by integrating the refractivity along the path of propaga-
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tion. This relation naturally connects the structure function in refractivity Dχ to the structure
function in delay Dτ . The covariance of delays measured at different stations due to troposphere
fluctuations in VLBI data are determined directly from the structure function.

The delay structure function (Figure 1) behaves as a broken power law whose exponent depends
on the antenna separation ρ relative to the effective height of the troposphere (h ∼ 2 km). The
break can be intuitively understood as the difference between delay fluctuations being influenced
by many small scale scatterers when ρ/h < 1 rather then being influenced by a few large scale
scatterers when ρ/h > 1. The magnitude of the structure function depends on the elevation angle
because this determines the amount of troposphere the electromagnetic wave has traversed.

The spatial dependence of the delay structure function can be translated to a temporal de-
pendence via the frozen flow model. This assumes that the overall turbulent structure of the
troposphere is shifted in time with the direction of the wind. The wind speed scales relevant
to the frozen flow model are typically ∼10 m/s. For all the mathematical details for the calcu-
lation of structure functions, variances, and covariances as well as examples with DSN data see
Treuhaft and Lanyi (1987).

3. Case Study 1: X/Ka Extragalactic Reference Frame

The goal in our two case studies is to determine whether, given the thermal error levels de-
rived from data rates used in existing data, the inclusion of correlated troposphere errors make a
difference in the data analysis. The first case study used the X/Ka extragalactic reference frame
data set (Garcia-Miro et al., 2012) consisting of 59 VLBI observing sessions from July 2005 to
February 2012 which covered the full range of α, but δ only down to −45◦ using NASA’s Deep
Space network antennas in Goldstone, CA, to Madrid, Spain and to Canberra, Australia.

We made two X/Ka solutions: (1) data weighted by uncorrelated Gaussian noise and zenith
troposphere breaks every∼40 minutes; (2) data weighted by Treuhaft-Lanyi troposphere covariance
added to the formal thermal noise, and rather than following the standard practice of introducing
troposphere breaks, we use only one troposphere parameter estimate for each station over a 24-hour
period. The advantage of including troposphere covariance is that it re-defines χ2 such that drifts
are not penalized nearly as much. Also the number of free parameters is reduced from what would
typically be done. Note that both solutions used the exact same data and exact same a priori
modeling.

Our figure of merit for the estimated X/Ka source coordinates was the wRMS agreement with
the international standard ICRF2 catalog (Ma et al., 2009). Table 1 shows that improvements
were found in the wRMS agreement for α cos δ and δ as well as for the slope ∆δ vs. δ. We are
highlighting the ∆δ vs. δ results because we expect declinations to be more strongly influenced by
troposphere effects, due to the fact that low declinations tend to be observed at lower elevations
and thus are observed through thicker atmosphere profiles.

The solution weighted with tropospheric covariance improved the wRMS agreement with
ICRF2 by 7% over the solutions using uncorrelated Gaussian weighting. We note that while a
7% improvement seems rather modest, in order to gain a similar improvement by averaging over
additional data would require ∼14% more data. Given that the X/Ka data set consists of almost
seven years of data that would imply taking almost another year of data to get the improvement
we get from applying correlated tropospheric noise weighting. In this sense, the tropospheric
covariance approach makes a significant improvement to the X/Ka analysis.
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Table 1: Comparison of X/Ka catalog positions vs.
ICRF2 for analysis with and without implementation
of troposphere covariance error modeling.

Measure No Trop. Cov. Trop. Cov.

wRMS α cos δ (µas) 215 198
wRMS δ (µas) 300 283
∆δ vs. δ (µas/deg) 1.6 ± 1.0 1.1 ± 0.9

Figure 1: Delay structure function from Treuhaft and Lanyi (1987) is given by a broken power law
whose exponent depends on the antenna separation ρ relative to the troposphere effective height
(∼ 2 km). See text for details.

4. Case Study 2: TEMPO Earth Orientation Measurements

We now move on to our second case study. JPL’s Time and Earth Motion Precision Obser-
vations (TEMPO) program produces rapid turnaround VLBI measurements of Earth orientation
in support of spacecraft navigation which requires extremely timely and accurate Earth rotation
information. TEMPO uses the nearly East-West baselines from Goldstone, California to Madrid,
Spain making it sensitive to the UT1-UTC component of earth orientation. Median thermal errors
for this data set were 9.2 psec in delay and 6.0 fsec/sec in rate, making it reasonable to assume
that non-thermal errors dominate. The data of 300 sessions set covered 13 September 1998 to 14
January 2012.

We compared two weighting schemes to account for errors in the TEMPO data:

1. Gaussian diagonal noise with weights scaled as 1/ sin(elevation) and troposphere parameter
breaks.

2. Correlated troposphere noise with spatio-temporal dependence and just one zenith tropo-
sphere parameter per site per session.

Our truth model was JPL Kalman Earth Orientation Filter (KEOF) multi-technique combination
(Chin et al, 2009; Ratcliff & Gross, 2011) customized to contain no TEMPO data and interpolated
to the epochs of the 300 TEMPO measurements. The bias/rate/covariance adjustments to the
TEMPO data were computed simultaneously using a multivariate Maximum-Likelihood-Estimate
procedure.

We subtracted KEOF Earth orientation estimates from the two TEMPO analyses and then
compared wRMS of residuals. Because TEMPO measurements are based on a single baseline, they
only determine two of the three Earth orientation angles. The third angle is held by an a priori
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constraint. For purposes of comparing results, instead of using the traditional X and Y polar
motion and UT1-UTC, we rotated our results into the natural coordinates of the TEMPO baseline
where baseline transverse and vertical are the directions determined by the TEMPO data. For the
baseline transverse direction, the correlated noise analysis improved the wRMS agreement from
355 to 295 µas or about 17%. For the baseline vertical direction, the correlated analysis improved
the wRMS agreement from 564 to 467 µas or about 27%. The greater improvement in the vertical
direction is consistent with our expectation that the troposphere modeling more strongly influences
the baseline vertical.

5. Conclusions and Outlook

In this study we have argued that the ongoing trend toward higher data rates implies that
thermal errors are trending toward being negligible. In turn, this implies that other noise sources
such as troposphere and clocks will become increasingly dominant in space geodetic data types
such as VLBI. Given that troposphere and clock noises have correlated spectra, new methods
of analysis are called for. We have examined the Treuhaft-Lanyi model for troposphere noise.
Applying that model to two case studies, we have seen improved results in both cases indicating
that there is promise in our correlated noise approach. We expect that as thermal error levels
continue to decrease, the inclusion of troposphere covariance error models will show increasingly
more significant improvements in analysis results.
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Abstract

VLBI observations are generally analyzed using the least-squares method. For accurate results
the functional and stochastic models need to be well-defined. In the standard stochastic model the
variance-covariance matrix is dependent on only one stochastic parameter, described by common level
of variance. The analysis of observations can be improved by taking into account additional parameters
in the stochastic model, such as station and elevation angle dependent effects. Thus the model becomes
reliant on several stochastic properties. A stochastic model, which includes the station and the elevation
angle dependence of observations, has been implemented in the VieVS software. We present results of a
comparative analysis using a traditional and an advanced stochastic model. In the advanced stochastic
model the variance components of VLBI observations were estimated with the MINQUE method.

1. Introduction

Various parameters can be estimated from VLBI observations, such as the Earth orientation
parameters, station coordinates, troposphere delays and others. In the analysis of VLBI data
the least-squares method is frequently used. Since VLBI measurements are dependent on various
random and systematic errors, it is important to choose an appropriate model for the system. In
order to obtain accurate results, it is desirable to incorporate all these errors into a stochastic
model that is described with the variance-covariance matrix.

Within the stochastic model normally used in VLBI data analysis, the observations are assumed
to be uncorrelated and to have the same variance. This assumption simplifies the analysis of VLBI
data. However, it affects the accuracy. The correlation between VLBI observations was studied,
for example, in [1] and [2], and it was shown that the results can be improved by using a full
variance-covariance matrix. In [3] a refined stochastic model for the analysis of VLBI data was
proposed, where, instead of a common variance, several variance components are included into the
variance-covariance matrix.

In the advanced stochastic model the variance-covariance matrix is constructed so that it de-
pends on a number of variance components. Since the correlation process reveals strong station
and elevation angle dependencies, we have included the station and elevation angle dependent
variance components in our stochastic model. For estimation of variances, we apply the Minimum
Norm Quadratic Unbiased Estimation (MINQUE), developed by [4]. This method is often used for
the estimation of variance components in different applications, for example, in VLBI analysis by
[5] and [3] and in GPS analysis by [6] and [7]. The advanced stochastic model and the MINQUE
algorithm were implemented in the VieVS software [8]. We have investigated the variance compo-
nents in the variance-covariance matrix of the advanced stochastic model. Here we present results
of comparison of estimated station coordinates and polar motion obtained with two stochastic
models.
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2. Stochastic Models

In order to estimate the unknown parameters, we use the Gauss-Markoff model with two
different stochastic properties. In the first adjustment the covariance matrix is chosen as follows:

D(y) = σ2Q = σ2P−1, (1)

where σ2 is a factor describing the variance level of the observations and Q and P are the cofactor
and the weight matrices, respectively. The correlations between observations were neglected. Thus
the cofactor matrix Q is a diagonal matrix with the elements σ2i + σ2const, where σi is a formal
error derived from the correlation process for the ith observation and σconst is added to cover the
deficiency of the model. It is usually assumed to be equal to 1 cm2. The variance factor in (1) is
estimated with:

σ̂2 =
êP ê

n− u
. (2)

In the second adjustment, the covariance matrix takes the form:

D(y) =
mmax∑
m=1

σ2mVm, (3)

where σ2m(m = 1, ..., k) are variance components and Vm (m = 1, ..., k) are accompanying matrices.
It is assumed that the accompanying matrices Vm are known and the variance components σ2m need
to be estimated, for example, with the MINQUE method. In the second model, the correlations
between observations are also neglected. Therefore, the accompanying matrices Vm are diagonal
ones.

Our model includes the common level of variance σ2com, the additive variance σ2add, antenna
dependent variances (σ̂nt1)

2 and (σ̂nt2)
2 for the pair of telescopes per observation, and antenna

elevation dependent variances (σ̂mel1)
2 and (σ̂mel2)

2 for the pair of elevation angles. The variance-
covariance matrix can be expressed as follows:

D(y) = σ̂2comVcom+σ̂2addVadd+
nmax∑
n=1

(σ̂nt1)
2V n

t1+
nmax∑
n=1

(σ̂nt2)
2V n

t2+
mmax∑
m=1

(σ̂mel1)
2V m

el1+
mmax∑
m=1

(σ̂mel2)
2V m

el2, (4)

where nmax is the number of telescopes participating in the observations and mmax is a number
of gradations of telescope elevation angles.

The elements of Vcom are formal errors derived from the correlation process and Vadd is the
identity matrix. The elements of the Vt1 and Vt2 matrices are filled as follows: if in the ith

observation the telescopes with order numbers k and l have been observing, the corresponding
elements of matrices V k

t1 and V l
t2 are filled with a formal error derived from the correlator, whereas

the elements for all other V n
t1 (n 6= k) and V n

t2 (n 6= l) corresponding to the ith observation are
equal to zero. The accompanying matrices Vell are filled in the same way.

3. Results

We analyzed approximately 50 VLBI sessions observed in the year 2010 with the two stochas-
tic models. The variance components for the advanced stochastic model were obtained. Table 1
contains the mean values of estimated variances with the iterative MINQUE method and their
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standard deviations. It is important to note that for each station the number of sessions is dif-
ferent. Namely, Zelenchukskaya participated in only 10 sessions, whereas Wettzell participated in
30 sessions. Variances in this estimation can take negative values; however, the covariance matrix
(3) must be positive. An estimation of the variances requires 5-15 iterations. Note, the estimation
was impossible for some sessions due to divergence of the iterative process. Therefore within the
advanced stochastic model, some sessions cannot be processed.

Table 1. Mean values of estimated variance components of the advanced stochastic model.

Type of variance Mean value Standard deviation

Common 0.5656 0.3755

Additive 0.3728 0.2074

Wettzell 0.4789 0.4839

Matera 0.3497 0.718

Kokee 0.651 0.6807

Badary 0.7398 0.6957

Zelenchk 1.016 0.8325

Onsala60 0.4645 0.5739

Nyales20 0.03644 0.379

Westford 0.4498 0.4761

Hobart26 1.577 1.592

El. angle=5◦ − 8◦ 0.6513 0.9669

El. angle=8◦ − 11◦ 0.4773 0.6352

El. angle=11◦ − 15◦ 0.3354 0.6252

El. angle=15◦ − 20◦ 0.1962 0.4834

El. angle=20◦ − 30◦ 0.01549 0.4829

El. angle=30◦ − 45◦ 0.004851 0.3911

El. angle=45◦ − 65◦ -0.03137 0.4461

Figure 1 presents the repeatability of the X, Y, and Z coordinates of a few antennas. As one
can see, there is no large difference between the rms values of the station coordinates. The rms
values calculated from the results, where the advanced stochastic model was applied, is lower for
some stations.

Figure 2 shows residuals of polar motion xpol and ypol coordinates. The rms values of the
polar motion residuals are also lower if the advanced stochastic model is used. The difference
between the rms values for the xpol residuals is 0.017 mas, and for ypol it is 0.011 mas.

4. Conclusions

In the analysis of VLBI data the stochastic model with a common variance factor is frequently
used. The stochastic model with several variance components can slightly improve the results.
Small differences between the two approaches confirm the reliability of the traditional stochastic
model; however, for the achievement of high accuracy, more attention should be given to the model.

238 IVS 2012 General Meeting Proceedings



Nataliya Zubko et al.: Analysis of VLBI Data with Different Stochastic Models

Figure 1. Repeatability of station coordinates.

Figure 2. Comparison of polar motion residuals.
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Abstract

Pressure and temperature affects the processing of VLBI data via the atmospheric delay and the
thermal deformation of the antenna. Errors in meteorological data cause errors in the estimation
of station coordinates, predominantly local Up, of up to several mm, and degrade baseline length
repeatability. To improve the homogeneity of the meteorological data, we enhanced Solve to give users
the ability to use external meteorological data. Initially we used pre-derived pressure and temperature
series from ECMWF obtained from the Institute of Geodesy and Geophysics at the Vienna University
of Technology. However these series contain jumps due to strategy changes, which will affect the VLBI
calculations. Therefore we derived time series for all the VLBI sites from the ECMWF model ERA-
Interim, using the same model for the entire period. Using this homogeneous pressure series derived
from ECMWF improves the WRMS repeatability for 52% of the baselines, with 12% having unchanged
WRMS repeatability, while using the temperature series derived from ECMWF improves the WRMS
repeatability for 47% of the baselines considered, with 19% having unchanged WRMS repeatability.

1. Introduction. Meteorological Data Used by Solve
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Figure 1. Westford temper-

ature on 17/18 June 2002

according to the Calc/Solve

databases. The temperature

is in Celsius degrees.

Pressure and temperature are used in Very Long Baseline In-
terferometry (VLBI) data processing. The hydrostatic delay used
to calibrate the measured delay is directly proportional to pres-
sure. Temperature is used to calculate the linear expansion of the
telescope components as VLBI telescopes are deformed by time-
dependent temperature effects. Because of these effects, biases,
discontinuities, and outliers in the meteorological data will affect
the quality of the VLBI solutions.

Previously, in [4], we showed that the meteorological data in
the Mark III databases (denoted MK3DB in the following) used
by Solve in routine VLBI processing contains missing, biased, and
inaccurate data. For example, at Westford we noticed discontinu-
ities in the MK3DB pressures due to a change of sensors: after
the MET3 sensor broke down, it was replaced by a GPS network
meteorological sensor located 100m away from the antenna.
Another example is shown in Figure 1. An abnormal temperature
behavior at Westford shows a daily drop of more than 50◦C during
the 17/18 June 2002 session.
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Another significant problem of the MK3DB is missing data. In 2008, 46 stations participated
in 167 sessions, twelve of which have some missing meteorological data. Two of the major stations
of the network, Zelenchukskaya and Fortaleza, were missing more than 90%. In the case of missing
data, the strategy of Solve is to use a constant default value computed from the position of the
station. In [4] we showed that the impact on the quality of the VLBI processing is significant: using
the Solve default values, we found a degradation of the WRMS of baseline scatter of 0.12 mm over
two weeks in the case of Zelenchukskaya, and of up to 1 mm over 9.5 years in the case of Westford.
Hence using a constant default value to replace missing data is not a satisfactory solution. The
vertical component determination is also affected by erroneous meteorological data. Simulations
have shown that it varies significantly with a change in pressure (−0.12 mm/mbar for Svetloe for
example).

Our results show that it is necessary to have a homogeneous meteorological data record in the
MK3DB. The optimal solution would be to have a homogeneous network of meteorological sensors
for VLBI, as specified for VLBI2010. As this has not been the case, we investigated another
solution: using homogeneous time series of pressure and temperature derived from a model. For
that, we computed pressure and temperature from the ECMWF weather model (ERA-Interim)
for each VLBI site. We modified Solve to accept this external data.

In Section 2 we describe two alternative sources for time series of pressure and temperature:
a set developed by the Vienna University of Technology (TU Vienna) for computing VMF1 and
another set developed at GSFC derived from the ECMWF model ERA-Interim. In Section 3, we
will quantify the improvement using these two sets of time series compared with using the data
from the MK3DB.

2. Alternative Sources for Pressure and Temperature Data

Among the various possibilities for alternative sources of meteorological data, we used two
sources derived from different weather models from the European Centre for Medium-Range
Weather Forecasts (ECMWF).

2.1. Pressure and Temperature
Time Series Developed for
VMF1 Computation

The GSFC VLBI group uses the
Vienna Mapping Function (VMF) pro-
vided by the IVS group of TU Vienna.
The VMF was first introduced, and
then updated with VMF1 [1], using a
different strategy for computing the
mapping function coefficients. Both
VMF and VMF1 are computed using
the 40 years of reanalysis data (ERA-40)
from 1979 to 2001 and then operational
models since 2002.

Figure 2. Moving average (window = 10 days) differ-

ences of V-ECM pressure relative to MK3DB pressure

for three stations: Westford, Tsukuba, and Wettzell.
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The VMF files contain the coefficients of VMF (hydrostatic coefficient and wet coefficient,
hydrostatic zenith delay and wet zenith delay) as well as temperature and pressure at the site.
This data is given every six hours, the same resolution as ECMWF. First, we compared these
time series (called V-ECM in the following) with the data extracted from MK3DB. Figure 2
displays the moving average differences in pressure for Westford, Tsukuba, and Wettzell. Westford
has a large discontinuity of 3.2 mbar, while the discontinuity for Tsukuba is −1.1 mbar and for
Wettzell −1.6 mbar. This occurred when VMF was replaced with VMF1. Kouba [3] confirms our
conclusions. Kouba compared the hydrostatic zenith path delays of the gridded VMF1 with the
site-dependent VMF1 zenith path delays and detected biases and discontinuities up to 4 cm.

2.2. Pressure and Temperature Time Series Developed at GSFC from the
ECMWF Model ERA-Interim

We select the ECMWF ERA-Interim reanalysis model [2], which is available at a 1.5◦ resolution
from January 1, 1979. We extract the surface pressure and 2 meter layer temperature on the 1.5◦×
1.5◦ equal angular grid for the entire Earth. Then, we extrapolate the pressure and temperature
to the station height and interpolate to the position of the VLBI stations as explained below.
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Figure 3. Daily pressure (left) and temperature (right) time series for Westford from MK3DB (top) and

G-ECM (bottom).

For a given station S, the first step is to determine the four points of the ERA-Interim grid
(Qij , i, j = 1, 2) in the neighborhood of the station. We obtain time series of pressure and temper-
ature given every six hours at geopotential height for each of the points Q. Then, we extrapolate
the time series from the grid height to the height of the station S. After calculating the geometric
height difference, we apply the lapse rate of −0.006499◦K/m to adjust the temperature series to
the height of the station. For the pressure, we use the barometric height formula [5]:

p(z) = p0(
T0 − Γ∆z

T0
)

g
RΓ

where p0 is the reference pressure, T0 (K) the reference temperature, Γ (K/m) the lapse rate, g the
acceleration due to gravity, R the gas constant, and ∆z (m) the difference in geopotential height.
The third step is the bi-linear interpolation of the four sets of pressure and temperature time
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series: a linear interpolation in the x-direction first and then in the y-direction. This information
is publicly available for 171 VLBI sites at http://lacerta.gsfc.nasa.gov/met/ from 1979 until the
current time. These time series are called G-ECM in the following. Figure 3 gives an example of
the time series obtained for the station Westford, compared with the data extracted from MK3DB.

3. Using Homogeneous Data for Pressure and Temperature

In this section, we show the improvement in results obtained using external data for pressure
and temperature from V-ECM or G-ECM instead of MK3DB.

3.1. Impact of the Improvement in Homogeneity of Pressure Time Series

In Figure 4 we show the improvement in results for the R1 and R4 sessions from 2002 to 2011,
using the pressure from G-ECM or V-ECM rather than using the pressure from MK3DB. Using
G-ECM instead of MK3DB improves 52% of the baselines while 36% get worse, and 12% are
unchanged. The results for V-ECM are 51% improved, 33% worse, and 16% unchanged. When
looking station by station, using G-ECM or V-ECM improves the WRMS significantly (more than
0.03 mm) for nine stations.
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Figure 4. Left: Baseline repeatability differences, using the pressure from either G-ECM or V-ECM com-

pared with using the pressure from MK3DB. Right: WRMS differences per station. Positive G-ECM or

V-ECM values indicate improvement.

3.2. Impact of the Improvement in Homogeneity of Temperature Time Series
In Figure 5 we show results for the R1 and R4 sessions from 2002 to 2011, using the temperature

from either G-ECM or V-ECM compared with using the temperature from MK3DB. Using G-ECM
instead of MK3DB improves 47% of the baselines while 35% get worse, and 18% are unchanged.
The results for V-ECM are 45% improved, 43% worse, and 12% unchanged. When looking station
by station, using G-ECM or V-ECM improves the WRMS significantly (more than 0.01 mm) for
seven stations.
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Figure 5. Left: Baseline repeatability differences, using the temperature from either G-ECM or V-ECM

compared with using the temperature from MK3DB. Right: WRMS differences per station.

4. Conclusions

The Mark III databases used to process VLBI data with Solve contain missing and inaccurate
data that affects the quality of the solutions. Using external sources of data derived from ECMWF
such as V-ECM or the G-ECM newly developed at GSFC significantly improves the WRMS of the
solutions. G-ECM is available online for 171 VLBI sites and can be extended to other stations,
upon request.

Since the processing results are significantly affected by the homogeneity of the data, a global
reanalysis of the VLBI data may be necessary.
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Abstract

VLBI Intensive sessions are used for the estimation of UT1–UTC (∆UT1) which is needed in near-
real-time for the accurate prediction of Universal Time (UT1) as well as for navigation purposes. These
1-hour IVS sessions (INT1 and INT2) are carried out every day to provide this quantity on a regular
basis. Due to the small number of observables per session most parameters, which are usually estimated
in VLBI analyses, are fixed to their a priori values. This means that all a priori values should be known
as accurately as possible to derive the most accurate ∆UT1 estimates. One possibility of determining a
priori tropospheric delays is ray-tracing through numerical weather models. These tropospheric delays
also account for azimuthal asymmetries possibly also increasing the accuracy of the ∆UT1 estimates.
We analyze Intensive sessions from July 2010 to October 2011 using the Vienna VLBI Software (VieVS)
and compare the obtained ∆UT1 values based on ray-traced delays to those from standard approaches.
Furthermore we calculate length-of-day (LOD) from ∆UT1 and compare these values to LOD from
GPS.

1. Universal Time from VLBI

Earth Orientation Parameters (EOP) are required for positioning and navigation purposes
on Earth and in space. Very long baseline interferometry (VLBI) is the primary space geodetic
technique for the estimation of Universal Time, one of the five EOP. Global Navigation Satellite
Systems (GNSS) are only capable of estimating short-term Universal Time changes because it is
not possible to separate ∆UT1 from satellite orbit parameters on time scales longer than a few
days.

1.1. VLBI Sessions

VLBI observations are usually separated into two different types of experiments. They differ
in observation duration and in their purpose. There are the 24-hour sessions which are carried
out two or three times per week. There are roughly six to ten telescopes participating in such
a 24-hour session. The latency of those sessions is about two weeks because the recorded data
at the station has to be transferred to the correlator, which is not always possible with a wired
connection. The two-week delay is not a problem for the estimation of station coordinates, but
Universal Time is needed in near-real time due to prediction purposes. Therefore the IVS observes
shorter single-baseline sessions—the so-called Intensive sessions. Those last usually only one hour
and have a latency of a few minutes to two days. Their primary goal is to estimate Universal
Time.
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Figure 1. Intensive baselines on which Universal Time is observed.

1.2. Intensive Session Network

There are three types of Intensive sessions within the IVS. INT1 sessions (dashed line in Figure
1) are carried out on the baseline from Wettzell in Germany to Kokee Park in Hawaii. INT2
sessions (solid line) include Wettzell and Tsukuba in Japan; INT3 sessions (short-dashed line)
again include Wettzell and Tsukuba and in addition Ny-Ålesund on Spitsbergen. In late 2010
there was another temporary baseline (dash-dotted line) to observe Universal Time: Westford
replaced Wettzell in INT1 sessions because the German station was off for repair. The baselines
observing Universal Time within the IVS are shown in Figure 1.

2. Ray-tracing

For the estimation of Universal Time a priori information about the tropospheric path delay
is needed. A widely used approach to obtain the a priori delay is the formula by Saastamoinen
(1972, [8]) as refined by Davis et al. (1985, [4]), which is used for determining the zenith delay
from pressure measurements at the site. Together with a mapping function the slant delay can be
calculated. A different approach is ray-tracing, which is described in detail by Nafisi et al. (2012,
[6]). Based on meteorological parameters one can estimate the refractive index n at one point.
The Eikonal equation in vector notation reads:

|∇L|2 = n2 (~r)

where ∇L are the components of the ray direction.
The Eikonal equation describes the propagating direction of an electromagnetic wave in a

medium. From the Eikonal equation one can derive seven partial differential equations. Six of
them must be solved simultaneously. From a known (curved) path together with known refractive
index values along the path, we can calculate the tropospheric path delay a priori.
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Table 1. Root mean square differences with respect to IERS finals and mean formal error of ∆UT1.

Tropospheric model RMS w.r.t. IERS finals Mean formal uncertainty

p0 Saastamoinen/VMF1 17.8 µs 13.1 µs
ECMWF/VMF1 17.8 µs 13.0 µs
Ray-tracing 18.3 µs 13.0 µs

2.1. Vienna Ray-tracer

Our ray-tracing algorithm is written in Matlab which makes it rather slow compared to a
compiled programming language. However, some simplifications can be made to improve the speed
of the program. For example the assumption that the ray does not leave the plane of constant
azimuth yields a “2D ray-tracer”.

We use operational analysis data from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) with a resolution of 0.5◦ in both latitude and longitude and 25 pressure levels in
the vertical.

3. Analysis

We analyzed 355 sessions from 15 July 2010 to 26 October 2011 using the Vienna VLBI Soft-
ware VieVS (Böhm et al., 2012, [2]). We took a priori station coordinates from the VTRF2008
(Böckmann et al., 2010, [1]) but changed the Tsukuba coordinates because of the Tōhoku Earth-
quake on 11 March 2011. The source coordinates were fixed to the ICRF2 (Fey et al., 2009, [5]).
IERS EOP daily rapid data (finals) nutation offsets and polar motion were used, and we added
high frequency EOP values as recommended in the IERS Conventions 2010 (Petit and Luzum,
2010, [7]). We considered values > ±50 µs and those with a formal error > 100 µs as outliers. We
estimated a linear clock function between the stations and one zenith wet delay per station. As
partial derivative for its estimation we used the corresponding mapping function — the wet VMF1
[3] and the calculated wet mapping function from the ray-tracer, respectively. For each session we
estimated one UT1 value.

In order to compare our ray-tracing algorithm to standard approaches, we analyzed all Intensive
sessions with three models for the a priori tropospheric delay: (1) the formula from Saastamoinen
with pressure measurement at the site to get the hydrostatic zenith delay plus the hydrostatic
VMF1, (2) a model based on numerical weather model data (ECMWF) and the VMF1 (hydrostatic
and wet), and (3) ray-tracing. We have to mention that due to lack of NWM data we applied
ray-traced delays only for stations Wettzell and Tsukuba. All other stations use model 2.

4. Results

Figure 2 shows the estimated ∆UT1 values w.r.t. the IERS EOP finals. There are small
differences between the different models although most of the values do not differ significantly.
Table 1 shows the RMS values of ∆UT1 values w.r.t. the IERS finals. The results from ray-
tracing differ more than the other two models w.r.t. IERS finals. On the other hand, the mean
formal uncertainty is of similar size. The difference in RMS could arise because the IERS finals
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Figure 2. ∆UT1 estimates w.r.t. IERS EOP daily rapid data.

Figure 3. Length-of-day differences from VLBI and GPS.

were obtained based on results determined with the mapping function approach. As an external
validation we converted ∆UT1 to length-of-day (LOD) and compared them to GNSS derived LOD
values from the International GNSS Service (IGS). The differences of LOD values w.r.t. LOD from
GPS are shown in Figure 3. If we separate the derived values according to the type of Intensive
session, we find statistics as shown in Table 2. We can see that there is an improvement with
ray-tracing for INT2 and INT3 as well as for the baseline Tsukuba–Westford. Only for the INT1
sessions the RMS is not improved. From the overall accuracy (column ‘all’ in Table 2) it seems
that there is no benefit from using ray-traced delays. However, there are more INT1 sessions (251)
than other sessions (104), for which ray-tracing does improve the estimated ∆UT1 values.

5. Conclusions

We used ray-tracing for calculating a priori tropospheric delays for VLBI Intensive sessions.
We compared those with standard mapping function approaches. As an external validation we
converted the estimated ∆UT1 values to length-of-day to carry out a comparison to GPS-derived
LOD. Although the overall accuracy seems to be unchanged, it is worth having a closer look at
the four different baselines. Ray-tracing does improve the accuracy for INT2 and INT3 sessions
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Table 2. Root mean square of LOD differences from VLBI and GPS treated separately for the different

Intensive sessions.

Tropospheric model RMS LOD w.r.t. IGS-LOD [µs]

INT1 INT2/3 Ts–Wf all
p0 Saastamoinen/VMF1 30.8 27.1 24.6 29.8
ECMWF/VMF1 30.4 26.1 25.1 29.3
Ray-tracing 30.8 25.3 23.5 29.5

as well as for the temporary Tsukuba–Westford baseline by more than 1 µs. INT1 sessions, which
are the majority of the experiments, however, show no improvement when using ray-traced delays.
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Abstract

The primary purpose of the IVS-INT01 sessions is the estimation of UT1. Improving the accuracy
and the precision of the UT1 estimates is an important goal in the scheduling of these sessions. In 2009
and 2010, the GSFC VLBI Analysis Center requested and received the use of nine IVS R&D sessions for
the evaluation of a new strategy for scheduling the IVS-INT01 sessions. This strategy maximizes sky
coverage and the number of scheduled sources, and it has now been named the Uniform Sky Strategy.
The initial results were sufficiently promising that in July 2010, the USNO NEOS Operation Center
began to alternate the use of the original and new strategies in scheduling the operational IVS-INT01
sessions in order to develop a basis for assessing the operational effectiveness of the new strategy. After
a three-month hiatus during which one of the IVS-INT01 stations was unavailable due to repairs, the
alternating series resumed in early December 2010, and it has now generated over a year of continuous
data. This paper assesses the operational effectiveness of the Uniform Sky Strategy.

1. Introduction

Figure 1. AZ-EL sky cov-

erage using the STN at the

Kokee station in early Oc-

tober, when the STN typ-

ically has the worst sky

coverage and the worst

UT1 formal errors.

The primary purpose of the IVS-INT01 sessions is estimating UT1.
Therefore improving the accuracy and the precision of the UT1 estimates
is an important goal in scheduling these sessions. Better sky coverage
has been empirically linked to better UT1 estimate precision. But the
original, standard scheduling strategy (STN) uses only the strongest
sources, and because strong sources are unevenly distributed, there are
only a few strong sources available at some times of the year, resulting in
bad sky coverage. The worst source availability occurs in early October
(Figure 1), but other times of the year could also use improvement.

To address this, in 2009 the GSFC VLBI Analysis Center proposed
a new scheduling strategy, the USS (Uniform Sky Strategy), which uses
all geodetic sources that are mutually visible at the regular IVS-INT01
stations (Kokee and Wettzell) with the goal of improving sky coverage.
The USS introduces new, but weaker, sources. The result is a lowering
of the average source strength and a lowering of the session observation counts because it takes
longer to observe a weaker source. This has the effect of degrading UT1 formal errors. So the new
strategy works both in favor of and against the UT1 formal errors, creating a need to carefully
test the strategy.

From July 2009 through June 2010, the GSFC VLBI Analysis Center used nine IVS R&D
sessions to evaluate the USS. Based on this evaluation, in July 2010 the USNO NEOS Operation
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Center began to alternate the use of the STN and USS strategies in scheduling the operational
IVS-INT01 sessions, in order to develop a basis for evaluating the operational effectiveness of the
USS strategy. After a three-month hiatus during which Wettzell was unavailable due to repairs,
the alternating series resumed in December 2010. This paper evaluates the USS by comparing the
alternating USS and STN sessions that were observed during 2011.

2. Spatial vs. Temporal Coverage

Two types of sky coverage apply to sessions — spatial (how much of the sky is sampled at least
once during the session) and temporal (how frequently areas of the sky are sampled). A session
might have good spatial coverage, if most areas of the sky are sampled at some point during the
session, but it might have bad temporal coverage if many of the areas are only sampled once—
especially at the session’s beginning or end. A session with good spatial coverage can have good
or bad temporal coverage, depending on the order of its observations. But bad spatial coverage
guarantees bad temporal coverage; an area cannot have any temporal coverage unless it has spatial
coverage. So temporal coverage depends on and is subordinate to spatial coverage.

The USS and the STN strategies differ in their provision of spatial and temporal coverage.
Figures 2a through 2d show spatial and temporal coverage in four representative USS and STN
sessions. The circles show observation positions on an AZ-EL sky coverage plot at Kokee, and the
sequence of observations is shown by circles of increasing size.

(a) (b) (c) (d)

Figure 2. a) USS: good spatial coverage, but uneven, bad temporal coverage; the later observations (largest

circles) are clustered in one part of the sky, b) USS: good spatial and better, more even temporal coverage,

c) STN: bad spatial and bad temporal coverage (but even temporal coverage within the source set), and d)

STN: good spatial coverage with good (and even) temporal coverage.

The USS gives good spatial coverage throughout the year (Figures 2a and 2b), but temporal
coverage varies in this strategy. The USS observes many sources, usually only once; depending on
the order, the USS may restrict its sampling to one area of the sky, then abandon it to sample
another area, providing uneven, bad coverage over time (Figure 2a). Better, more even temporal
coverage can also occur (Figure 2b), but only by chance.

Evenness of temporal coverage is much less of an issue with the STN strategy; it uses fewer
sources, so the sessions tend to observe sources repeatedly (subject to observation loss and the
rising and setting of sources). The primary issue with the STN strategy is the degree of spatial
coverage, which varies throughout the year and directly affects the level of temporal coverage that
can be achieved. The strategy provides good or bad temporal coverage depending on the available
sources (Figures 2c and 2d).
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3. Analysis of Data from the Alternating USS and STN Sessions from Observing
Year 2011

3.1. Accuracy of the USS

Figure 3. UT1-TAI totals minus C04

for the observing year 2011.

Figure 3 compares the USS and STN UT1-TAI totals
estimated by the Solve software package to totals from the
IERS 08 C04 series by showing the difference between each
session’s UT1-TAI total and a value obtained by interpolat-
ing the C04 series to the total’s epoch. The RMS of the
differences is ∼ 2 µs smaller in the USS case, indicating that
the USS is a better match to C04. In addition, USNO’s
Earth Orientation Parameters Division has verified that the
USS values are acceptable through its operational combina-
tion solutions.

3.2. Effect of the USS on the UT1 Formal Errors

(a) (b)

(c) (d)

Figure 4. Sessions during the observing year 2011: a) UT1 formal errors, b) sky coverage (measured by

sky emptiness), c) average SNRs, and d) session observation counts. Sky emptiness at each station was

determined by evenly sampling the sky at one-degree intervals, calculating the angular distance between each

sampled point and its nearest observation, adding the angular distances, and scaling the sum by 100,000.

Each session was then assigned the average of its Kokee and Wettzell values. Additional calculations took

into account a 5◦ elevation horizon mask and the method’s redundant sampling at higher declinations.

As mentioned before, better UT1 formal errors are a goal in scheduling the IVS-INT01 sessions,
but the USS strategy offers trade-offs that work for and against the UT1 formal errors. Figure
4a shows the UT1 formal errors estimated by Solve for the observing year 2011 USS and STN
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sessions. The USS meets one goal by greatly reducing the UT1 formal errors during early October,
but its UT1 formal errors exceed those of the STN at some other times of the year. Overall, the
USS has slightly worse average formal errors than the STN (14.76 vs. 14.44 µs).

Sky coverage, source strength, and session observation counts affect the UT1 formal errors.
Figure 4b indirectly shows sky coverage by showing sky emptiness, which can be measured by
sampling the sky and summing the angular distances between each sampled point and the nearest
observation. A smaller sum indicates less emptiness, or more coverage. As expected, the USS
has better sky coverage, which should lower the UT1 formal errors. But it has generally worse
average SNRs and session observation counts (Figures 4c and 4d) which should raise them. On the
surface, this suggests that the USS method of including as many sources as possible is including
weak sources that may outweigh the benefits of achieving better sky coverage, so that using an
intermediate set of sources between those of the STN and the USS strategies — a set that adds
fewer sources in order to only add sources of intermediate strength — might be a better approach.
But other factors currently under investigation might be affecting the UT1 formal errors as well.

4. Robustness Simulations

4.1. Simulation 1: Effect of Noise on the UT1 Estimates

Figure 5. Effect of noise on the USS

and the STN UT1 estimates (µs).

A session is robust if its UT1 estimate does not change
much with random noise, such as atmospheric fluctuations.
In simulation 1, we ran the Solve solution configuration used
for Section 3, but we added random noise that simulates at-
mospheric turbulence, and we ran the modified solution 100
times per session. We then calculated the RMS of each ses-
sion’s UT1 estimates about the mean (Figure 5). Schedules
that are less vulnerable to noise have a lower RMS.

The average of the USS sessions’ RMS values is lower
than the STN average (17.2 vs. 17.9 µs), and the USS has
much lower values in early October. But the STN values are
better at other times, and the STN sessions achieve a lower minimum RMS (8.02 vs. 11.04 µs).

The USS RMS values range from 11.04 to 24.06 µs, and many STN values (∼67%) are com-
parable. But ∼19% are better (8.02 to 10.58 µs), and ∼14% are worse (24.64 to 67.64 µs).
Examination of the RMS values and the year 2011 temporal AZ-EL plots shows a relationship
between spatio-temporal coverage and the RMS values. The USS sessions tend to have good,
fairly consistent spatial coverage with varying temporal coverage. The USS RMS values have a
correspondingly small range of variations, and the variations loosely correspond to variations in
the temporal coverage, although reduced spatial coverage due to lost observations is also a factor.
More study is needed, but probably sessions with better temporal coverage (Figure 2b, RMS =
11.36 µs), are more likely to catch atmospheric fluctuations over time, allowing the fluctuations
to “average out” more than in sessions with worse temporal coverage (Figure 2a, RMS = 23.97
µs). The STN spatial coverage and RMS values vary greatly, with better values generally linked
to better spatial coverage. STN temporal coverage tends to improve with spatial coverage. So
sessions with better spatial coverage probably are better at sampling spatially and temporally un-
even atmospheres, again allowing the atmospheric sampling to average out. Only the two northern
AZ-EL quadrants are mutually visible at Kokee and Wettzell. The STN sessions with the lowest
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RMS values sample the atmosphere at two positions, each of which is roughly near the center of
one of Kokee’s northern quadrants (Figure 2d, RMS = 8.36 µs). Wettzell’s positions are similar,
although shifted towards the horizon. The STN sessions with the highest RMS values only sample
one position, the center of the combined quadrants (Figure 2c, RMS = 50.24 µs), or they only
sample one quadrant. So the best STN sessions provide approximately double the spatial coverage
of the worst STN sessions.

It is counterintuitive that the best USS sessions have better sky coverage but have larger RMS
values than the best STN sessions. More study is needed, but the USS sessions include lower
elevation observations, which probably introduce more noise and raise the RMS, apparently more
than the better sky coverage lowers it. Low elevation observations also seem to contribute to STN
RMS variations. The worst STN session (RMS = 67.64 µs) covers more sky than the second worst
STN session (RMS = 50.24 µs), but it has more low elevation observations.

Although the STN RMS values are lower than the USS values at times, the STN values are very
high during early October. Because of this, and because the USS has a lower average RMS, the
USS is the better strategy for protection against random noise. But it must provide good temporal
coverage and possibly restrict its use of low elevation observations to maximize this protection.

4.2. Simulation 2: Effect of Source Loss on the UT1 Estimates

Figure 6. Effect of source loss on the

USS and the STN UT1 estimates (µs).

A session is robust if its UT1 estimate does not change
much when it fails to observe one of its scheduled sources.

In simulation 2, we tested the effect of losing a single
source on the UT1 estimates. Using the Solve solution con-
figuration used for Section 3, we ran a set of solutions for
each session in which we suppressed the session’s sources,
one at a time. We then calculated the RMS of each session’s
UT1 estimates about the mean (Figure 6). Schedules that
are less vulnerable to the loss of a source have a lower RMS.
Figure 6 shows that throughout the year, the USS RMS val-
ues are almost always lower than or equal to the STN values.
In addition the average of the USS RMS values is ∼2.5 times as good as the STN average. The
USS provides much better protection against source loss than the STN, because the USS schedules
use more sources and their sky coverage is better. The loss of a single source does not change the
sky coverage as much as in the STN schedules.

5. Conclusions

The USS improves the early October UT1 formal errors, and it provides better overall pro-
tection against source loss and noise than the STN does. But the USS UT1 formal errors are
higher than the STN UT1 formal errors at some times of the year, and the average of the USS
formal errors is slightly higher. The USS also provides worse protection against noise at times. So
factors that affect the formal errors (e.g., the balancing of sky coverage and source strength) and
factors that seem to affect noise protection (e.g., temporal coverage and low elevation observations)
should be investigated further. We conclude that the USS is a good first step towards improving
the IVS-INT01 schedules, and it should be retained but also further refined.
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Abstract

The fringing of RDV sessions, previously done using AIPS, is now being done using fourfit. Both
AIPS and fourfit processing was done for five RDV sessions in 2011. Comparison of the two processing
methods shows a clear increase in sensitivity for the fourfit versions, with no systematic differences in
delays or geodetic results.

1. Introduction

VLBA geodetic and astrometric sessions have been processed using the NRAO AIPS1 package
since 1995. These include the RDV and earlier geodesy sessions, the VLBA Calibrator sessions,
and the K/Q astrometry sessions. AIPS was used very successfully for all of these. For example,
the use of 168 AIPS-processed sessions in ICRF2 [1] resulted in a much lower noise floor and
accounts for ∼2/3 of the ICRF2 sources.

The VLBA used a hardware correlator from 1994 until late 2009, when it began using the DiFX
[2] software correlator. In 2011, updates to DiFX allowed the VLBA DiFX output to be processed
through the Mark IV path, using program difx2mark4 to convert it into Mark IV format and
program fourfit for the fringing. In comparison to AIPS fringing, fourfit has several advantages.
Because it fringes all the channels in a band coherently, it should be more sensitive by a factor of
SQRT(N), where N is the number of channels, usually four in the RDV sessions. Also, fourfit is
part of the Haystack HOPS package, which was designed specifically for geodetic processing and
has many useful diagnostic tools and capabilities. For example, refringing of observations found
to be off by a sub-ambiguity can be easily done. Another advantage is that fourfit can apply the
phase cal phases which are now extracted by the latest versions of DiFX.

Initial attempts to fourfit-fringe an RDV session were made at USNO and Haystack Observatory
with limited success. Successful fourfit fringing of the RDVs was subsequently made possible by
considerable debugging and software fixes to difx2mark4 and fourfit made at Haystack Observatory.
All six RDV sessions from 2011 have now been fringed using fourfit and submitted to IVS.2 We
will continue to use fourfit to process all future RDVs. The following comparisons show the
improvements to be gained by this switchover.

1http://www.aips.nrao.edu/index.shtml
2An error in program difx2mark4 was found after this initial submission. Its impact was small in most cases and

correctable in all cases. The comparisons shown here represent the fourfit versions after correction of this error.
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2. Comparison of AIPS and Fourfit Versions

In Table 1 we compare the processing statistics for the five RDV sessions in 2011 that were
processed with both AIPS and fourfit. The fourfit versions have an average of 7.4% more good
observations used in the Solve solutions. The Solve postfit delay and rate residuals for AIPS and
fourfit are very similar, as can be expected.

Table 1. AIPS/Fourfit comparison.

RDV85 RDV86 RDV87 RDV88
AIPS/Fourfit AIPS/Fourfit AIPS/Fourfit AIPS/Fourfit

# Stations 15 15 18 12

Obs. Scheduled 16,984 15,954 15,673 9,696

Obs. in Database 16,510/16,566 15,889/15,739 15,305/15,305 9,411/9,492

Potentially Good 14,842/15,664 14,343/14,991 13,930/14,724 8,401/9,100

Obs. Used 14,347/15,175 13,955/14,686 13,301/14,158 7,819/8,466

Solve Delay Fit 22.8/22.9 (psec) 25.8/24.7 36.6/36.5 38.4/38.3

Solve Rate Fit 155/106 (fsec/sec) 152/150 255/205 194/194

RDV89 All
AIPS/Fourfit AIPS/Fourfit

# Stations 16

Obs. Scheduled 16,419 74,726

Obs. in Database 15,646/16,218 72,761/73,320

Potentially Good 14,077/15,623 65,593/70,102

Obs. Used 13,621/15,247 63,043/67,732

Solve Delay Fit 25.3/25.5 (psec)

Solve Rate Fit 127/135 (fsec/sec)

3. Comparison of Weak Sources

In each RDV we regularly observe a few new sources requested by members of the astronomical
community, as well as a few old sources for which there are only a few previous observations. These
are usually weak sources that either have unknown or relatively noisy VLBI positions. Since the

Table 2. Detection of weak sources.

# sources # obs # AIPS detections # fourfit detections

61 weak 5069 3049 (60.1%) 4462 (88.0%)

27 requested 2083 1025 (49.2%) 1336 (64.1%)

RDV sensitivity should be improved by using fourfit, we expect an increased detection ratio for
these weak sources in the fourfit versions. This is indeed what is seen. The individual source
statistics are too lengthy to show here, but in Table 2 we show the overall statistics for observations
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of 88 such sources in RDVs 85-89. Fourfit was successful on 46% more observations of weak/re-
observed sources than AIPS and 30% more on observations of the requested sources. Among the
27 requested sources, two were detected by fourfit but not by AIPS, and three were not detected
by either.

4. Delay, SNR and Baseline Length Comparisons

Several of the RDVs were AIPS-processed a second time using a time tag file to match time
tags with the fourfit versions. This allows direct comparisons of the observables between the two
versions. However, only the VLBA stations were processed in the same way (measured phase cals
were used) in the two cases, so we must restrict our comparison of delays to the baselines between
the VLBA stations. Figure 1 shows the WRMS delay differences for the 45 VLBA baselines in
RDV86. The WRMS scatter is fairly small, rising from an average of ∼4 mm at the shortest base-
lines up to a nearly constant average of ∼7 mm between ∼3000 and ∼6000 km. These differences
are very similar to an earlier comparison between the VLBA hardware correlator and AIPS vs.
the Mark IV correlator and fourfit [3], and they are slightly noisier than a correlator comparison
between the VLBA hardware correlator and the VLBA-DiFX software correlator [4].

Figure 1. WRMSs of X-band group delay differences for the 45 VLBA baselines in RDV86.

Also of interest is a comparison of the computed SNRs between the two systems. Figures 2
and 3 show a comparison of computed SNRs in RDV87, showing the full range of SNRs and an
enlargement of the lower SNR values. When the AIPS SNR and delay formal errors were first
coded, some incorrect assumptions were made in an attempt to match the computations in the
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Mark III ‘fringe’ program. The enlargement shows that the AIPS fringing begins to fail for fourfit
SNRs of ∼15 and almost completely fails at fourfit SNRs below 10. Fourfit SNRs of 7 or larger
are considered to be valid detections. The implication is that the AIPS-computed SNRs, at least
at the low end, are overestimated by a factor of approximately 2.

Figure 2. Computed AIPS SNRs vs. fourfit

SNRs in RDV87, showing the full range of

SNRs.

Figure 3. Computed AIPS SNRs vs. fourfit

SNRs in RDV87, showing an enlargement of

the lower range of SNRs.

Figure 4 shows a plot of the baseline length differences (fourfit – AIPS) for RDV87 with formal
error bars. The scatter is not unusual for single session comparisons, and some of this scatter may
be due to differences in phase cal application for the Mark IV stations.

5. Conclusions

Fourfit processing of the RDVs has yielded an increase in sensitivity by a factor of approximately
2 compared to AIPS processing. Also, there are no systematic differences seen in the observables
or in the geodetic results. Furthermore, the capability of easily refringing observations to fix sub-
ambiguities is proving to be very useful and could result in greatly improved positions for weak
sources.

Acknowledgements

The National Radio Astronomy Observatory is a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities, Inc. This work made use of
the Swinburne University of Technology software correlator, developed as part of the Australian
Major National Research Facilities Programme and operated under license. For a description of
the DiFX correlator, see reference [2].

IVS 2012 General Meeting Proceedings 259



David Gordon et al.: RDV Processing using Fourfit

Figure 4. Baseline length differences between the fourfit and AIPS versions of RDV87.
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Abstract

In addition to the routine rapid combination, the IVS Combination Center at BKG is working on
various other projects based on VLBI combination. The generation of a quarterly solution (long term
combination of VLBI sessions) is one of the main projects. This solution includes the computation of
a VTRF and the analysis of station coordinates and velocities. Mainly the changes in station position
and station motion caused by recent significant earthquakes are being investigated. Results of all
projects are published on the Combination Center’s Web site, including features to perform Web-based
data analysis.

1. Introduction

Various products based on long term combined VLBI solutions are generated at the IVS Combi-
nation Center at BKG for the IVS. These products include long term EOP series as well as station
coordinates and velocities which are used to calculate a terrestrial reference frame of VLBI stations
(VTRF). The challenge is to include new stations and stations which undergo significant displace-
ments into the existing frame. The results of the products out of the investigation of long term
data series are presented at the Combination Center’s Web site: http://ida.bkg.bund.de/IVS.

2. Quarterly EOP Solution

Within the quarterly solution, long term data series of earth orientation parameters (EOP)
and station coordinates are generated. The data sets include all daily VLBI sessions that can
be found in the IVS Data Center (see ftp://ivs.bkg.bund.de/pub/vlbi/ivsproducts/daily_

sinex/). This series includes all sessions of the last 30 years, i.e., back to the 1980s. The combined
quarterly EOP series and individual series generated within the combination process (i.e., equal
parameterization for every AC) can be found at the Combination Center’s Web site.

3. IVS TRF

Based on station coordinates a VTRF is computed. The latest VTRF (IVS TRF2011d with
reference epoch 2005.0) includes station coordinates and velocities for the most frequently used
VLBI stations. The VTRF is compared to the current International Terrestrial Reference Frame
(ITRF2008).

A 14 parameter transformation is implemented according to Equation 1 [1]. The parameters
are shown in Table 1. Stations with very few or unstable observations are not used to calculate
the transformation parameters.
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2D-Position IVS TRF2011d vs. ITRF2008. Height IVS TRF2011d vs. ITRF2008.

Figure 1. IVS TRF2011d in comparison to ITRF2008.

X2 = X1 + T +DX1 + RX1

Ẋ2 = Ẋ1 + Ṫ + ḊX1 +DẊ1 + ṘX1 + RẊ1

(1)

where X1 is the coordinate vector in the VTRF, T = [tx, ty, tz]
T the translation vector,

R (rx, ry, rz) the rotation matrix, D the scale factor and X2 the transformed coordinate vector
in the ITRF. Ẋ1, Ẋ2, Ṫ, Ḋ, Ṙ are the first derivatives of the afore mentioned parameters.

Table 1. Transformation parameters between IVS TRF2011d and ITRF2008.

Name tx[mm] ty[mm] tz[mm] D rx[µas] ry[µas] rz[µas]

Position 0.57 -0.11 1.1 -4.436e-10 8.15 20.86 1.97

σPosition 0.9 0.88 0.91 1.393e-10 33.82 34.82 30.91

tx[mm/y] ty[mm/y] tz[mm/y] D rx[µas/y] ry[µas/y] rz[µas/y]

Velocity 0.15 0.09 -0.08 -5.590e-12 0.08 2.9 -2.7

σV elocity 0.07 0.07 0.11 1.547e-11 4.7 4.61 3.16

Via a Web application (http://ida.bkg.bund.de/IVS/trf), the user has the possibility to
calculate the transformation parameters on the fly for all available VTRFs, to interactively select
the VLBI stations which are used for the calculation of the transformation parameters, and to plot
the result of the comparison of the transformed VTRF and the ITRF.

4. Station Coordinates and Velocities for the VTRF

A good global distribution of VLBI telescopes leads to a well defined TRF. Fortunately, new
stations are being built around the world to densify the VLBI network and to optimize the net
geometry. These stations need to be integrated into the IVS TRF generation. Some new telescopes
have been built in proximity to existing telescopes, e.g. Hobart12 and Hobart26. Other telescopes
are built on new sites (e.g., in Australia and New Zealand) where no information is currently
available about site motion.
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4.1. New Telescopes

4.1.1. Telescopes on Existing Sites

If a new telescope is built close to an older telescope which has been established in VLBI
experiments for a sufficient time, the assumption can be made that the new telescope is built on
the same tectonic environment and thus undergoes the same velocities as the older telescope. This
facilitates the integration of the new telescope into the IVS TRF, due to the fact that the existing
velocity vector for this site can be used for the new telescope as well. The assumption (equal
velocities for both telescopes) can be verified by a congruence test with the known formula [2] for
a three component test value with, for example, a probability of 99.9%:

T =
dTQ−1dd d

3
∼ F3,∞,1−0.001 | H0 (2)

with

d = v2 − v1 and Qdd = Qv1v1 + Qv2v2 (3)

Applying the congruence test to the values resulting from the combination process for the
velocities for stations Hobart12 and Hobart26 (see Table 2), the test value is

T = 17.4 > F3,∞,1−0.001 = 5.4 → H0 rejected (4)

Therefore, the assumption that both telescopes undergo the same velocity (in this case the H0

hypothesis) has to be corrected (H0 rejected). The station coordinate series of the new station
is still too short to determine reliable velocity parameters. At Hobart, this lack of data can be
bridged by constraining the velocities of Hobart12 by the velocities of Hobart26.

Table 2. Velocities of Hobart12 and Hobart26.

vX vY vZ

Hobart12 -0.0397 0.0110 0.0561

Hobert26 -0.0390 0.0082 0.0411

4.1.2. Telescopes on New Sites

New stations need to be integrated into VLBI experiments as soon as possible in order to
be able to rapidly determine reliable station coordinates and velocity parameters. Some new
stations have been built in Australia (Yarragadee and Katherine) and New Zealand (Warkworth)
which significantly help to densify the VLBI network in the Southern Hemisphere (see also http:

//ivscc.gsfc.nasa.gov/stations/ns-map.html).
To estimate reliable velocities for these stations, an adequate number of observations are needed.

In March 2012, these stations participated in too few 24h VLBI experiments to estimate reliable
station coordinates and velocity parameters: Yarragadee: 11 sessions, Warkworth: 3 sessions, and
Katherine: 12 sessions (see http://lupus.gsfc.nasa.gov/sess/). Additionally, not all IVS ACs
analyze new stations yet, which is what decreases the number of observations of these stations
within the combination.
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4.2. Telescopes Affected by Earthquakes or Man-made Displacements

Some of the IVS telescopes are particularly affected by earthquakes (EQ), e.g., TIGO in Chile.
Large earthquakes may shift the telescope some centimeters to a few meters, which implies a
change in the station coordinate and, in some cases, a change in the station velocity components.
Man-made displacements may also introduce a change in the station coordinates, such as changes
in the antennas’ bearing or counter weights. The coordinates and velocities of these stations are
modeled epoch-wise as a piece-wise linear function in order to take these changes into account.
The TIGO station gives an example on how these changes in the position and velocity can be
modeled within the VTRF.

A large earthquake occurred in Chile in February 2010 which caused major changes in the
coordinates (espacially in the X component) and velocity of the station TIGO. Figure 2 shows the
station coordinates before the EQ (left), after the EQ modeled with one epoch (middle), and with
two epochs (right) of the X component.

Before EQ. One-epoch modeling. Two-epoch modeling.

Figure 2. Station velocity X for TIGO after EQ.

The gradient for the X-component before the EQ was 0.0351 m/year. With a one-epoch
modeling the gradient is -0.0821 m/year, and a two-epoch modeling gives -0.3672 m/year and
-0.0652 m/year showing the higher characteristic change in the velocity shortly after the EQ.
The changes in the velocity components have been modeled within the VTRF generation for two
epochs:

1. 2010.1597 (date of the EQ: February 27, 2010),

2. 2010.4 (≈ 90 days after the EQ, black vertical line in figure 2 on the right).

The second epoch has been estimated by numerical comparison of the drift at different epochs
along the station coordinates of the station component which has been the highest affected by the
EQ. Figure 2 shows the station modeling with different epochs. Similar to TIGO, also other tele-
scopes are affected by displacements caused by earthquakes. As soon as these stations participate
in sufficient VLBI sessions, new coordinates and velocities can be estimated. A minimum time
span of a half year or one year has to be calculated.

5. Baselines

In the beginning of 2012 BKG took over the baseline project from the Analysis Coordinator
Axel Nothnagel at Uni Bonn. A Web-based analysis allows the user to choose two stations, the
time span, and the individual or combined solution and returns statistic results for the chosen
baseline (slope, y-axes intercept, WRMS, number of sessions, and number of excluded sessions)
and a plot of the baseline length. The baselines are integrated in the Combination Center’s Web
site and can be found at http://ida.bkg.bund.de/IVS/baseline. The data for the baselines
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are generated within a quarterly solution and updated regularly in a MySQL database. Figure 3
shows two examples for baseline lengths.

Baseline Wettzell-Onsalla from combined

data.
Baseline Kokee-Tsukuba from USNO data.

Figure 3. Baselines.

6. Outlier Test and Weighting Strategies

One of the main activities of the Combination Center was the implementation of a robust
outlier detection and the improvement of the weighting strategy within the combination process.
These activities are presented in the proceedings of the 7th IVS General Meeting [3] as well.

7. Summary and Outlook

A consistent VTRF requires a careful modeling of station coordinates, especially for stations
on new sites and sites which undergo significant displacements. Reliable outlier tests and weight-
ing strategies provide the basis to estimate reliable EOPs and station coordinates. Results are
published on the Combination Center’s Web site, which also offers various Web-based analyses in
order to allow detailed analysis of the combined products.
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Abstract

Outlier detection plays an important role within the IVS combination. Even if the original data is
the same for all contributing Analysis Centers (AC), the analyzed data shows differences due to analysis
software characteristics. The treatment of outliers is thus a fine line between keeping data heterogeneity
and elimination of real outliers. Robust outlier detection based on the Least Median Square (LMS) is
used within the IVS combination. This method allows reliable outlier detection with a small number
of input parameters. A similar problem arises for the weighting of the individual solutions within
the combination process. The variance component estimation (VCE) is used to control the weighting
factor for each AC. The Operator-Software-Impact (OSI) method takes into account that the analyzed
data is strongly influenced by the software and the responsible operator. It allows to make the VCE
more sensitive to the diverse input data. This method has already been set up within GNSS data
analysis as well as the analysis of troposphere data. The benefit of an OSI realization within the VLBI
combination and its potential in weighting factor determination has not been investigated before.

1. Introduction

Outliers distort the results of a least squares adjustment, if the estimator is not robust. In
particular, leverage points involve useless results. Therefore, alternative methods, which are highly
resistant to leverage points, have to be introduced for outlier detection. The Least Median of Square
method (LMS) leads to a robust estimator and is implemented within the IVS combination. A
robust outlier detection provides reliable data (random errors excepted) which is used for a variance
component estimation. Precedent studies showed that the “formal error” of the combined solution
is underestimated with respect to the individual solutions [2]. Applying the Operator-Software-
Impact method (OSI) to the VLBI combination is a first attempt to numerically confirm the
empirically determined scaling factor of

√
2.

2. Least Median of Square

[7] evaluates different robust estimators in the field of VLBI data analysis and concludes that the
so-called BIBER estimator by [12] is an efficient and reliable estimator. During the preprocessing
of the combination, the comparable data is limited to the number of contributing ACs. Hence, only
a consistent check of earth orientation parameters (EOP) and station coordinates can be carried
out. An employment of the BIBER estimator promises no prospect of improvement, because this
estimator copes with a number of outliers of about 10-40% [8], [10]. If four solutions are available,
this limit is reached if one of them is an outlier. LMS is a robust estimator with a theoretical
breakdown point of 50% [9]. This means the LMS provides reliable results even if up to 50% of
contaminated data exist. The objective function is given by
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min med
i

v2
i (1)

where v is the vector of residuals. Outliers or leverage points ∇i can be identified by comparing
the robust standardized residuals to a given threshold k

∇i =

{
false, if |vi| ≤ kσLMS

true, otherwise
(2)

with

σLMS = 1.4826

(
1 +

5

n− u

)√
min med

i
v2
i (3)

where n and u depict the number of observations and unknowns, respectively [9]. If outliers are
detected and the parameters are assuredly wrong, the associated AC will be excluded from the
combination.

3. Weighting Strategies

The ACs are producing independently analyzed data, although the input data is similar. This
means that no accuracy relations between the observations (i.e., the individual solutions of the
ACs) in terms of co-factor matrices are given. Individual (group) weighting factors are introduced
via variance component estimation [5]. Two approaches of VCE are applicable: with respect to the
observation, and with pseudo observations. For the group definition every AC can be defined as
one group, or, taking into account similarities between analysis software used by the ACs, groups
are defined by uniting ACs which use the same software package. The latter approach better
reflects the effective influence of the analyzed data.

3.1. Variance Component Estimation with Respect to the Observations (VCEO)

[5] proposes a method to estimate the variance components of observation sets which are
stochastically independent. The observation vector lc is given by

lc = (l1 l2 · · · ln)T (4)

where each li describes a grouped observation subset of lc. If the li are uncorrelated, the stochastic
model Cc = P−1

c has a block diagonal structure.

Cc = blockdiag
(
σ21Q1 σ

2
2Q2 · · · σ2nQn

)
(5)

Together with the design matrix Ac, which contains the partial derivative with respect to the
unknown parameters xc, the solution of the normal equation can be written as

xc =
(
AT
c PcAc

)−1
AT
c Pclc = N−1

c nc (6)

and the variance components for each observation set can be derived by
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σ2i =
vTi Pivi
ri

=
(Aixc − li)

T Pi (Aixc − li)

ni − trace
(
N−1
c AT

i PiAi

) =
xTc Nixc − 2xTc ni + lTi Pili

ni − trace
(
N−1
c Ni

) (7)

where v is the vector of residuals, r the part of redundancy, and n the number of observations.
Förstner’s method can be applied, if the system of normal equations ni = Nixi, the weighted sum
of reduced observations lTi Pili, and the number of observations ni are given.

3.2. Variance Component Estimation with Pseudo Observations (VCEP)

Another way to estimate variance components is to treat each single solution xi = li as the
realization of a stochastic process, whereas N−1

i is considered as covariance matrix of li. Thus, the
combination can be interpreted as weighted mean with a simple functional model Ac

Ac = Jn,1 ⊗ In (8)

where Jn,1 is a n× 1 matrix of ones, In refers to the n×n identity matrix, and n is the number of
observations. Again, the stochastic model (9) has block diagonal structure and is made up of Ni.
Therefore, Förstner’s method can be applied by solving (6) and (7).

Cc = blockdiag
(
σ21N

−1
1 σ22N

−1
2 · · · σ2nN−1

n

)
(9)

Both approaches are implemented within the IVS combination. Practically, the VCEO ap-
proach has a lower computing time, but the VCEP approach better reflects the real proportion of
the influences of the data input.

3.3. First Investigation with Operator-Software-Impact (OSI)

Förstner’s method is suggested by [11] for intra-technique combination. The assumption is that
due to the different treatment of the observations by the ACs, the resulting normal equations Ni

are independent, although each AC analyzes the same initial observations. [2] introduced VCEO
into the combination process at the level of normal equations. Within the VCEO as well as within
the VCEP, independent normal equations are assumed, which cannot be ensured. [7] suggests an
advanced analysis method called Operator-Software-Impact (OSI) method. The basic strategy is
to split up the vector of observations li in the following way

li = linit + δli (10)

linit describes the initial observations and δli denotes the additional modification of linit due to
individual reduction and correction steps at each AC. linit and δli are uncorrelated pair by pair.

Cosi = σ20


Qlinitlinit

+ Qδl1δl1 Qlinitlinit
Qlinitlinit

Qlinitlinit

Qlinitlinit
Qlinitlinit

+ Qδl2δl2 Qlinitlinit
Qlinitlinit

Qlinitlinit
Qlinitlinit

. . .
...

Qlinitlinit
Qlinitlinit

· · · Qlinitlinit
+ Qδlnδln

 (11)

While linit is used by each AC, δli considers the influence of the individual AC as random
noise with zero mean. As seen above, the OSI models the different analysis strategies as stochastic
effect.
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In Equation (11) Qlinitlinit
can be produced by the law of error propagation. In general,

the matrix Qδl1δl1 is unknown. Therefore, [7] propose two possible mathematical approaches to
complete the stochastic model Cosi with the OSI-parameters α2

i > 0.

Qδliδli = α2
i I or Qδliδli = α2

iQlinitlinit
(12)

To quantify the individual OSI-parameters α2
i , a variance component estimation of Helmert

type can be applied [1], [3].

Cosi = σ2linit

 Qlinitlinit
· · · Qlinitlinit

...
. . .

...
Qlinitlinit

· · · Qlinitlinit

+σ2δl1

 Qδl1δl1 0

0 0

+ · · ·+σ2δln

 0 0

0 Qδlnδln


(13)

According to [4] and [6], the individual OSI-parameters are given through(
α2
1 α

2
2 · · · α2

n

)T = σ−2
linit

(
σ2δl1 σ

2
δl2
· · · σ2δln

)T (14)

Finally, the α2
i has to be introduced to the conventional accumulated combination to correct

the estimated covariance matrix N−1
c . The relationship fosi between the traditional accumulated

combination approach and the OSI combination approach is given by [4]

fosi =
f1
f2
, f1 = 1 +

1
n∑
i=1

1
α2
i

, f2 =
1

n∑
i=1

1
1+α2

i

(15)

and in conclusion

Nosi =
1

fosi
Nc (16)

Figure 1 shows the scaling factor fosi estimated with the OSI method.

Figure 1. Scaling factor for one year of data for combined solution estimated with OSI.

4. Summary and Outlook

Introducing the LMS into the outlier test procedure leads to a robust and reliable outlier de-
tection within the VLBI combination even if the number of observations is small. Regardless of
the independent normal equations, the use of VCEO increases the degree of freedom dispropor-
tionately high, because the number of initial observations is multiplied by the number of ACs
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and treated as independent observations. The VCEP method does not use information about
the number of initial observations during the variance component estimation. Unfortunately, the
convergence of VCEP is noticeably inferior and sometimes fails. The aim of the OSI method was
to proof the empirically determined scaling factor (

√
2) for the combined solution with respect to

the individual solution as described in [2]. A first investigation of the OSI method for the VLBI
combination showed a slightly lower influences factor of 1.1 to 1.2. Improving weighting strategies
and investigating the individual influences of the contributing ACs will be continued at BKG.
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Abstract

In this work we present some preliminary studies to assess a method to investigate the effect of
the selection of different datums on the adjustment of a geodetic network on a continental scale. In
particular we have considered European VLBI sessions. All the experiments since 1990 until the end
of 2010 have been processed. The adjustments, session by session, have been performed two times,
under the same analysis options but fixing two slightly different datums. An analysis of estimated 3D
coordinates making use of the maximum eigenvalue calculated for each station and each experiment,
was carried out. The stability of the results and the influence of different datum choices on the goodness
of estimated coordinates have been investigated.

1. Introduction

IVS Europe sessions have been carried out regularly since the late 1980s. Several European
VLBI stations have been observing in 6 to 12 sessions per year. VLBI antennas provide very
accurate and stable measurements with the objective to determine crustal motions in Europe and
provide a stable European reference frame. A common issue in all positioning problems, regardless
of application or accuracy, is the reference frame definition, also known as datum definition. This
fundamental step establishes the coordinate system that reported positions will refer to, and it
is satisfied by specifying the key parameters of translation, rotation, and scale. This paper has
investigated some issues concerning datum definition as applied to regional-area networks, like the
European one, VLBI-based measurement. Several works have been carried out in recent years with
the aim to evaluate the effect of different datum definitions on geodetic networks: e.g., the effect
on global VLBI solutions [1], or on CONT02 sessions [2], or on GNSS (Global Navigation Satellite
Systems) local geodetic surveys [3]. All such works found coordinate uncertainties induced by
terrestrial datum point selection, but finding a method to select datum points in an objective way
is still very difficult. Some authors have suggested to include all points of the network [4] or to
consider point stability and geometry [5] in addition to quantity, to realize the optimal datum.

In this work we first describe how European session processing and datum choice (see section
2) have been carried out. Then we propose a method which makes use of the maximum eigenvalue
magnitude of the variance-covariance matrix calculated for each point of the network, to investigate
possible differences due to different datum definitions (see Section 3). In the last section we briefly
present preliminary conclusions and propose further processing to fully exploit the capacity of the
proposed method to identify what datum definitions can bring to better results for the estimate
of parameters of interest.
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2. European Data Processing

Currently, fourteen radio telescopes take part in the European VLBI sessions. In any specific
session, only a subset of these antennas participates. Figure 1 shows the current map of European
VLBI stations: nearly all stations are homogeneously distributed on the European continent.
Badary is very distant and also Ny-Ålesund looks to be quite far away from the whole set of
stations.

Figure 1. European VLBI stations today.

All European VLBI sessions since 1990 until the end of 2010 have been processed two times
with Vienna VLBI Software (VieVS, [6]) using identical default options for each session but with
two slightly different datum definitions (that we call datum1 and datum2). In the single session ad-
justment, the coordinates for all stations were estimated. The conditions NNT (no-net-translation)
and NNR (no-net-rotation) with respect to their a priori values were applied to station coordinates
present in the VTRF2008 catalog [7]. The changes in datum definition were:

• datum1: all five EOP parameters (x-pole, y-pole, dUT1, dX, and dY ) were estimated

• datum2: only three EOP parameters were estimated (nutation parameters dX and dY were
fixed).

3. Comparison of Different Session Adjustments using Maximum Eigenvalues
of Variance-Covariance Matrix

It is well known that eigenvalue and eigenvector calculations have many useful applications in
several fields of mathematics and physics. If we consider a symmetric and positive definite matrix,
such as CXX (the variance-covariance matrix of parameters, estimated in the adjustment of a
geodetic network), its eigenvalues and the eigenvectors play an important role when we want to
investigate the stochastic nature of the random vector of parameters X ≡ (x1, x2, . . . , xn). Indeed,
with a suitable projection of X (exploiting the eigenvectors of CXX), we find a new Euclidean
space, with axes V ≡ (v1, v2, . . . , vn) obtained as a linear combination of (x1, x2, . . . , xn), where we
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can measure the shape of the location-dispersion ellipsoid (see §. 2.4.3 in [8]). These considerations
apply also when we study a submatrix, meaning that we extract from the whole CXX only the
values related to the three geometric parameters that describe the geographical position of a station
(x1 = x, x2 = y, x3 = z), leading to a small matrix with size 3x3. According to the theory, the
square roots of the eigenvalues of each 3x3 covariance matrix are the lengths of the principal axes
of its error ellipsoid and hence the standard deviations of the components along the direction of
the principal axes (v1, v2, v3). The largest eigenvalue (in magnitude) corresponds to the maximum
variance achievable with a projection in the direction of the first eigenvector (the direction of the
highest variation).

For each processed European experiment and each involved VLBI station, the maximum eigen-
value magnitude (from now on, named maximum eigenvalue) has been calculated for each station
on the correspondent extracted (3x3) variance-covariance matrix of the three coordinates x, y, z.
In Figure 2 the values of these maxima are represented in a grey value scale for each Europe
experiment (rows) and for each station (columns) that observed during each experiment.

Figure 2. Maximum eigenvalue for each station (x-axis) and each experiment (y-axis) using datum1. The

order of the stations is: 1 - Badary, 2 - Crimea, 3 - DSS65, 4 - DSS65A, 5 - Effelsberg, 6 - Karlsburg, 7 -

Matera, 8 - Medicina, 9 - Metsähovi, 10 - Noto, 11 - Ny-Ålesund, 12 - Onsala60, 13 - Svetloe, 14 - Tigowtzl,

15 - Toulouse, 16 - Wettzell, 17 - Yebes, 18 - Yebes40, and 19 - Zelenchukskaya.

The shown values, obtained for data processed using datum1, are almost the same as those
obtained for datum2 (whose values are not shown). In fact only slight differences are present among
the results obtained for the two datums, and they are not perceptible by eye. The differences
between the square root of each maximum eigenvalue calculated respectively for datum1 and
datum2 have also been computed, after the removal of a few outliers. A mean of the differences
equal to −0.0002 cm with a standard deviation of 0.0016 cm was found.
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It is worth noting that looking at Figure 2 quickly identifies which experiments and which
stations had very high maximum eigenvalues with respect to the others, showing clearly when and
where there is a problem in the experiments. For instance the 87th experiment (08JAN21XA)
has an anomalous behavior for stations number 2, 9 and 10, respectively Crimea, Metsähovi, and
Noto. This led us to make a deeper investigation of the processing, correlation, and observations
carried out for such experiments and stations. The analysis report publicly available in the IVS
webpage states that only 16.4% of the original scheduled observations in the session 08JAN21XA
were carried out and were recoverable at only five of the seven scheduled stations. Then the 10th
experiment (92JUL07X ) had a high eigenvalue for station number 6 (Karlsburg). This case can be
explained by considering that Karlsburg is a mobile station that observed only for that experiment.
Finally the 76th experiment (06MAR21XA) had a high value for the second station Crimea. In
this session observations at station Ny-Ålesund were not correlated, and only 69% of all scheduled
observations could be used in the analysis.

4. Conclusions and Further Developments

In this work we have started to investigate a method making use of maximum eigenvalue
determination of the variance-covariance matrix CXX for checking possible disagreements in station
coordinate estimates due to different datum choices. Even if in our examples the deviations due
to the two selected datums are negligible, the method shows great potential. The very small
differences we have found using datum1 and datum2 can be explained considering that our datum
choice was in both cases a little overconstrained for the network we have examined. This suggests
addressing further Europe experiment processing using different datum choices - for example using
NNT and NNR condition only on a few stations with a stable history or with a good geometric
distribution.

Furthermore the method has been also shown to be very useful for very rapidly checking the
behavior of a large amount of data. We processed 104 experiments with a total set of 19 stations.
We could immediately check, just by looking at one figure, that the whole set of data has a
very good performance. Then it was also immediately possible to recognize the experiments and
stations showing high maximum eigenvalues (and therefore high variances); for our processing these
appeared very seldom. The check on original experiments where such cases occurred confirmed
that the anomalous behaviors we had identified on the plot had a justifiable reason to be there.
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Abstract

Several aspects of VLBI Intensive sessions are revisited in this paper. On the one hand, an extension
of the observing time from one to two hours is considered. For this purpose, in late 2011 and early
2012, some special Intensives were observed. On the other hand, changes of the parameterization of
the zenith wet delay, as well as a modified weighting, were applied in our analysis. The approach of
extending the Intensives to two hours leads to an increased precision of UT1 as expected. Furthermore,
a parameterization of time variable parameters seems useful and especially the least squares collocation
approach is a promising method to realize this. Finally, a re-weighting via Variance Component
Estimation provides more stable results for Intensives with more than one baseline.

1. Introduction

VLBI Intensive sessions (INTs, [6]) are performed to provide daily UT1 measurements be-
tween the irregularly occurring 24-h sessions. Currently, INTs have a duration of one hour and
are observed on small networks. Three types of INTs exist. INT1s are measured on the baseline
Kōke’e Park (KK, Hawaii, USA) – Wettzell (WZ, Germany), INT2s on the baseline Tsukuba (TS,
Japan) – WZ, and, INT3s on a three-station network with Ny-Ålesund (NY, Spitsbergen, Nor-
way), TS, and WZ. As the INTs are made up of one or three baselines, there are weak observing
configurations which lead to systematically different UT1 estimates. These are shown, strongly
smoothed by splines, in Figure 1. Obviously, the results of INT2s and INT3s seem to agree better
with each other in comparison to INT1s. This indicates a clear network effect on the UT1 values
derived from Intensive sessions, as INT2s and INT3s are dominated by the TS – WZ baseline. In
addition, a negative impact was shown, e.g., by [7], when Intensives were used in an inter-technique
combination as the agreement of UT1 to excitations by geophysical fluids degraded. This leads to
some reservations against the current concept of Intensive sessions.

The problems mentioned above might not only be caused by network effects. Other possible
reasons can be seen in the scheduling and even in the observing interval of one hour which might
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Figure 1. Strongly smoothed UT1 estimates w.r.t. IERS-08C04 for the three types of Intensive sessions:

INT1 (solid red line), INT2 (dashed blue line) and INT3 (dotted black line).
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be too short for reliable UT1 estimates. Finally, an INT1 is performed in the evening around
18:00 UTC while INT2s and INT3s are measured in the morning around 7:00 UTC. Thus, they
measure sub-daily UT1 effects at different phases, which is a problem when the models for sub-daily
variations of the Earth orientation parameter are not sufficiently accurate.

To overcome some of the deficiencies and to improve the Intensives, several investigations have
been carried out so far. Special R&D sessions with 1-h KK – WZ databases and 24-h databases for
the remaining network (R&D 907 – 910 and 1001 – 1005) took place to validate and to improve the
scheduling [1]. These contain approximately 200 INTs. Furthermore, an extension to 2 hours of
observation (three INT3s in late 2011, and three INT2s in early 2012) has recently been performed.

In this paper the 2-h approach is validated. For this purpose, the original 2-h INTs were used
and some more 2-h INT3-like sessions were simulated. Furthermore, the subsequent 1-h R&D-
INTs were consolidated to 2-h durations. In addition, some special analysis options were applied
within the present analysis to revise the analysis procedure as well.

The solutions were done with Calc/Solve ([2], [4]). However, Solve was changed in a way that
the completely unconstrained equation system can be exported. This equation system was then
processed with a back-end, where all modifications are implemented.

2. Analysis Options

The analysis setup for Intensive sessions is and has to be different from 24-h sessions due to
the limited number of observations. In the analysis presented here, some modifications are made
in comparison to the standard setup of an INT analysis. Three solution approaches deal with the
troposphere handling, and another approach deals with a modified re-weighting of the observations.

Usually, a constant zenith wet delay (ZWD) is estimated for each telescope, and a relative linear
clock behavior is estimated besides the target parameter UT1. Here, three different troposphere
modeling options are compared. First, a constant ZWD and, secondly, continuous piecewise linear
function (CPWLF) ZWDs were estimated in a classical least squares (LSQ) adjustment (e.g., [3])

∆x̃ = (XTΣ−1
yy X)−1XTΣ−1

yy ∆y, (1)

where X denotes the Jacobian matrix with the partial derivatives of the observation equations
w.r.t. the estimated parameters ∆x̃. The vector ∆y contains the reduced observations and the
matrix Σyy represents the variance-covariance matrix (VCM) of the observations. As a third
option, ZWDs were handled as stochastic parameters by using the LSQ collocation method [5]
instead of the CPWLF representation in the classical LSQ adjustment.

The LSQ collocation had already been applied in VLBI analysis (e.g., [8]). However, here we
use it as a replacement for the classical LSQ adjustment, while the processing chain, the applied
models, and the set of observations remain the same. With the LSQ collocation, the deterministic
parameters can be estimated [8]

∆x̃ = (XT (BΣzzB
T + Σyy)−1X)−1XT (BΣzzB

T + Σyy)−1∆y, (2)

where the matrix B consists of the partial derivatives of the delay w.r.t. the stochastic param-
eters z, and the matrix Σzz describes the stochastic properties of these parameters. Besides the
estimated deterministic parameters ∆x̃, the stochastic signals can be determined as well

∆z̃ = ΣzzB
T (BΣzzB

T + Σyy)−1(∆y −X∆x̃). (3)
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The VCM of the stochastic parameters, i.e. ZWDs, was determined from the LSQ estimates of
Continuous VLBI Campaigns in 2002, 2005, and 2008. From the equidistant ZWD time series
with a temporal resolution of 20 minutes, an empirical auto-covariance function was determined.
In a second step, a semidefinite function [8]

C(t) =
C(0)

cosφ
exp(−αt) cos(βt+ φ) (4)

was fitted to the empirical function by estimating the parameters α, β, and φ. The VCM of the
stochastic parameters was then built by the variance C(0) = 2 cm2 and the covariances for time
difference t: C(t).

As a last analysis option, a modified re-weighting via variance component estimation (VCE,
e.g., [3]) was applied to the classical LSQ adjustment. In a first step the parameters are estimated
and the post-fit residuals are determined

r = ∆y −X∆x̃. (5)

To derive baseline-dependent variance components, the squared sum of the residuals is calculated
for each baseline and scaled by the partial redundancy of this particular baseline fi

σ̃20i,v =
rTΣ−1

yy r

fi
, (6)

where the partial redundancy is derived from the VCM of the residuals which belong to one baseline

Σrr =
n∑

i=1

Σrr,i = Σyy −X(XTΣ−1
yy X)−1XT , (7)

fi =
m∑
i=1

Σrr,i(i, i) = tr(Σrr,i), (8)

where n is the number of baselines in the solution and m is the number of observations on a specific
baseline. In a second step, the VCM of each group of observations is updated

Σyy,i,v = σ20i,vΣyy,i,v−1 (9)

and the LSQ adjustment is performed again. This iteration ends if σ20i,v are numerically 1.

3. Results

3.1. LSQ Collocation and Re-weighting

To present the impact of modified analysis options, the 2-h long Intensives as well as the R&D-
Intensives are used. In Figure 2, the results from the 2h INT3s in 2011 and INT2s in 2012 are
shown for the different analysis approaches.

The modified re-weighting only has an impact on the results of the INT3s, as they consist of
three baselines, while the INT2s are only single-baseline sessions. Thus, an INT3 contains three
independent groups of observations and an INT2 only one. As expected, the re-weighting by VCE
leads to significant changes of the estimates only for sessions where large differences between the
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Figure 2. UT1 minus IERS-08C04 values (left) and their standard deviations (right) from the 2-h Intensives

analyzed with different analysis options. INT3s took place in 2011 and INT2s in 2012.

post fit residuals of the baselines exist (e.g., 11DEC19XK: third data point in Figure 2). However,
the re-weighting reduces the standard deviations for all three INT3s.

The ZWD handling always has a significant impact. The two classical LSQ solutions show a
similar behavior, where the standard approach with one constant ZWD parameter (red line with
squares in Figure 2) leads to marginally lower standard deviations of the UT1 estimates than the
CPWLF approach (blue line with diamonds). Thus, the precision of the UT1 estimates is not
improved by ZWDs with a temporal resolution of 20 minutes. But, the stochastic treatment of the
ZWD in a LSQ collocation approach (grey line with lower triangles in Figure 2) results in a more
precise UT1 estimation. Obviously, a more realistic representation of the troposphere leads to a
more precise UT1 estimation. The UT1 estimates of this approach are different from the results of
the classical LSQ adjustment. In further investigations, a comparison with geophysical excitations
should show which results are more accurate.

A first hint of the correctness of the LSQ collocation results is gained from the analysis of the
R&D sessions. For the R&D-sessions, the root mean square (RMS) and weighted RMS (WRMS)

Table 1. RMS and WRMS differences between UT1

estimates from the R&D INTs and the correspond-

ing 24-h sessions.

approach WRMS [µs] RMS [µs]

standard 19.2 23.9
CPWLF 18.6 23.3
LSQ-colloc. 18.6 22.0

differences of the approximately 200 UT1 esti-
mates from the R&D-INTs w.r.t. the results of
the corresponding 24-h sessions were calculated.
Between the standard approach and the use of
CPWLF ZWDs, the UT1 repeatability is not
significantly improved. A slight enhancement is
gained by using stochastic ZWDs within the LSQ
collocation method as shown in Table 1.

3.2. 2-h vs. 1-h Intensives

To validate the test schedules of Intensives with a duration of 2-h in comparison to standard
1-h Intensives, several sessions were used. On the one hand, the dedicated 2-h long test INTs were
either analyzed directly or split up into 1-h bins. In addition, subsequent 1-h KK – WZ R&D-INTs
were stacked to 2-h sessions or analyzed directly as 1-h Intensives. Finally, simulations of 1-h and
2-h INTs for three months were created. The solutions were done in a LSQ adjustment with VCE
re-weighting, and 30 minute CPWLF ZWDs were estimated. Thus, for each 2-h INT two 1-h INTs
exist, and vice versa. The standard deviations of the UT1 estimates are shown in Figure 3.
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Figure 3. Sorted standard deviations of all Inten-
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As expected, the standard deviations of UT1
of 1-h Intensives are bigger by a factor of ap-
proximately

√
2 than those of 2-h INTs. Thus,

the increased precision is mainly due to the dou-
bled number of observations. The estimates of
a 2-h Intensive (not shown here) are in general
between the two 1-h Intensive results. However,
they are not strictly in the middle between the
first and the second hour. Furthermore, the
RMS differences of UT1 from 2-h INTs vs. 1-
h INTs (R&D-sessions) to the UT1 estimates of
the 24-h sessions is about 15% lower.

4. Conclusions

For some special Intensives, non-standard analysis options have been used. For 2-h INTs, a
parameterization of time variable ZWD seems useful. In particular, the LSQ collocation approach
is a promising method to realize this. Furthermore, a re-weighting via VCE has been implemented.
In this way, the Intensives with more than one baseline provide much more stable results.

Concerning the duration of the Intensives, the 2-h approach is promising. As expected, the 1-h
INTs are smoothed, and the standard deviations are lowered by a factor of approximately

√
2 due

to having twice as many observations.
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Abstract

The Vienna VLBI Software (VieVS) version 1d is used in its batch mode to analyze IVS Intensive
sessions automatically to derive the Earth rotation parameter dUT1. The automation process uses a
shell script that is run daily by a cron process. The goal is to achieve dUT1 results as soon as the NGS
file is fetched from the VieVS server. Three types of analysis strategies, called S-1, S-2 and S-3, are used
in the process in order to compare different parameterizations and to improve the latency of deriving
dUT1. The S-1 analysis strategy uses as a priori Earth orientation parameters the values provided by
the EOP-file “finals2000A”, uses as mapping function the Global Mapping Function (GMF), and does
not apply atmospheric loading. The S-2 analysis strategy differs from the first analysis strategy by using
the Vienna Mapping function (VM1) instead of the GMF and by applying atmospheric loading. The
S-3 analysis strategy differs from the second approach by using the IERS C04 values as a priori Earth
orientation parameters. All other parameters are treated identically for the three analysis strategies.
The latency of the results for the first analysis strategy is 2-3 days from the end of a session and is
dominated by the time that is necessary to correlate the observational data and to pre-process the data,
i.e. to provide an NGS file where group delay ambiguities are resolved and the ionospheric effects are
corrected. The latency of the results for the second strategy is slightly worse, about 3-4 days, mainly
due to the time that it takes until VMF1 and atmospheric loading based on ECMWF analysis data
are available. The latency of the results for the third strategy is even worse, about 30 days, and is
dominated by the time that it takes until the IERS C04 data are available. The RMS values of the
formal errors of the three strategies in the case of INT1 sessions are 21, 22, and 17 microseconds for
strategies 1, 2 and 3, respectively. The formal error of S-3 is the best, but the latency is the worst. To
enhance the latency of the S-1, we currently are working on including the necessary pre-processing steps,
i.e. group delay ambiguity resolution and ionospheric correction, directly into VieVS. The results of the
automated analysis are provided both as data files and in graphical form on the Metsähovi Web pages
http://www.metsahovi.fi/vlbi/vievs/results GMF, .../results VM1, and .../results C04, respectively.

1. Introduction

The Vienna VLBI Software (VieVS [1]) version 1d is used in its batch mode to analyze IVS
Intensive sessions automatically in order to derive the Earth rotation parameter dUT1. INT1 and
INT2 baselines are displayed in Figure 1. The automation process uses a shell script that is run
daily by a cron process. The goal is to achieve dUT1 results as soon as the observed delays are
available as an NGS file. Three types of analysis strategies (S-1, S-2, and S-3) are used in the
process in order to compare different modeling options. The different modeling options used for
the different strategies are listed in Table 1. All other models are identical for the S-1, S-2, and
S-3, see Table 2.
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Figure 1. The baselines used for the INT1 and INT2 sessions.

Table 1. Modelling options for strategies S-1, S-2, and S-3.

Strategy S-1 S-2 S-3

A priori EOP USNO finals2000A USNO finals2000A IERS C04

Mapping function GMF VM1 VM1

Atm. loading no yes yes

Table 2. Other models used.

TRF VTRF2008

CRF ICRF2

Ephemerides JPL421

Precession/nutation IAU 2000A

Elevation cutoff no elevation cutoff used

Hf EOP IERS conv. 2003

Ocean loading FES2004

2. Latency of the Results

The latency of the results for the S-1 is 2-3 days from the end of a session, and it is dominated
by the time that is necessary to correlate the observational data and to pre-process the data, i.e.
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to provide an NGS file where group delay ambiguities are resolved and the ionospheric effects are
corrected. The latency of the results for the S-2 is slightly worse, about 3-4 days, mainly due to
the time that it takes until VMF1 and atmospheric loading based on ECMWF analysis data are
available. The latency of the results for the S-3 is even worse, 30 days, and is dominated by the
time that it takes until the IERS C04 data are available.

3. Results

Table 3 presents the RMS values of the corrections with respect to the used a priori dUT1
values and the average values of the formal errors for the three analysis strategies. As the latency
becomes worse, the variation of the dUT1 gets smaller. In order to improve the latency of strategy
S-1 we currently are working on including the necessary pre-processing steps, i.e. group delay
ambiguity resolution and ionospheric corrections, directly into VieVS.

Table 3. Impact of the three different analysis strategies S-1, S-2, and S-3 on the dUT1 estimates for both

INT1 and INT2 sessions: average formal errors of the dUT1 estimates and RMS agreement of the dUT1

estimates with respect to IERS C04 dUT1 values.

Strategy
S-1 S-2 S-3

INT1
average formal error (µs) 16.49 16.48 14.77
RMS w.r.t. IERS C04 (µs) 261.77 205.87 50.15

INT2
average formal error (µs) 61.89 61.73 62.00
RMS w.r.t. IERS C04 (µs) 865.40 843.07 743.38

Figures 2 and 3 depict the dUT1 results for both INT1 and INT2 sessions using the three
different strategies. Strategies S-1 and S-2 use a priori Earth orientation parameters (EOP) from
USNO finals2000A. Usually, these values are predicted EOP, resulting in the results shown with
red dots. In case of additional delays, e.g. late availability of NGS files, the USNO finals2000A has
been updated already by final EOP. Results obtained using these a prioris are shown with green
dots.

The results of the automated analysis are provided both as data files and in graphical form on
the Metsähovi Radio Observatory Web pages:

http://www.metsahovi.fi/vlbi/vievs/results_GMF

/results_VM1

/results_C04

/latest_dut1_S-1+S-2+S-3_XK.png

/latest_dut1_S-1+S-2+S-3_XU.png

RMS values of the INT1 and INT2 sessions for all three analysis strategies are provided at:

http://www.metsahovi.fi/vlbi/vievs/latest_RMS+WRMS.txt
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Figure 2. dUT1 from INT1 using strategies S-1, S-2, and S-3. Red and green dots indicate that the a priori

EOP from USNO finals2000A were either predicted EOP (red) or final EOP (green).

Figure 3. dUT1 from INT2 using strategies S-1, S-2, and S-3. Red and green dots indicate that the a priori

EOP from USNO finals2000A were either predicted EOP (red) or final EOP (green).
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4. Conclusions

Figure 2 depicts large variations for the dUT1 results when predicted EOPs are used in the
analyses (see S-1 and S-2). This variation is not visible when final EOP values are used as a priori
values in the analysis (S-3). The jump in Figure 3 can be explained by the Tohoku earthquake
that affected the Tsukuba station. Accurate coordinates for Tsukuba were not available for the
period March-September 2011, thus causing a jump in dUT1. This also causes the RMS values
of the corrections with respect to the used a priori dUT1 to be large for the INT2 series. More
data, especially using analysis strategy S-3, are needed to be able to compare the INT1 and INT2
dUT1 results. From the INT1 results, it can be seen that S-1 gives the largest formal error average
value (16.48 microseconds), and S-3 the smallest (14.77 microseconds). The RMS value of the
corrections to the dUT1 a priori values is smallest with S-3, and largest with S-1.

In the future a script could be implemented to also analyze IVS 24-h sessions automatically. In
this case the ambiguity resolution and ionospheric correction step needs to be automated already
in VieVS.
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Abstract

For the remote control and monitoring of VLBI operations, we developed a software optimized for
smartphones. This is a new tool based on a client-server architecture with a Web interface optimized
for smartphone screens and cellphone networks. The server uses variables of the Field System and its
station specific parameters stored in the shared memory. The client running on the smartphone by
a Web interface analyzes and visualizes the current status of the radio telescope, receiver, schedule,
and recorder. In addition, it allows commands to be sent remotely to the Field System computer and
displays the log entries. The user has full access to the entire operation process, which is important in
emergency cases. The software also integrates a webcam interface.

1. Introduction

In the future the new VLBI2010 antennas should be distributed more uniformly over the
surface of the earth and should provide an increased observation density [1]. VLBI observations
are usually monitored and controlled locally at the station. With remotely attended observations
we can achieve a better telescope utilization, a faster response time on errors and maintenance
procedures, and increased efficiency of observations. Nowadays smartphones, tablets, and mobile
applications are very common and widely used, but for VLBI operations this is an unexplored
area. We developed a new concept and tool for monitoring and controlling VLBI telescopes by
smartphones called “Jmonan”. This is an extension to the current NASA Field System (FS) with
a modern graphical user interface optimized for smartphone screens and particulary useful for
stations with a lack of operators or stations in remote locations such as TIGO or O’Higgins.

2. Different Methods of Smartphone Programming

“Mobile application development” summarizes any kind of software development for low-power
handheld devices such as tablets or mobile phones. In the world of smartphone programming
two very distinct branches are distinguished: native development and Web development. Native
development is an application designed to run on a specific operating system and machine firmware.
In many cases this type of software needs to be adapted for optimal performance on different
devices, e.g., a native application developed for the iPhone will need to run on its proprietary
operating system (iOS Platform). That would mean this software is not transportable to devices
with other operating systems. For the development of native applications it is possible to use
different programming languages such as JAVA [3] or C/C++ [4]. To become independent of the
different operating systems we realized Web application development. All or some parts of the
software are downloaded from a webserver each time when the software is started. The biggest
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advantage is that Web applications will run on any smartphone with a modern HTML/Javascript
compatible Web browser. Another feature is to introduce new versions by just upgrading the
source code on the webserver and automatically providing all clients with the new version. It is
not necessary to install a new application on each device. We can use languages like HTML5 [5]
or Javascript for the development of this kind of application.

3. Jmonan

3.1. General Scheme

Jmonan is an acronym for Jquery [2] monitoring antenna . This new tool is based on Ethernet
with a client-server model. Two applications communicate with each other to exchange some
information: (1) the client part initiates the communication by sending service requests to the
server and provides an interface to display the returning results from the server, and (2) the server
part waits for requests from clients and then responds to them.

Thus the application is divided in two parts, Jmonan-Server and Jmonan-Client. The first one
is hosted on the Field System PC which is behind a firewall and on a private network for security
issues. The Jmonan-Server takes parameters of the Field System and of the station specific part
stored in the shared memory. The actual values of these parameters are requested continuously
from a webserver which is a Jmonan-Client to the Field System server and smartphone at the same
time. The smartphone Web browser is served by the Web server Jmonan-client (see Figure 1).

FieldSystem Firewall Web Server SmartPhone

Jmonan Server
FieldSystem Share Memory

Jmonan Client
Apache - PHP

HTML/Javascript
Browser

Request/Response Request/Response

Figure 1. General scheme of Jmonan application for smartphones.

3.2. Jmonan-Server

The first part of this tool, named Jmonan-Server, is hosted on the Field System PC. This
server is coded in C language with a standard protocol stack Transmission Control Protocol over
Internet Protocol (TCP/IP). A concurrent and autonomous server was implemented. When the
client initiates a connection to the server, it creates a new process, task, or thread. This newly
created server handles the entire request of the client. On completion, this new server is terminated.
In essence, each client has its own server. The advantage of such a concurrent server is that multiple
clients are serviced at the same time [6]. To ensure service availability at all times, the server is
checked by an additional watchdog process. Due to different tasks, the Jmonan-Server is composed
of three different services:

• Monan service (Monitoring Antenna): Requests data from FS variables and station specific
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variables stored in the shared memory. When the connection with the client is established,
it sends each second an array with all the values in an ASCII format.

• Oprin service (Operator Input): This service accepts and executes FS commands in real time,
which are sent by the client. The commands are injected into the FS using the supported
injection method.

• Log service (Log Entries): Besides the parameters of the antenna and experiment, the server
has an option to read and send the client the last part of the log file every second. The client
process receives this data and shows the log output of the experiment in real time.

Each of these services offers different options for monitoring and controlling VLBI experiments.

3.3. Jmonan-Client

The second part of this tool, named Jmonan-Client, is part of the Web server. It was written
in HTML/Javascript and PHP [7] for the communication with the server. Most Web applications
must reload the entire page in order to make a request to the server. This implementation instead
uses AJAX [8] (acronym for Asynchronous Javascript and XML), a technique which can send and
retrieve data from a server asynchronously in the background. It avoids interference with the
display and full page reloads and is therefore most efficient in terms of data transmission.

The objective of this develoment is to create a complete and flexible tool for the different tasks
of controlling and monitoring VLBI experiments. The entire software was designed in a modular
way, having a scalable system (see Figure 2).

User Interface Code

Monan
FS Share
Memory

Operator 
Input

Log Entries Webcam

SmartphoneSmartphoneWebServerWebServer

Figure 2. Jmonan-Client, modular design.

Therefore, this architecture of a Web and multiplatform interface was chosen and optimized
for smartphone screens and cellphone networks. To reduce the programming effort the tool Jquery
[2] (a framework of Javascript and AJAX) was used. Jquery helps to develop the user-interface
for smartphone touch screens.

The following features including the display and visualization of the actual status are imple-
mented:

• Radio telescope (mode, position, velocity, brakes). See Figure 3.

• Schedule (session, source). See Figure 3.

• Receiver (cryo parameters, box temperature, voltages).
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• Recorder (recording on/off, scan name, capacity). See Figure 4.

• Webcam image.

Figure 3. Jmonan-Client, antenna

status monitoring.

Figure 4. Jmonan-Client, Mark 5

recorder status monitoring.

To implement the remote control feature, the user can enter commands via smartphone into the
FS and watch the response in the log-file, which even automatically highlights errors and warnings
(see Figure 5).

Figure 5. Jmonan-Client, operator input and log entries.
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4. Security

To protect the system and proper functioning of a VLBI experiment, some security features
were developed; one of them involves the HTTP authentication (login and password) of the user
for the use of this application. This decreases the possibility of an unauthorized access. A second
level of security of the entire system is the installation of the Jmonan-server behind a firewall and
on a private network.

5. Conclusions

The Jmonan software allows VLBI operation of a specific station via smartphone. This is an
advantage, especially if stations are understaffed and operators want to control the VLBI-status
from home. Jmonan was used successfully during the CONT11 sessions and is used frequently at
the geodetic observatory TIGO. This software also helped during the replacement procedure of an
encoder, where the actual encoder reading was needed to maintain the orientation.
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Abstract

The Japanese lunar mission SELENE was observed in differential VLBI (D-VLBI) mode with
terrestrial VLBI antennas in Japan and overseas. We present our experience of processing D-VLBI
data with the Vienna VLBI Software (VieVS). When processing D-VLBI data, many parameters (e.g.
station coordinates or a priori spacecraft positions) have less influence on the computed time delay than
in “normal” geodetic VLBI. For the SELENE data, this level of cancellation is determined empirically
and presented for various parameters. With the atmosphere being identified as a possible source of
remaining errors, the effects of the ionosphere, the wet troposphere, and of tropospheric turbulences
were investigated more deeply. By estimating relative spacecraft positions of the SELENE satellites,
the potential of spacecraft VLBI used for precise positioning is discussed.

1. SELENE

In the years 2007-2009 the Japanese Aerospace Exploration Agency (JAXA) flew a lunar project
named Selenological and Engineering Explorer (SELENE). SELENE consisted of three satellites:
the main orbiter named Kaguya and the two sub-satellites called Rstar and Vstar. During the
mission, whenever the two sub-satellites were close together (with a separation angle <0.56◦) and
no other tracking was active, same-beam differential VLBI (D-VLBI) observations were performed.
Up to eight VLBI telescopes at a time received the two signals from Rstar and Vstar in one antenna
beam, without the need to switch between the sources. After correlation of the recorded signals,
the measured quantity is the differential phase delay (∆τ), representing the difference between the
two VLBI delays of a baseline to the two sources.

∆τ = τRstar − τV star (1)

According to [6], the nominal accuracy of the S-band differential phase delay is 3.44 ps rms,
corresponding to ∼1 mm. For detailed information about the signal structure, the observation
process, and the derivation of the observable we refer to further literature, e.g. [8]. With its
sensitivity to the relative angular position of the satellites, D-VLBI is the perfect complement
to the mainly used two-way tracking (with Doppler or range signals), which is only sensitive in
the direction of the line of sight. Overall, the effort of including D-VLBI observations in the
determination of the orbits of Rstar and Vstar improved the orbit consistency during the entire
mission from several hundreds to several tens of meters [5].

1.1. Data

The VLBI tracking was done using the Japanese VERA (VLBI Exploration of Radio As-
tronomy) network, with stations in Iriki (IRI), Ishigaki (ISI), Mizusawa (MZW), and Ogasawara
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(OGW). Additionally, there were also two international campaigns, complementing the network
with antennas in Hobart, Australia (HOB); Urumqi, China (URQ); Shanghai, China (SHA); and
Wettzell, Germany (WTZ). For our investigations we analyzed two datasets:

• October 2008, 17-22: IRI, ISI, MZW, OGW (Japanese)

• January 2008, 12-16: IRI, ISI, MZW, OGW, HOB, URQ, SHA, WTZ (intercontinental).

2. Processing

For the processing, the Vienna VLBI Software (VieVS) [1] was adopted for the ability to process
D-VLBI data. This means that the delay model, commonly designed for observations to far distant
and quasi-static quasars, had to be adopted for moving sources at finite distances. We implemented
the formula given by Sekido and Fukushima (2006) [10] and verified its correct application through
the comparison with the formulas given by Fukushima (1994) [3] and by Klioner (1991) [7], which
therefore were also implemented in VieVS. Processing the data with the three models showed good
agreement, revealing differences in the calculated delay mostly below 1 ps with a few exceptions
up to 3 ps. These correspond to the theoretical differences of the models, as given in the literature
mentioned above.

2.1. Results

The quality of our delay modeling can be expressed by the agreement between the computed
(theoretical) delay and the measured one. In other words, we simply look at the observed-minus-
computed (o-c) values. Before the observed values are used, they are corrected for ambiguities and
additionally one offset per baseline is estimated for each continuous observation period. For the
analyzed data, the o-c values are mostly at a level of ±10 mm (30 ps), as shown in Figure 1. Thus,
our results largely agree with those published by NAOJ Mizusawa [5]. In the figure, each color
represents one baseline; long time periods without observations were excluded for clarity (dashed
vertical lines). It can be clearly seen that there is some signal left in the data without a fully
identified origin. In Sections 2.2 and 2.3 we try to assess further error sources and investigate the
extent to which they might contribute to these remaining signals.

October 2008 January 2008

Figure 1. Observed-minus-computed values.
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2.2. Level of Cancellation

The strength of D-VLBI observations is the high level of cancellation. Due to the nearly
identical ray path of the signals and the usage of the same antennas at the same time epoch, most
of the atmospheric and station dependent delays are the same and cancel out when subtracting the
two sources. Table 1 gives an overview of different effects, their magnitude in the single delay to
one source (τ), and the size of the residual effect in ∆τ . The given values represent the empirically
determined maxima of the processed data. Because of the key role of the observation network in
this investigation, we treated the much longer intercontinental baselines separately; these values
are given in brackets. Clearly visible is the fact that with the remaining signals <10 ps (3 mm),
geometric effects are almost totally canceled out and can be ignored for the following studies. This
is not the case for the atmosphere. In general we can say that the values vary much more; this
is due to its strong dependency on the elevation angle of the observations. Most of the processed
observations were taken at elevations >20◦, but for some of the long baselines elevation angles of
10◦ or even 5◦ were found. The biggest part comes from the hydrostatic part of the troposphere.
Here we assume that this effect can be modeled in the VLBI analysis software rather well.

Table 1. Level of cancellation in D-VLBI observations ∆τ compared to the total effect in τ .

(values in brackets represent long baselines) τ ∆τ

GEOMETRY
Antenna ±5 cm 300 ps 1-2 ps
Orbit ±10 m 150-1000 ps 2-8 ps
EOP 5 (60) ps < 0.05 (0.1) ps

dUT1: 5 ms/xp,yp: 200 mas

dX,dY: 300 mas

ATMOSPHERE
Hydrostatic troposphere, a priori 2-20 (10-60) ns 30-300 (50-1000) ps
Wet troposphere, ECMWF 1-3 (4) ns 4-40 (10-60) ps
Ionosphere, TEC-maps 1.5 (2-10) ns 10 (80) ps

2.3. Further Effects

So far, the wet troposphere is not included in our processing. In order to estimate its scale,
the values in Table 1 were calculated using numerical weather model data from the European Centre
for Medium-Range Weather Forecast (ECMWF) as available with the Vienna Mapping Functions
(VMF) [2]. Due to the narrow separation angle of the observations, this effect reduces to several
picoseconds and might only influence the o-c critically on the intercontinental baselines when
observations at very low elevations are performed. The effect of the ionosphere was determined
by using GNSS-derived maps of the total electron content (TEC). In Figure 2 the results for the
October data are plotted, also serving as a typical example for the connection of the systematics in
the results with the separation angles (gray areas in the back) and with the four elevation angles
from the two antennas to the two sources (brownish colors). Its values appear to be unusually
small, because most of the observations were performed during the night when the ionosphere
is rather inactive. Using the simulation tool in VieVS, we estimated the effect of atmospheric
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turbulence on the calculated delay. Details about the simulation method can be found in [9].
The results again show strong dependency on the separation and elevation angle, having values
of some picoseconds with extremes up to 30-40 ps. As these results are based on Monte Carlo
simulations as well as on some assumptions about the atmospheric behavior, the results cannot be
quantified straightforwardly.

Figure 2. Residual ionosphere per baseline (October data). Additionally, the elevation and separation angles

are plotted.

In summary we can say that some further effects of the atmosphere clearly reach the level
of significance. Nevertheless, when applied in the processing, the residual signals diminished for
certain time epochs and baselines, but it increased for others.

3. Orbit Estimation

As the SELENE D-VLBI observations were done to support the orbit determination of the
transmitting sources, we implemented the orbit estimation in VieVS. Following equation (1), the
derivative of the differenced phase delay with respect to the relative source position of Vstar to
Rstar yields:

∂∆τ

∂XV
= −XV −X1

rV 1
+
XV −X2

rV 2
. (2)

X denotes the position of Vstar (V ) and of the antenna at station i, in the denominator the
distance rV i from Vstar to the i-th antenna is found. In principle, applying this formula for
Cartesian coordinates is easy; nevertheless due to the weak geometry the unknowns (e.g., ∆xyz)
are highly correlated, causing the estimation process to be unstable. For the investigated dataset,
residuals of some kilometers appear. A possible way to address this problem is to constrain the
absolute distance in the direction of the line of sight and only allow movement perpendicular to
it. Following this approach, the residuals could be reduced to some meters. This is a reasonable
result, as the NAOJ determined the total orbit errors to be at an average level of 18 m [4].
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4. Conclusions

We showed our experiences with the processing of SELENE D-VLBI data in VieVS. The
implementation in the existing VieVS software was realized, and the results are equivalent to the
comparable values of NAOJ. Further, a table with the level of cancellation for various geometric
and atmospheric contributors to the measured time delay was given. While the geometric effects
can be neglected, some atmospheric aspects are more critical and were discussed in more depth. For
orbit estimation we recommend introducing constraints during estimation or adequate weighting
and combination with other measurements.
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Abstract

GPS-VLBI (GV) Hybrid System is being developed to combine the VLBI and GPS techniques
at the observation level. In the system, VLBI antennas and GPS antennas located at the same site
receive signals from quasars and GPS satellites, respectively. Both signals are recorded and correlated
in the normal VLBI way. We carried out a 24-hour validation experiment of the system on the baseline
between Kashima and Koganei in 2009. In the experiment, we stably acquired a large amount of
GPS data with the VLBI system and obtained correlation fringes with a high signal-to-noise ratio
simultaneously from all GPS satellites in the sky. We could eventually ascertain the feasibility of
the GV Hybrid System. In this paper, we present the baseline analysis results of the GV Hybrid
Observation data and discuss future observation plans.

1. Introduction

In order to determine the full set of reference frames and Earth Orientation Parameters (EOPs),
four kinds of space geodetic techniques, Very Long Baseline Interferometry (VLBI), Global Nav-
igation Satellite Systems (GNSS), Satellite Laser Ranging (SLR), and Doppler Orbitography and
Radiopositioning Integrated by Satellite (DORIS), are combined at the product level by the Inter-
national Earth Rotation and Reference Systems Service (IERS).

Recently, several ways of combining the space geodetic techniques at the observation level have
been suggested for more effective and consistent combinations. Thaller and Rothacher (2002)
installed a Global Positioning System (GPS) antenna on a VLBI antenna. Tornatore and Haas
(2010) used an L1 feed to receive Globalnaya Navigatsionnaya Sputnikovaya Sistema (GLONASS)
signals. The IERS Working Group on Combination at the Observation Level (COL) investigates
methods and advantages of combining techniques at the observation level, seeking an optimal strat-
egy to estimate geodetic parameters (http://www.iers.org/WGCOL). Kwak et al. (2008) devised
the GPS-VLBI (GV) Hybrid System in which GPS and VLBI are combined at the observation
level. An analogous approach to the GV Hybrid System was also proposed by Dickey (2010).
Following a successful VLBI type observation of GPS [3], we carried out a 24-hour GV hybrid
observation on the baseline between Kashima and Koganei, Japan. The 24-hour GV hybrid ob-
servation was taken from 12:12:00 UTC 25th to 13:00:00 UTC 26th December, 2009 [2]. In this
paper, we discuss the baseline analysis results of the observation and future prospects.
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2. 24-hour GV Hybrid Observation

2.1. GPS Cable Offsets

In this experiment, no phase/delay calibration was done in the GPS part although it was
applied in the VLBI part. It should be noted that there were cable delay offsets between the
VLBI and GPS signals and also between the L1 and L2 GPS signals. The cable offset between
the L1 and L2 cables was approximately 10 nanoseconds in this experiment. The cable delay
caused unexpected offsets in the ionosphere calibration, and thus the ionospheric delays were not
calibrated properly. Hence, we only used L1 signal data for the estimation and assumed that the
ionospheric effects for both sites were identical since the baseline was rather short.

2.2. Baseline Analysis

In order to estimate the parameters of the GV hybrid observation data, we constructed the
following design matrix A:

A =



...
...

...
...

∂τV i
∂rV

0 ∂τV i
∂τA

∂τV i
∂τC

...
...

...
...

0
∂τGj1

∂rG

∂τGj1

∂τA

∂τGj1

∂τC
...

...
...

...

0
∂τGjn

∂rG

∂τGjn

∂τA

∂τGjn

∂τC
...

...
...

...


where τV i are group delays of quasars at the i-th epoch,

τGj1 and τGjn are group delays of the 1-st and n-th satellites at the j-th epoch, respectively,
rV and rG are the station positions of the VLBI and GPS antennas, respectively,
τA are atmospheric parameters,
and τC are clock parameters.

The atmospheric parameters are identical for GPS and VLBI, since both instruments are under the
same sky. The clock parameters are also the same for both techniques, because they are connected
to the same clock.

We estimated two piecewise linear (PWL) clock offsets at the starting epoch and the ending
epoch, as well as a clock rate. The apparently big clock offset had already been calibrated prior
to the estimation. The reference station was Kashima. Table 1 shows the clock parameters which
we estimated using only VLBI data and GV hybrid data, respectively. The estimated values are
comparable for both cases, but the formal errors of the GV hybrid data are smaller than those of
only VLBI data due to the large amount of GPS data.

The atmospheric parameters, only zenith wet delays (ZWD) in this analysis, were also estimated
for both cases every ten minutes. Their estimated values are comparable to each other over the
observation period, but the formal errors are smaller for the GV hybrid data as shown in Figure 1.
The formal errors of the estimates are in the range of 8.1-8.8 mm for only VLBI data and 3.3-3.7
mm for GV hybrid data. Occasionally, the smaller amount of VLBI data leads to a rank deficiency
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of the normal equations for the atmospheric and clock parameters. Hence, the larger amount of
data is highly beneficial for the high frequency parameter estimation.

In the case of station coordinates, we estimated PWL offsets for the baseline adjustments of
both VLBI and GPS (Table 2). The formal errors of the VLBI coordinates are comparable to
those of single VLBI sessions [5] and decrease when using the GV hybrid data. The formal errors
of the GPS coordinates are bigger than the VLBI formal errors due to uncalibrated effects, e.g.,
ionospheric delays and/or cable delays (Table 3).

Table 1. The clock offsets and rates with only VLBI data and GV hybrid data, respectively.

only VLBI data

clock offsets (ps) -612.6 ± 167.4
clock rates (ps/s) -31.0 ± 298.1

GV hybrid data

clock offsets (ps) -612.6 ± 65.8
clock rates (ps/s) -30.8 ± 117.1

Figure 1. The ZWD with only VLBI data (left) and GV hybrid data (right) at Kashima (top) and Koganei

(bottom), respectively. The horizontal axis represents the hour of the day, and the vertical axis represents

ZWD in centimeters. The interval of the estimates is ten minutes.
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Table 2. The estimated adjustments of the VLBI antenna baseline (Koganei-Kashima) vectors with only

VLBI data and GV hybrid data, respectively.

only VLBI data

at 12UTC 25th at 13UTC 26th

∆ DX(mm) -11.3 ± 15.1 -11.8 ± 15.1
∆ DY(mm) -15.5 ± 14.8 -15.9 ± 14.8
∆ DZ(mm) 6.1 ± 14.7 6.1 ± 14.7

GV hybrid data

at 12UTC 25th at 13UTC 26th

∆ DX(mm) -11.6 ± 6.3 -12.0 ± 6.3
∆ DY(mm) -15.4 ± 6.1 -15.8 ± 6.1
∆ DZ(mm) 6.2 ± 6.1 6.3 ± 6.1

Table 3. The estimated adjustments of the GPS antenna baseline (Koganei-Kashima) with GV hybrid data.

at 12UTC 25th at 13UTC 26th

∆ DX(mm) -20.7 ± 78.4 -20.0 ± 78.4
∆ DY(mm) -17.8 ± 78.4 -17.0 ± 78.4
∆ DZ(mm) 2.2 ± 78.4 2.1 ± 78.4

3. Conclusion

As a result of the baseline analysis, the estimated parameters, i.e., clock offsets, clock rates,
ZWD, and baseline components of VLBI antennas, with only VLBI data and GV hybrid data are
comparable with each other over the observation period. Their formal errors are smaller with GV
hybrid data than with only VLBI data. The formal errors of the baseline components for the GV
hybrid data are around 6 mm for the VLBI antennas and 78 mm for the GPS antennas. Those
results show that there are several imperfections in the current system.

The current experiment was carried out on a single and short (109 km) baseline, and thus
global parameters, e.g., satellite positions, source coordinates, and EOPs, could not be determined.
Hence, these parameters were fixed during the estimation, and occasionally incorrect values would
cause errors in the estimated parameters. A global GV hybrid network will allow the estimation
of those parameters and yield better precision. Moreover, the combination of the VLBI technique,
which determines International Celestial Reference Frame (ICRF), and the GPS technique, which
determines the orbit of the GPS satellite, will allow the GPS satellite orbit to be expressed directly
in the ICRF (Kwak et al., 2010). The combination of GPS, which determines the center of the
earth, and VLBI, which determines only the relative baselines of the antennas, will also enable
the direct connection of the VLBI terrestrial reference frame to the center of the earth (Dickey,
2010). The global GV hybrid observation will also resolve the correlation between the longitude
of the ascending node of the satellite orbit and UT1. This means that GPS would contribute to
the determination of UT1.
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When compensations are made for the shortcomings of the current GV hybrid system, a fu-
ture global GV hybrid observation would ultimately contribute to the ideal combination of space
geodetic techniques and the desirable realization of a global geodetic observation system.
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Abstract

VLBI is a powerful tool for spacecraft tracking. The spacecraft-based Differential One-way Ranging
(DOR) beacon emits a series of tones other than the continuous spectrum signal. Chirp-z transform
(CZT) is a kind of zoom spectrum analysis method, and it is suitable for DOR signals. A VLBI
correlator which has the CZT algorithm and which is appropriate for DOR signal analysis is under
development. Theoretical analysis and experiment results indicate that CZT is able to obtain higher
spectral resolution and is faster than the regular Fast Fourier Transform (FFT) method.

1. Background

The normal FX-type Very Long Baseline Interferometry (VLBI) correlator uses a Fast Fourier
Transform (FFT) to analyze coherence spectra. But there are some restrictions of FFT: the FFT
frequency resolution is restricted by fs/N . Here, fs is the sample frequency and N is the number
of FFT points. The number of FFT operations is closely related to N. Currently China is carrying
out Lunar and Martian explorations. The special spacecraft-based Differential One-way Ranging
(DOR) beacon used for VLBI observation is made up of a series of tones other than the continuous
spectrum signal. To get precise VLBI results, it is necessary to study the new DOR processing
method of the VLBI correlator.

2. Chirp-z Transform

The CZT is a kind of zoom spectrum analysis method. It can recognize the fine spectrum
structure and resolves it in more detail [1]. The CZT samples in the frequency domain along an
arbitrary spire in the Z-plane. An M-element CZT can be defined as

X(ejωk) = W k2/2(
N−1∑
n=0

g[n]W−(k−n)2/2), k = 0, 1, . . . ,M − 1 (1)

where ω0 is the initial phase, ∆ω is the phase step, W = ω0 · ej∆ω and g[n] = x[n]e−jω0nWn2/2.
The CZT results, X(ejωk)(0 ≤ k ≤M − 1), are the equivalent interval samplings at frequency

ωk = ω0 + k∆ω(k = 0, 1, . . . ,M − 1) of the continuous spectrum of x(ejω) =
∑∞
−∞ x[n]ejωn.

When ∆ω < 2π/N , the CZT frequency sampling interval is less than the FFT, so CZT zooms the
spectrum interval of [ω0, ω0 + (M − 1)∆ω] and gets the spectrum details.

According to [1], it seems to have infinite spectrum resolution, but actually the spectrum
resolution is restricted by the length of data and the window function type [2].
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3. Comparison between FFT and CZT

3.1. Computation Precision

1. Frequency Precision Analysis

When the frequency of the signal component coincides with the FFT sampling point, there
is no frequency error. But suppose that the actual frequency of the signal component occurs
in the middle of two FFT sampling points ωi and ωi+1, where ωi = ω0 −∆ω/2 and ωi+1 =
ω0 + ∆ω/2. Here ω0 is the non-unitary digital frequency; the frequency error could be
±0.5∆ω. If the spectrum is enlarged N times by CZT, the spectrum interval is ∆ω/N . So
the corresponding maximum frequency error will decrease to only ±0.5∆ω/N .

2. Amplitude Precision Analysis

According to the frequency-domain convolution theorem, the time-domain product of the
window function and the single-frequency signal is equivalent to the frequency-domain con-
volution. Also the spectrum amplitude of the convolution is the window function’s spectrum
amplitude with a frequency shift. So the relative error of the window function’s spectrum
amplitude is the relative error of the single frequency by windowing, the frequency error
interval is [−0.5∆ω, 0.5∆ω], and the normalized frequency error interval is [−0.5, 0.5]. The
normalized interval contains the principal window function energy and the main spectrum
amplitude error, so only this interval needs selective analysis.

The error function of rectangular window functions is 1 − | sin(πω)
πω |. The maximal relative

error is 36.3%, and the maximum amplitude gain of CZT is 3.92 dB.

3. Phase Precision Analysis

The phase of the rectangular window function is

ϕ = −ωπ/∆ω (2)

where ω ∈ [−0.5∆ω, 0.5∆ω].

In the convolution operation of the spectra of the window function and the single-frequency
signal, the phases of the spectra are combined. At the point of ω = ±0.5∆ω, the phase error
reaches the maximum of ±π/2.

If zoomed N times by CZT, the interval of the spectrum lines is ω/N . Then the range of
ω will be [−0.5∆ω/N, 0.5∆ω/N ]. The theoretical maximum phase error does not increase
with N.

3.2. Number of Operations

1. Number of CZT operations [4]

An M-element CZT requires SCZT× real multiplication operations and SCZT+ real additions:

SCZT× = 6(M +N) log2(M +N) + 21N + 10M (3)

SCZT+ = 9(M +N) log2(M +N) + 6N + 4M (4)

where N is the number of points in the source data.
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Table 1. Operations of each CZT calculation step.

Calculation Steps Detail Steps Real Addition Real Multiplication
e−jω0n 0 N

g[n] = x[n]e−jω0nWnk W
n2

2 0 4N
Multiplication 4N 8N∑N−1

n=0 g[n]W− (k−n)2

2 W− (k−n)2

2 0 4N
Convolution 9L log2 L+ 2L 6L log2 L+ 4L

W
k2

2 (
∑N−1

n=0 g[n]W− (k−n)2

2 ) W
k2

2 0 2M
Multiplication 2M 4M

L = M +N

2. Comparison between FFT and CZT

In a radix-2 FFT operation, N points need real multiplication operations and real additions:

SFFT× = 2N log2N, (5)

SFFT+ = 3N log2N. (6)

Given N0 FFT points and M CZT points, where M = N0/2, the frequency resolution
magnification factor is A, where the initial numerical frequency range is [0, π]. With the
increase of A, the FFT can keep the same resolution as the CZT by zero-padding, and the
corresponding FFT points N is A · N0. A comparison of the number of CZT and FFT
operations with the same frequency resolution is shown in Figure 1.

Figure 1. Comparison of the CZT and FFT operations with the same frequency resolution.

When A = 40, the number of FFT operations is ten times as many as the number of CZT
operations. When A < 5, the number of FFT operations is fewer than the number of CZT
operations.
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4. Actual Signal Analysis

Signal 1 and signal 2 are two four-minute actual DOR signals, which are analyzed by the
correlator with normal FFT (N-point) and CZT (M-point) arithmetic respectively, where M=512,
N=1024, and A=32. The self-spectra results are presented in Figures 2 and 3. The cross-spectra
results are presented in Figure 4 and Figure 5.

Figure 2. FFT Self Spectrum. Figure 3. CZT Self Spectrum.

Figure 4. FFT cross-correlation. Figure 5. CZT cross-correlation.

Obviously, more details can be obtained by CZT, as well as higher frequency precision. In the
single-frequency signal, the delay rate is equal to the ratio of the phase drift speed to the signal
frequency. So the precision of delay rate can be improved with increased frequency precision.

A paired t-test was performed to determine if the CZT was effective in improving the Peak
Signal-to-Noise Ratio (PSNR). The mean PSNR improvement (M=0.011931, SD =0.000141, N=
57) was significantly greater than zero, with t(56)=84.55436 and two-tail p = 9.168814 × 10−61,
providing evidence that the CZT is effective in improving PSNR. A 95% Confidence Interval (C.I.)
about the mean weight loss is (0.011648, 0.12214).

The time-varying phase of the CZT spectrum frequency point and that of the FFT are presented
in Figure 6 and Figure 7.

After 25-order polynomial fitting, the residual delay rate calculated by the CZT is 0.5736, while
the residual delay rate calculated by the FFT is 0.7921, which is 38% larger than the CZT’s. So
the CZT can reach higher precision than the FFT.
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Figure 6. FFT Residual Delay Rate. Figure 7. CZT Residual Delay Rate.

5. Summary

This paper introduces the CZT arithmetic of the VLBI correlator for DOR signal correlation.
Precision analysis and operations comparison are performed. The experiment results indicate that
the CZT can get higher frequency resolution and higher amplitude precision than the normal FFT,
without losing phase precision. With the same spectral resolution, the number of CZT operations
is fewer than that of the FFT, when the frequency resolution amplification factor is not less than 5.
And in the actual data processing, the CZT can remarkably increase the PSNR and the precision
of the delay rate. Because of the similarity between DOR signals and the line spectrum signal,
this method can be applied to spectral line radio source data processing.
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Abstract

The improved and consistent determination of terrestrial and celestial reference frames has been the
subject of many studies in the past and — due to technological innovations and new planned missions
— is a topic of immediate interest today. We present and discuss challenges and perspectives which
are tackled within three working groups of Sub-Commission 1.4 on the Interaction of Celestial and
Terrestrial Reference Frames within the International Association of Geodesy (IAG), covering improved
geophysical and astronomical models, rigorous combination strategies of space geodetic observations,
new observation scenarios with radio telescopes to satellites, or the implication of the GAIA mission
for the celestial reference frame.

1. Introduction

In recent years, significant progress has been made in astronomical and geophysical modeling for
the analysis of space geodetic observations. Thus, there is a need to investigate the impact of those
models on the terrestrial and celestial reference frames (TRF and CRF), and on the consistency
between them and the Earth orientation parameters (EOP). Special attention needs to be paid to
Very Long Baseline Interferometry (VLBI) observations, since it is the only technique to provide
consistent sets of TRF/EOP/CRF. However, the present realization of the International Terrestrial
Reference Frame (ITRF2008, Altamimi et al., 2011 [1]) is based on a combination of VLBI, Global
Navigation Satellite Systems (GNSS), Satellite Laser Ranging (SLR), and Doppler Orbitography
by Radiopositioning Integrated on Satellite (DORIS) observations, whereas the present realization
of the International Celestial Reference Frame (ICRF2, Fey et al., 2009 [2]) is determined from
a single VLBI solution. Consequently, research has to be carried out to integrate the ITRF and
ICRF solutions, and also new options like VLBI observations to satellites should be considered for
future improvement of the consistency. The Global Astrometry Interferometer for Astrophysics
(GAIA) mission scheduled for launch in 2013 is expected to achieve an optical realization of the
CRF with precision similar to or better than the ICRF2 and with at least an order of magnitude
more objects. As the set of extragalactic objects suitable for both optical and radio observation
is limited, such objects will have to be identified, and investigations will have to be carried out to
permit the best possible connection between the radio and optical CRF realizations.

Many scientists and teams of researchers are working on those topics. As an overarching entity,
the International Association of Geodesy (IAG) installed Sub-Commission 1.4 on the Interaction
of Celestial and Terrestrial Reference Frames which is focusing on these tasks. Presently, three
Working Groups are set up, and they are described with their goals below.
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2. WG 1.4.1: Geophysical and Astronomical Effects and the Consistent Deter-
mination of Celestial and Terrestrial Reference Frames

Working Group 1.4.1 is created to promote and coordinate investigations of the impact of
geophysical and astronomical modeling on the TRF and CRF, and the consistency between the
reference frames and EOP. The primary attention will be given to VLBI as the only technique that
can provide highly consistent global solutions for TRF, CRF, and EOP. Other techniques will also
be considered when appropriate.

Theoretical studies, simulations, and processing of real data need to be carried out to better
understand the impact of geophysical models on TRF, CRF, and EOP from VLBI observations.
Particularly important is the mitigation of systematic errors. For example, the treatment of
azimuthally asymmetric tropospheric delays by modeling and estimating gradient parameters is
still critical to the estimation of celestial and terrestrial reference frames (Spicakova et al., 2012
[3]), in particular for VLBI observations before 1990. Furthermore, the description of non-linear
station motions after earthquakes needs to be investigated and unified across all space geodetic
techniques. An ongoing issue and challenge for the future is the poor geometry of stations as well
as sources in the southern hemisphere which is affecting the estimation of TRF and CRF. Although
the number of sources and their distribution has been improved with ICRF2 (Fey et al., 2009 [2])
the distribution of observations is still far from uniform.

Recent studies have revealed that the galactic rotation has to be considered in the analysis
of VLBI observations (e.g., Titov, 2010 [5]) when applying a celestial reference frame that is tied
to the barycenter. Upcoming challenges for the determination of the CRF are apparent source
motions and source structure effects, which will have to be considered if better accuracies are to
be reached. VLBI2010 observations (Petrachenko et al., 2009 [4]) will be more sensitive to those
effects, but on the other hand better treatment of the effects will be available.

The investigation of the impact of astronomical and geophysical modeling on CRF, TRF, and
EOP also requires better understanding of the procedures of the IVS global solution, including
the impact of data weighting, noise models, or constraints. One goal is to develop practical
recommendations for VLBI Analysis Centers and the Conventions Center of the International Earth
Rotation and Reference Systems Service (IERS) on optimal models to be used during processing
of VLBI observations, which are preferably applicable to other techniques as well.

3. WG 1.4.2: Co-location on Earth and in Space for the Determination of the
Celestial Reference Frame

VLBI is the only space geodetic technique sensitive to the quasi-inertial celestial reference
frame. The most recent realization of the International Celestial Reference System, the ICRF2,
was determined in a VLBI-only solution (Fey et al., 2009 [2]). The other space geodetic techniques
(GNSS, DORIS, and SLR) define a dynamical celestial reference frame based on satellite orbits, but
all techniques are combined to determine the International Terrestrial Reference Frame (ITRF2008,
Altamimi et al., 2011 [1]) without adding the estimation of sources to that combination. This
causes small inconsistencies between the ICRF and the ITRF, in particular for the right ascension
of VLBI Calibrator Sources (Manuela Seitz, personal communication).

The goal is to investigate the impact on the ICRF when combining VLBI observations with
those from satellite techniques. Historically, this combination is based on local tie information at
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Figure 1. VLBI observation to a quasar and to a GNSS satellite in VLBI mode. The observations can be

scheduled to use close encounters between satellites and quasars to mitigate tropospheric effects.

the co-location sites, but in the future troposphere ties (Krügel et al., 2007 [6]) and even space ties
could also be used, i.e., observing the GNSS constellation (Tornatore et al., 2009 [7]) or a dedicated
micro satellite like GRASP with VLBI, so that a fully consistent system would be created. Figure
1 shows the concept of observing a satellite in VLBI-mode, i.e., the difference of arrival times
at the stations is used as the main observable. In that case it would be sufficient if the satellite
transmits weak white noise similar to quasars. Alternatively, VLBI radio telescopes could also
observe modulated signals from satellites in GNSS-mode, which means that essentially the travel
time from the satellite to the telescope is measured.

As illustrated in Figure 1, VLBI telescopes could observe quasars and satellites alternately.
The link between the dynamical reference frame realized with satellites and the kinematic reference
frame realized with quasars can be strengthened if the observations to satellites and quasars are
close in space and time, because effects due to tropospheric turbulence could then be reduced.
Figure 2 shows the simulated effect on the slant wet delay at 30o elevation as a function of the
separation angle when switching between quasar and satellite every 15 seconds. The tropospheric
turbulence that was assumed for this simulation was rather high (Cn = 2.5 × 10−7m−1/3, H =
2km). With VLBI2010 and the availability of twin telescopes there will be even more possible
observing strategies to provide improved and consistent TRF and CRF.

4. WG 1.4.3: Maintenance of Celestial Reference Frames and the Link to the
New GAIA Frame

The GAIA (Global Astrometry Interferometer for Astrophysics) mission scheduled for launch
in 2013 is expected to achieve an optical realization of the CRF with precision similar to or better
than the ICRF2 and with at least an order of magnitude more objects. However, as the set of
extragalactic objects suitable for both optical and radio observation is limited, one goal of the
Working Group is to identify such objects, oversee the relevant observations, and analyze the data
to permit the best possible connection between the radio and optical CRF realizations.

For geodetic use the CRF realization must be accessible from the ground. For the foreseeable
future this connection will be through VLBI observations. In cooperation with the IVS and
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Figure 2. RMS of slant wet delay at 30o elevation as a function of the separation angle between quasar

and satellite when switching every 15 seconds. The tropospheric turbulence was simulated with Cn =

2.5 × 10−7m−1/3 and H = 2km.

the IERS, this Working Group will oversee the maintenance and improvement of the ICRF2, in
particular the set of sources used for geodetic observations and the ICRF2 defining sources.

5. Outlook

New space missions and technological advances provide great perspectives for the determination
of improved and consistent terrestrial and celestial reference frames. These perspectives not only
include improved measurement accuracies but also new concepts for linking the frames.
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Abstract

This paper deals with the consistent realization of the International Terrestrial Reference System
(ITRS) and the International Celestial Reference System (ICRS). DGFI computes such a common
realization for the first time by combining normal equations of the space geodetic techniques of Very
Long Baseline Interferometry (VLBI), Satellite Laser Ranging (SLR), and Global Navigation Satellite
Systems (GNSS). The results for the Celestial Reference Frame (CRF) are compared to a classical
VLBI-only CRF solution. It turns out that the combination of EOP from the different space geodetic
techniques impacts the CRF, in particular the VCS (VLBA Calibrator Survey) sources.

1. Introduction

The International Terrestrial Reference System (ITRS) is realized by the International Terres-
trial Reference Frame (ITRF), and the International Celestial Reference System (ICRS) by the
International Celestial Reference Frame (ICRF), respectively. The two realizations are computed
independently today by different institutions. While the ICRF is based on observations from Very
Long Baseline Interferometry (VLBI) only, the ITRF is computed by combining observations from
VLBI, Satellite Laser Ranging (SLR), Global Navigation Satellite Systems (GNSS), and Doppler
Orbitography and Radiopositioning Integrated by Satellite (DORIS). Due to the independent com-
putations and the fact that different observation data are used, the two reference frames are not
consistent to a full extent. Figure 1 shows the current situation for ITRF and ICRF computation.

In order to reach consistency to a certain extent, (i) in ITRF computation the source coordinates
are fixed (session-wise) to ICRF2 [1] and (ii) the VLBI-only terrestrial reference frame (VTRF)
– computed together with the ICRF – is aligned to ITRF w.r.t. origin and orientation. However,
there are inconsistencies between the two solutions w.r.t.:

• the scale: The scale of the VTRF is realized from VLBI observations only, while the scale of
the ITRF is realized as a weighted mean of the SLR and the VLBI scale ([2], [3])

• the network geometry of the VLBI subnetwork: The geometry of the VLBI network is slightly
changed in the combination due to discrepancies between the local ties and the coordinates
derived from the space geodetic techniques [3], and

• the EOP: The EOP estimated consistently to the ICRF are derived from VLBI-observations
only, while the EOP, i.e., the pole coordinates and UT1-UTC, estimated consistently to
the ITRF are derived from the contributions of all space techniques. UT1-UTC can, in
an absolute sense, only be derived from VLBI. The satellite techniques contribute to the
UT1-UTC series with LOD.
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Figure 1. Situation for ITRF and ICRF computation today.

Consistent realizations of ITRS and ICRS can be reached, if both are computed together in one
adjustment to which all the different observation techniques contribute (Figure 2). The geodetic
datum of the solution will be realized according to the IERS Conventions [4].

Figure 2. Consistent realization of ITRS and ICRS.

What can we expect from a common adjustment of the Terrestrial Reference Frame (TRF)
and the Celestial Reference Frame (CRF)? We can expect

• Consistency between all parameters,

• An improvement of the accuracy of the EOP time series w.r.t. the single-technique series (as
it is motivated e.g. by the IERS C04 series1), and

• Effects on the CRF (source coordinates and their standard deviations) caused by (i) on the
one hand, the combination of the EOP and (ii) on the other hand, the combination of the
station networks.

1http://hpiers.obspm.fr/iers/eop/eopc04/C04.guide.pdf
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2. Consistent Realization of TRF and CRF

We performed a consistent computation of TRF and CRF based on the combination of VLBI,
GPS, and SLR normal equations (Table 1), which is the result of a homogenized analysis of the
observation data. The parameters included in the solution are given in Table 2. The datum
parameters of origin and the scale that are also listed are implicit parameters. Altogether about
45,000 parameters are estimated.

Table 1. Input data for the consistent realization of ITRS and ICRS.

Table 2. Parameters considered in the consistent realization of ITRS and ICRS.

Figure 3 shows differences in standard deviation between the combined TRF-CRF solution and
a VLBI-only solution at various declination angles (DE). It was found that the combination leads
to a general decrease of the standard deviations of the source positions (the results for the right
ascension (RA) are very similar). It can be seen from Figure 3 that for the VCS sources, which are
observed by VCS (VLBA Calibrator Survey) sessions only, the decrease of the standard deviation
is larger than for the non-VCS sources. This must be expected, because the VLBA network is a
regional network, and the standard deviations of the positions of VCS sources are in general larger
than for the non-VCS sources.

The effect of the combination on the source positions themselves is given in Figure 4. The
VCS sources show larger differences w.r.t. the VLBI-only solution than the non-VCS sources.
Remarkable is the systematic effect in RA, which was found to affect some of the VCS sources
with a declination between −40◦ and +30◦ of DE. A detailed analysis of this effect shows, that
about 100 sources show a difference of |RA · cos(DE)| > 0.1 mas w.r.t. the VLBI-only solution.
Almost all of these sources are observed by VCS sessions only. However, w.r.t. the standard
deviation of one single VCS source of σ ≥ 0.4 mas, the systematic effect is not significant.

In order to investigate the way in which the combination of the EOP contributes to this effect in
RA, three different solutions are computed: (1) combining only the pole coordinates, (2) combining
the pole coordinates and LOD, and (3) combining all EOP (pole coordinates, LOD and nutation
rates). In Figure 5 the results of the three solutions are compared. It shows that the systematic
effect found in RA can be attributed to the inclusion of LOD in the combination. While the
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Figure 3. Change of standard deviation by declination angle due to the combination (combined minus

VLBI-only).

Figure 4. Differences in source positions between the combined TRF-CRF solution and a VLBI-only solution:

declination (upper plot), right ascension (lower plot).

WRMS of solution (1) is 5.5 µas, the inclusion of LOD leads to a WRMS of 9.0 µas (solution
(2)). The high impact of LOD combination on RA can be explained by the high mathematical
correlation between the two parameters. The fact that almost exclusively the VCS sources are
affected might be attributed to differences between EOP derived from a regional network and from
global networks. More detailed analysis is necessary in order to understand better the effect on
the individual sources.

3. Conclusions

The paper shows that a consistent realization of ITRS and ICRS from the observations of
VLBI, SLR, and GPS is possible. We investigated the impact of such a common computation on
the CRF. In particular, the combination of the EOP of the different techniques can affect the CRF.
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Figure 5. Differences in source positions between three TRF-CRF solutions (obtained from combining

different sets of EOP) and a VLBI-only solution: declination (upper plot), right ascension (lower plot).

We found a maximum systematic effect in right ascension of about 0.5 mas for some of the VCS
sources. This effect can be related to the combination of LOD. Even if it is not significant w.r.t.
the standard deviation of the position of one single source, it might become significant for the
frame as a whole. Further investigations are necessary in order to understand better the impact
of the combination on single sources and groups of sources and their importance for the CRF.
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Abstract

The geodetic space-techniques VLBI, GPS, and SLR show a different grade of sensitivity to geodetic
and geophysical parameters such as station coordinates and Earth orientation parameters (EOP). While
the satellite techniques GPS and SLR are, in principle, able to determine the Earth’s center of mass,
VLBI is, as a unique technique, able to determine all EOP such as the motion of the celestial and the
terrestrial pole and the rotation angle of the Earth. The accuracy of all obtained parameters depends
strongly on the network geometry of the technique-specific observing stations. To benefit from the
strength of each geodetic space-technique and to get the most stable solution of station coordinates and
all EOP within one adjustment, the techniques could be combined in an inter-technique combination.
Within the common approach of combining multi-year technique-specific normal equations, the weights
of the techniques are assumed to be constant over time. In this paper, weekly combined solutions are
presented. The weighting is realized by a variance component estimation (VCE). The obtained relative
weights are not constant over time. The VCs of the ‘IVS-R1’ sessions show a clear seasonal variation
which is not yet fully understood. Nevertheless, an improvement of the EOP due to a session-wise
VCE-based weighting could be achieved in some cases compared to a constant weighted solution.

1. Introduction

The geodetic space techniques GPS, SLR and VLBI show a different sensitivity to geodetic and
geophysical parameters such as the station coordinates, the Earth orientation parameters (EOP),
or the Earth’s gravity field coefficients. The satellite techniques GPS and SLR are both able to
determine the Earth’s center of mass, but they are only sensitive to the rates of change of the Earth
rotation angle UT1-UTC and the celestial pole coordinates X and Y [2]. The outstanding ability of
VLBI to determine all EOP (celestial and terrestrial pole, UT1-UTC) in an absolute sense makes
a combination of the different techniques very reasonable. Up to now, the combination of the
techniques for computing terrestrial reference frames has been based on technique-specific normal
equations (NEQs) containing all observations of one technique (multi-year reference frame (MRF)).
Therein, the station motion is parameterized with a position at a reference epoch t0 and a constant
velocity. Hence, the relative weighting of the NEQs is assumed to be constant over time. In this
paper, weekly combined solutions are computed. The weighting can be done individually for each
week (session) or constantly over time. A variable weighting has the advantage that differences
in the quality inherent in the input data can be taken into account. In this paper, the variable
weighting of the techniques is done using a variance component estimation (VCE) algorithm [1].

2. Processing Algorithm

The epoch-wise combination of the different techniques is done at DGFI at the normal equation
level. The normal equation matrices of the geodetic space techniques GPS, SLR, and VLBI are
added to a weekly combined normal equation matrix. A simplified flow chart of the combination
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process is given in Figure 1. An important step in the combination is the relative weighting of
the NEQs. Since the weights are not assumed to be constant over time, for every weekly NEQ an
iterative estimation of the relative weights using a VCE is performed.

Figure 1. Simplified flow chart of the epoch combi-

nation approach.

The a posteriori variance component (VC) of
the i-th individual normal equation matrix of
the (k+1)-th iteration step is computed accord-
ing to
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Ni and yi are the normal equation matrix and the corresponding right hand side of the i-th
individual equation system. mi is the number of observations (including the number of pre-reduced
parameters). The matrix Nc is the weighted sum of the individual matrices Ni according to
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The matrix lTi Pili is the weighted sum of the observations squared. In the combination, one
VC for each weekly GPS- and SLR-NEQ is estimated. For VLBI, one VC for each session NEQ
is estimated. At the end, time series of combined station coordinates, EOP, and VCs for each
technique are obtained.

3. Variance Components

Figure 2 shows the time series of VCs for GPS, SLR, and VLBI between 1994.0 and 2007.0.
As weights for the NEQs, the reciprocal values of the VCs are used (Equation (4)). Therefore, a
low VC means a high weight in the combination process. For GPS, all VCs are nearly equal to 1.0
except the VCs between 1994.0 and 1996.0. This might be due to the fact that within this time
period, less globally well-distributed stations were available. Hence, the accuracy of these GPS
NEQs w.r.t. the NEQs after 1998.0 is decreased, and their impact on the combined NEQs varies
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(by about 5%). After 1998.0, a small seasonal variation of the GPS VCs is visible. The mean
VC for SLR before 2000.0 is 6.12. After this epoch, it decreases to a mean value of 2.34 (see also
Table 1). This decrease by about 62% is explained with the improvement of the SLR observation
network since 1994.0. The VLBI VCs can be allocated to the particular session types. Between
1994.0 and 1998.0, a bulge of the VCs occurs. This bulge seems to coincide with the signature of
the GPS VCs at this time. Although the VLBI sessions ‘NEOS’, ‘CORE’, and ‘IRIS’ are scheduled
in order to determine accurate EOP measurements (therefore, a good station distribution is used
and the VCs of these session types are expected to be near 1), the VCs of these sessions are much
larger than 1 (Table 1). The large VCs are dominated by the bulge in the VCs before 1998.0 which
is caused by the combination.

Figure 2. Left plots: a posteriori VCs of the techniques of GPS (upper), SLR (middle), and VLBI (lower).

In the case of VLBI, one VC per session is estimated. Right plots: zoom of VLBI plot for 2000.0 — 2007.0.

All VLBI sessions are shown for 2000 and 2001. The data shown for 2002.0 — 2007.0 is all VLBI sessions

(upper), IVS-R4 sessions only (middle), and IVS-R1 sessions only (lower). In addition, the lower right plot

adds the a posteriori VCs of the VLBI-only solutions for the IVS-R1 sessions for comparison.

The right part of Figure 2 shows the VLBI variance components between 2000.0 and 2007.0.
A periodic variation of the VCs is visible since 2002.0. If the components of the session types
‘IVS-R1’ and ‘IVS-R4’ (which have been scheduled by the IVS since 2002.0) are separated, it is
clearly visible that only the ‘IVS-R1’ sessions show an annual variation with a minimum in the
summer. This means that the impact of the VLBI NEQ on the combined NEQ during the summer
is higher than during the winter time (Equation 4). As described above, also the GPS VCs show
a small annual variation after the epoch 2002.0 which is in phase with the VLBI variation. In
order to find the technique responsible for this variation, the a posteriori variance factors of the
VLBI-only ‘IVS-R1’ solutions are shown additionally to the VLBI VCs of the VCE in the lower
right plot of Figure 2. The annual variation occurs not only in the VCs of the VCE but also in the
variance factors of the single technique solutions. This proves that the annual variation is caused
by VLBI. The reason for the periodic behavior of the VLBI VCs is not fully explained yet.

4. Earth Orientation Parameter

One type of estimated parameters in the combined solutions is EOP. All EOP are parameterized
as a piecewise linear segmented line with estimated offsets at the midnight epochs. Per weekly
NEQ, eight EOP offsets are included. Since the satellite techniques are only sensitive to the rates
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Table 1. Mean VCs for GPS, SLR, and each VLBI session type before and after the epoch 2000.0.

solution t < 2000.0 t ≥ 2000.0 solution t < 2000.0 t ≥ 2000.0

GPS 1.0 1.0 IVS-T2 — 0.64
SLR 6.12 2.34 NEOS 2.199 —
VLBI (all sessions) 2.63 0.91 CORE 1.633 —
IVS-R1 — 0.70 IRIS 3.547 —
IVS-R4 — 0.73 CONT 2.123 0.926

of change of UT1-UTC and the celestial pole coordinates (X,Y), at least one offset of the estimated
segmented line has to be fixed to its a priori value in order to repair the rank deficiency of the NEQ.
The other midnight offsets are extrapolated using the rates. Since the rates are highly correlated
with the orbit parameters and consequentially are affected by orbit systematics, the extrapolated
offsets show a systematic deflection w.r.t. the reference time series IERS 08 C04 (see right plot of
Figure 3). If the NEQs of the satellite techniques are combined with a VLBI NEQ, which contains

Figure 3. Estimated celestial pole coordinates in x-direction w.r.t. the IERS 08 C04 time series for the

VLBI-only solution and the combined solution with and without variable weighting of the techniques.

absolute information about the offsets, the constraints are not necessary any longer. Usually, at
least two VLBI sessions are scheduled during one week (‘IVS-R1’ on Monday and ‘IVS-R4’ on
Thursday). The offsets in the combined solution in between the VLBI epochs are extrapolated
with the rates delivered by the satellite techniques. As follows, the segmented line in between the
VLBI epochs shows systematic differences w.r.t. the reference time series (Figure 3).

In Table 2, the weighted mean RMS values of the EOP of the single technique solutions and
of the two combined solutions (constant weighted and VCE-based weighted) are given. In the
case of the celestial pole coordinates and UT1-UTC, the constant weighted combination shows the
largest scatter. If a VCE is used, the scattering decreases slightly. The large scatter is explained
by the deflected parts of the segmented line in between two VLBI epochs. If only the epochs with
three techniques contributing are considered (VCE-based solution at VLBI epochs), the WRMS
values decrease significantly but still are larger than the WRMS values for the VLBI-only solution
(celestial pole: 5 to 7%, UT1-UTC: 45%). In the case of the terrestrial pole coordinates, the
constant weighted combination shows larger scatter than the GPS only solution. In contrast to
this, if a VCE is used, the scattering is at the level of the GPS-only solution (slight improvement
of the x-coordinate and slight degradation for the y-coordinate).
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Table 2. Weighted mean RMS values of the terrestrial and celestial pole coordinates and UT1-UTC w.r.t.

the IERS 08 C04 time series for the GPS-only, the VLBI-only, and different combined solutions.

WRMS GPS VLBI const. weighted VCE VCE (VLBI epochs)

cel. pole (X) [µas] — 88.7 240.9 239.8 94.8
cel. pole (Y) [µas] — 95.3 112.5 112.4 100.0
UT1-UTC [µs] — 12.1 39.9 39.5 17.5
terr. pole (x) [µas] 123.0 213.7 142.3 122.7 109.8
terr. pole (y) [µas] 114.2 248.2 136.6 117.9 107.5

5. Conclusions

Within the inter-technique combination, VLBI plays a central role. It is the unique technique
to determine the absolute offsets of UT1-UTC and the celestial pole coordinates. Therefore, no
constraints for these parameters for the satellite techniques are necessary in the combination. The
results have shown that the combination using a VCE-based weighting allows consideration of
quality differences inherent in the input data. If a variable weighting of the techniques using a
VCE is realized, the weights of the VLBI NEQs w.r.t. the other NEQs in the combination show
some systematics, which have to be further investigated. Since 2002.0, the VCs of the ‘IVS-R1’
sessions have shown an annual variation between 0 and 1 with a minimum in the summer. This
variation also occurs in the a posteriori VCs of the VLBI-only solutions. It verifies that the reason
for this variation is caused by the VLBI technique.

The estimates of the UT1-UTC and the celestial pole coordinates of the combined solutions,
where a VCE is used for the weighting, and only VLBI epochs are considered, are comparable to
those of the VLBI-only solutions. In the case of the terrestrial pole coordinates, GPS provides the
most stable parameter time series w.r.t. the IERS 08 C04 time series. The weighted scattering of
the estimates of the combined solutions using a VCE are here at the same level as the GPS-only
solutions (differences below 3%).
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Institute of Geodesy and Geophysics, Vienna University of Technology

Contact author: Claudia Tierno Ros, e-mail: claudia.ros@tuwien.ac.at

Abstract

The Institute of Geodesy and Geophysics (IGG) of the Vienna University of Technology as an IVS
Special Analysis Center for Specific Observing Sessions (SAC-SOS) has analyzed the European VLBI
sessions using the software VieVS. Between 1990 and 2011, 115 sessions have been carried out. The
analyzed baselines have lengths ranging from approximately 445 to 4580 km, and they show good
repeatabilities, apart from the ones containing station Simeiz. The station velocities have also been
investigated. The stations situated in the stable part of Europe have not shown significant relative
movements w.r.t. Wettzell, whereas the stations located in the northern areas have the largest vertical
motions as a result of the post glacial isostatic rebound of the zone. The stations placed in Italy, around
the Black Sea, in Siberia, and near the Arctic Circle show the largest relative horizontal motions because
they belong to different geodynamical units.

1. European Geodetic VLBI Network

Figure 1. Number of sessions per station. Figure 2. Number of sessions per baseline.

Between 1990 and 2011, 115 European geodetic VLBI network sessions have been carried out
(session EUR114, November 2011, was still not correlated at the time of this work). The number
of sessions per year varies between three and seven. Their purpose is to determine the station
coordinates and their evolution. A total of 19 stations have been taking part in these experiments,
on average 7 per session. However, in this paper only stations that observed in more than 10
sessions are considered (it implies an observation time of at least 2 years), so that only the data
of 17 stations have been used (Figure 1).
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All sessions are of good quality, meaning that the variance factor a posteriori χ2 < 1.5, where
χ2 is given by Equation 1:

χ2 =
vTPv

n− u
(1)

where v are the corrections, P the weights, n the number of observations, and u the number of
unknown parameters.

From a total of 78 observed baselines only 40 were used in this analysis which were observed
in more than 10 sessions (Figure 2).

It should be mentioned here that the VieVS [3] default parametrization was used in this work
(Table 1).

Table 1. VieVS default parametrization.

Parameter Default value

ITRF VTRF2008 [1]

ICRF ICRF2 [5]

Ephemeris JPL421

EOP C04 08
A priori offsets for nutation yes
Highfrequency ERP yes
Libration yes

Precession/Nutation IAU2006/200A

Station corrections
Earth tides yes
Ocean tides yes
Atmospheric tides yes
Atmospheric load yes
Polar tides yes
Thermal antenna deformation tides yes

Pressure and temperature NGS file

Mapping function VM1 [2]

Ionosphere NGS file

Cut-off elevation angle 0

Quality code limit 0

2. Repeatabilities

The 40 baselines used in this work have lengths ranging from approximately 445 to 4580 km.
Figure 3 shows the repeatabilities of the baseline length measurements, i.e., the standard deviations
after removing the trend, and an exponential interpolation has been used to represent graphically
these repeatabilities, rather than a quadratic one [8], since it shows the best fitting. It is noticeable
that baselines that contain the station Simeiz have worse repeatabilities than other baselines, which
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could be due to some technical problems at the Simeiz telescope [7]. Baselines Effelsberg–Wettzell
and Metsähovi–Ny-Ålesund also have a higher standard deviation than expected.

Figure 3 also shows the repeatabilities of CONT05 for comparison purposes. CONT05 presents
a better repeatability, which could be due to the fact that the European VLBI sessions cover a
time span of 20 years and CONT05 covers only 2 weeks, thus being free from seasonal effects that
could affect the repeatability. Repeatabilities of the European VLBI sessions are also affected by
the worse repeatabilities of baselines to station Simeiz and the baselines Effelsberg–Wettzell and
Metsähovi–Ny-Ålesund mentioned above.

Figure 3. Baseline length repeatability.

The repeatability of the vertical coordinates of the stations has also been studied. There is
no correlation between the vertical coordinate of a station and its formal error. However, these
height estimates have to be treated with care due to the small extension of the network and the
NNR/NNT condition applied.

3. Station Velocities

In this work, station velocities have also been calculated (in Figure 4, arrows correspond to
horizontal motion and circles represent vertical movements). All stations present a similar hori-
zontal movement in the Northeast direction, and comparisons with the NUVEL-1A Plate Tectonic
model have shown that it corresponds to the movement of the Eurasian plate.

Figure 5 shows the station velocities with respect to Wettzell (situated in the stable part of
Europe and at the center of the network). The results obtained here agree with the ones obtained
by Haas et al. (2000) [6]. The stations Madrid, Yebes, and Effelsberg do not show significant
shifts as they are situated on the same geodynamical unit as Wettzell, while the Italian stations
present substantial displacements in the Northeast direction due to the motion of the African plate
with respect to the Adriatic plate. The movements of the Northern stations (Ny-Ålesund, Onsala,
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Metsähovi, and Svetloe) are due to the post glacial isostatic rebound of the area. Station Badary,
which is quite far away from the other stations and situated on the other side of the Eurasian
plate, shows a different behavior and has been omitted in Figures 4 and 5.

Figure 4. Station velocities: arrows correspond to horizontal motion, and circles represent vertical move-

ments.
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Abstract

The structure and variability of quasars used in geodetic VLBI has a significant impact on geodetic
solutions. We investigate these effects in the case of ICRF2 quasar 1144 − 379. We find that the
precision of geodetic solutions is directly related to the multi-frequency temporal variability in the
quasar flux density. Worst solutions are found when the quasar is observed at different evolutionary
stages at S and X–bands; this introduces significant error into ionospheric corrections. Our results
suggests that quasar variability can be more important than quasar structure. Accurate calibration of
IVS amplitude data is crucial for mitigation of these effects.

1. Introduction

High-precision studies of Earth processes place stringent requirements on space geodetic tech-
niques. The next generation VLBI2010 system aims to derive station positions to 1 mm accuracy
and station velocities to 0.1 mm/year [9]. This is an order of magnitude better than current mea-
surements. Clearly, many systematic and stochastic sources of error will need to be eliminated, or
at least substantially mitigated.

Pany et al. [11] performed a simulation study that considered three sources of stochastic noise:
wet troposphere delay, station clocks, and measurement error. They concluded that wet tropo-
sphere is the most important of these. New, fast-slewing small antennas (e.g., the Patriot 12-meter
dishes used in the AuScope array [7]) will allow more robust resolution of the troposphere, mit-
igating this source of error. This, however, comes at a price. In the VLBI2010 strategy, small
antennas spend a very short amount of time on any given source. The decrease in both dish size
and source integration time (compared to the current observing strategy) means that many of the
currently observed quasars will be too faint for VLBI2010.

Quasar structure is known to affect geodetic measurements. In a seminal work, Charlot [3]
developed the formalism for estimating the effects of quasar structure. Astrometric VLBI imaging
allows the structure index (SI [5]) of an individual source to be calculated. This quantity is related
to the logarithm of the median time delay due to quasar structure observed with all terrestrial
baselines. Ma et al. [8] tabulated the median structure index values for all ICRF2 quasars, by
combining multi-epoch VLBI maps of these sources. Quasars with a median SI greater than three
are considered unsuitable for geodesy.

This analysis ignores the temporal evolution of quasars. While useful as geodetic “beacons”,
physically these objects are in fact jets of relativistic plasma. The direction and brightness of
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the jets are related to the physics of jet generation and propagation, and they vary on timescales
ranging from days [6] to millions of years [12]. Thus, quasar structure and quasar variability are
separate, albeit related, concepts.

In the present contribution, we investigate the effects of quasar variability on geodetic solutions.

2. Methods

The quasar 1144 − 379 is one of the main ICRF2 targets in the southern hemisphere. For
example, between 2002 – 2008 it has routinely made up five percent of the scans in IVS observations
made by the Hobart26 station. There are 11 other sources observed similarly often, out of a total
of approximately 350 sources routinely observed by Hobart26.

2.1. VLBI Imaging

This source has a catalogued structure index of 2.2 at 8.4 GHz [8]. The highest resolution VLBI
map of this source (beam size ∼ 5 mas), made with the Australian Long Baseline Array (LBA)
as part of the TANAMI project [10], shows clear evidence of a milli-arcsecond jet extending to
the southeast of the compact core. Some hints of jet structure are also seen in a number of lower
resolution VLBA images [4]. Significantly, the VLBI structure of this quasar varies substantially
over a seven year period from 2002 to 2008, both in flux density and in the size and direction of
extended milliarcsecond components with respect to the compact core.

2.2. Multi-frequency Flux Density Variability

The quasar 1144 − 379 has an acceptable median structure index of 2.2, putting it below the
recommended threshold of SI = 3 [8], corresponding to a time delay due to source structure of
10 picoseconds (or 3 mm). Structure index is a useful way of quantifying the additional time
delay due to quasar structure at the epoch of observations. However, quasars are rarely stable
point sources, instead undergoing significant temporal evolution. Figure 1 shows the 6.7 GHz flux
density variability of 1144 − 379 over a period of seven years, as monitored by the University
of Tasmania Ceduna 30-meter telescope [2]. Ceduna single dish observations trace out the total
flux density (i.e., core plus any extended components), rather than just the compact core used
for VLBI. However, VLBI flux densities at X–band (8.4 GHz [4]) clearly follow the Ceduna single
dish flux. Importantly, S–band (2.3 GHz) flux densities do not appear to follow the X-band flux,
with the spectral index (i.e., the ratio of X-to-S–band flux) varying significantly between observing
epochs.

S and X–band VLBI snapshots alone are difficult to interpret. However, the Ceduna data clearly
shows that the S–band flux density follows the same pattern as X–band and the 6.7 GHz Ceduna
C–band data, but with a delay of ∼ 150 days. Such frequency-dependent delays are frequently
observed in gamma–ray bright quasars [1], and come about due to well–known physical processes
in quasars. Observed radio flux comes from relativistic electrons emitting synchrotron radiation.
Acceleration of these electrons (e.g., due to shocks) is first manifested at high frequencies, and
cascades to lower frequencies as the electrons lose energy. Thus, any new outburst should first
appear at high frequencies (i.e., X–band) and appear at lower frequencies (S–band) sometime
later. An increase in total flux density, as seen for example at MJD between 53200 and 54000, is
indicative of such an outburst.
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2.3. OCCAM Positional Analysis

The OCCAM software [13] can estimate (in a least-squares sense) the positions of network
stations and radio sources. Repeatability of these positions is a useful measure of solution accuracy.

Source structure and evolution can affect the accuracy of geodetic solutions in two ways. First,
the structure of the source will introduce a baseline–dependent time delay (e.g., [3]). Unlike the
case of a point source with incorrect coordinates (Section 3.1), standard geodetic VLBI software
cannot correct for structure effects. This is because different baselines will each “see” the source
at a different source position, corresponding to a brightness-weighted centroid of the emission as
seen by that particular baseline.

The second complication is introduced by the time delay between the S and X–band light
curves (Figure 1). Observations in two radio bands are required in order to subtract the frequency-
dependent ionosphere from geodetic solutions. However, Figures 1 and 2 clearly show that there
are epochs when the two bands trace out different source structure. For example, at MJD of
53400, a new outburst has already taken place at X–band (as indicated by the rising X–band flux
in the blue curve), while this has not yet happened at S–band (the red curve flux density is at a
minimum).
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3. Results and Discussion

Hobart26 position and radio source coordinates were determined for the 212 IVS sessions
between 2002 and 2008 in which 1144 − 379 was observed.
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3.1. Station Positions

An intriguing feature of this source is that, despite being only observed around five percent
of the time, it significantly affects geodetic solutions. A linear trend was fitted to the position
data in X,Y, and Z coordinates, and for each session the deviation from the expected value was
noted. The same analysis was then repeated, but this time with the source 1144 − 379 excluded
from the solution. We then compared the rms of Hobart26’s position with and without this source.
Exclusion of 1144− 379 in 75 percent of the cases significantly improved “bad” solutions, in which
the measured Hobart26 position was more than 5 cm from the expected value.

Excluding any of the other 11 sources frequently observed with the Hobart26 antenna made
no difference to station position repeatability. Moreover, incorrect initial specification of source
coordinates for one of these sources (1057−797) also seemed to make no difference to the solutions—
the OCCAM software managed to correctly solve for both the source and station position when
the source’s ICRF2 coordinates were deliberately offset by as much as 10 mas. Significantly, the
catalogued structure index for 1057 − 797 is 3.4, well in excess of the structure index of 2.2 found
for 1144 − 379 [8].

4. Source Positions

Apart from station positions, OCCAM also calculates positions of radio sources for each IVS
session. The effects of source structure and evolution on geodetic solutions can be estimated from
these source positions as follows. The average source position for 1144 − 379 was calculated from
the 212 IVS sessions between 2002 – 2008. The deviation from this mean was then calculated for
each individual source position. In Figure 2 we show the median, 25th, and 75th percentiles for
these deviations, binned in time. There are typically 15–50 individual 24–hour sessions in each
bin.

There is a strong correlation between the positional stability of 1144 − 379 (black points) and
source evolution at S and X–bands. In the first four time bins, the source shows large deviations
from its mean position. At the same time, a very different evolution is seen at S and X–bands.
While the MJD of 53050 X–band flux is falling, the corresponding S–band is rising. In the region
between 53050 and 53500 the X–band flux turns over much earlier than the S–band flux. Only
after MJD of 53500 do both the S and X–band flux have the same first derivative (they are both
rising). Physically this corresponds to the emergence of a new jet component [14] – precisely the
physical mechanism responsible for source structure.

Remarkably, solutions improve as the jet component evolves in the range between the MJDs
of 53500 and 54200. This suggests that source structure matters less than the difference between
structures at S and X–bands. In other words, it is better to have source structure at both S and
X–bands, than just one band (as is the case for example at MJD ∼ 53500). As expected, the best
solutions are obtained in the region 54200 to 54700, where there is minimal structure at both S
and X–bands (indicated by a flux density minimum in both bands). For MJDs greater than 54700
the S and X–band fluxes begin to diverge again, resulting in poor solutions.
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5. Conclusion

Our results suggest that temporal variability of quasars may be even more important to geodesy
than their structure. Multi-frequency flux density monitoring is required to assess the suitability
of any given quasar for geodesy at a particular epoch. To this end, amplitude calibration of
IVS data would be very valuable. Quasar variability makes the structure index a potentially
unreliable indicator of geodetic suitability. More importantly, our result suggests that structure
index analysis alone very likely underestimates the effects of quasar structure (by ignoring the
frequency dependence) on geodetic accuracy.
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Abstract

The space astrometry mission Gaia will construct a dense optical QSO-based celestial reference
frame. For consistency between optical and radio positions, it will be important to align the Gaia
and VLBI frames with the highest accuracy. However, the number of quasars that are bright at
optical wavelengths (for the best position accuracy with Gaia), that have a compact core (to be
detectable on VLBI scales), and that do not exhibit complex structures (to ensure a good astrometric
quality) was found to be limited. It was then realized that the densification of the list of such objects
was necessary. Therefore, we initiated a multi-step VLBI observational project, dedicated to finding
additional suitable radio sources for aligning the two frames. The sample consists of ∼450 optically-
bright weak extragalactic radio sources, which have been selected by cross-correlating optical and
radio catalogs. The initial observations, aimed at checking whether these sources are detectable with
VLBI, and conducted with the European VLBI Network (EVN) in 2007, showed an excellent ∼90%
detection rate. The second step, dedicated to identifying the most point-like sources of the sample,
by imaging their VLBI structures, was initiated in 2008. Approximately 25% of the detected targets
were observed with the Global VLBI array (EVN+VLBA; Very Long Baseline Array) during a pilot
imaging experiment, revealing that approximately 50% of them are point-like sources on VLBI scales.
The rest of the sources were observed during three additional imaging experiments in March 2010,
November 2010, and March 2011. In this paper, we present the results of these imaging campaigns
and report plans for the final stage of the project, which will be dedicated to accurately measuring the
VLBI position of the most point-like sources.

1. Context

During the past decade, the IAU (International Astronomical Union) fundamental celestial
reference frame was the ICRF (International Celestial Reference Frame; [1, 2]), composed of the
VLBI (Very Long Baseline Interferometry) positions of 717 extragalactic radio sources, measured
using dual-frequency S/X observations (2.3 and 8.4 GHz). Since 1 January 2010, the IAU funda-
mental celestial reference frame has been the ICRF2 [3], successor of the ICRF. It includes VLBI
coordinates for 3 414 extragalactic radio sources, with a floor in position accuracy of 60 µas and
an axis stability of 10 µas.

The European space astrometry mission Gaia, to be launched in June 2013, will survey all stars
and QSOs (Quasi Stellar Objects) brighter than apparent optical magnitude 20 [4]. Using Gaia,
optical positions will be determined with an unprecedented accuracy, ranging from a few tens of
µas at magnitude 15–18 to approximately 200 µas at magnitude 20 [5]. Unlike Hipparcos, Gaia
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will permit the realization of the extragalactic celestial reference frame directly at optical bands,
based on the QSOs that have the most accurate positions. A preliminary Gaia catalog is expected
to be available by 2015 with the final version released by 2020.

In this context, aligning the VLBI and Gaia frames will be crucial for ensuring consistency
between the measured radio and optical positions. This alignment, to be determined with the
highest accuracy, requires several hundreds of common sources, with a uniform sky coverage and
very accurate radio and optical positions. Obtaining such accurate positions implies that the link
sources must be brighter than an optical magnitude of 18 [6] and must not show extended VLBI
structures.

In a previous study, we investigated the potential of the ICRF for this alignment and found
that only 70 sources (10% of the catalog) were appropriate for this purpose [7]. This highlighted
the need to identify additional suitable radio sources, which was the goal of a VLBI program
that we initiated five years ago. This program has been devised to observe 447 optically-bright
extragalactic radio sources, on average 20 times weaker than the ICRF sources, extracted from
the NRAO VLA Sky Survey, a dense catalog of weak radio sources [8]. The observing strategy
to detect, image, and measure accurate VLBI positions for these sources is described in [9]. In
this paper, we give the status of this program, by focusing on the latest imaging experiments, and
outline future prospects.

2. The Observing Program

VLBI Detection. The initial observations, whose goal was to assess the VLBI detectability
of the 447 targets, were conducted with the European VLBI Network (EVN), recording at 1 Gbps
in a geodetic-style dual-frequency S/X mode, in June and October 2007 (during two 48–hour ex-
periments, EC025A and EC025B, respectively). These showed excellent detection rates of 97% at
X-band and 89% at S-band. Overall, 398 sources were detected at both frequencies, corresponding
to an overall detection rate of about 89% [9].

VLBI Imaging. Proceeding further with our program, the second step was targeted at
imaging the sources previously detected, using the global VLBI network (EVN+VLBA; Very Long
Baseline Array), recording at 512 Mbps in a dual-frequency S/X mode, in order to identify the
most point-like sources and therefore the most suitable ones for the alignment.

In total, four global VLBI imaging campaigns were carried out, during 192 hours, to observe
395 sources (three of the 398 detected were gravitational lenses). Table 1 summarizes these exper-
iments and their corresponding results [10, 11]. In total, X-band VLBI maps were determined for
250 sources (i.e., 63% successful mapping; see Figure 1 for some examples). The total flux densities
of these sources were determined at both S- and X-bands from these maps (see Figure 2). Figure 3
shows that approximately 50% of the targets (i.e., 119 sources) that we could image are point-
like sources (i.e., sources with an X-band continuous structure index < 3.0; see the definition in [3]).

VLBI Astrometry. The final stage of this program, dedicated to determining very accurate
VLBI positions (i.e., position accuracy better than 200–300 µas) for the most point-like sources of
the sample (i.e., 119 sources) will begin with three days of Global VLBI observations in May 2012.
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Table 1. Summary of the four global VLBI imaging experiments, in terms of observations and results.

Experiment Date Duration Number of Number of Number of
(hrs) sources sources point-like

observed imaged (%) sources (%)

GC030 March 2008 48 105 105 (100%) 47 (45%)
GC034A March 2010 48 97 63 (65%) 32 (51%)
GC034BCD November 2010 58 118 52 (44%) 26 (50%)
GC034EF March 2011 38 75 30 (40%) 14 (47%)

Figure 1. Examples of VLBI maps (X-band; first contour level at 1–4%) determined during the four VLBI

imaging experiments, for sources considered as point–like (i.e., with a good astrometric quality). From left

to right: 0049+003 and 2111+801 (GC030), 0810+563 and 1309+355 (GC034A), 0044+030 and 0742+263

(GC034BCD), and 1341+576 and 1538+477 (GC034EF).

3. Summary and Future Prospects

Within the next few years, the alignment between optical and radio frames will benefit from
this multi-step VLBI project. Obtaining such an alignment with the highest accuracy is essential,
not only to ensure consistency between measured radio and optical positions but also to measure
directly core shifts within AGNs. This will be of high interest in the future for probing AGN jet
properties. Furthermore, while making the Gaia link possible, these new VLBI positions will also
serve in the future to densify the VLBI frame at the same time.
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Figure 2. Distribution of the X-band total flux density for the 250 sources detected during the four VLBI

imaging experiments (units in mJy). The corresponding median values are given for each plot.

Figure 3. Distribution of the X-band continuous structure index for the 250 sources detected during the

four VLBI imaging experiments. The number of sources considered as point-like (i.e., X-band continuous

structure index < 3.0) is given (in bold) for each plot.
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Abstract

As was shown by Jacobs et al. (2010), accounting for correlations between the source positions
derived from VLBI global solutions significantly changes the orientation parameters between compared
CRF realizations if a microarcsecond level of accuracy is required. In this study we performed more
detailed analysis of this effect. We conducted comparisons of a commonly used rotational alignment
model of three parameters with three methods of accounting for the covariance information: using the
position errors only, using only RA/DE correlations reported in radio source position catalogs in the
IERS format, and using the full covariance matrices. CRF solutions from several IVS Analysis Centers
providing the CRF solution in the SINEX format were used for this work. Detailed results of this
analysis are reported.

1. Introduction

Catalogues of radio source positions (RSC) derived from Very Long Baseline Interferometry
(VLBI) observations have been used by the International Astronomical Union (IAU) to establish
the International Celestial Reference Frame (ICRF) since 1998. IVS Analysis Centers provide
these catalogs in a standard IERS format, where together with radio source positions and other
relevant information, RA/DE correlations are reported. The IERS format includes, in fact, only
diagonal covariances, and the off-diagonal correlations, except as mentioned, are not published.
Meanwhile, some IVS Analysis Centers produce solutions in SINEX format where a full covariance
matrix is presented. However, none of this information (not even only the diagonal covariance
information) is used for the RSC alignments. Jacobs et al. (2010) investigated the influence of
using a full correlation matrix on the rotation parameters. Their results showed that using a full
correlation matrix for the radio source positions changes the orientation parameters significantly
at the microarcsecond level of accuracy. In this work we present the results of comparison of the
conventional model of mutual rotation between individual catalogs with respect to three alternative
methods for implementation of the information about covariances: using the position errors only,
using only the RA/DE correlation information which is reported in catalogs submitted in the IERS
format, and using the full covariance matrix from the SINEX files.

2. Comparisons

CRF solutions in SINEX format from IGG, TU Vienna, and Institute of Applied Astronomy
(IAA) IVS Analysis Centers together with CRF solutions in IERS format of the Paris Observatory
(OPA), Federal Agency for Cartography and Geodesy (BKG), and the Space Geodesy Center
(CGS) have been used in this work. Results are presented in Tables 1 and 2.
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Legend for Tables 1 and 2: 1 – using the position errors only, 2 – using position errors and
RA/DE correlations (IERS format), and 3 – using the full covariance matrices from SINEX files.
SNX in the first column means a SINEX file has been used, and IERS means that a catalog in
IERS format has been used. ‘WRMS before’ and ‘WRMS after’ mean WRMS differences before
and after rotation by angles A1, A2, and A3. Units: ‘µas’ for angles and ‘mas’ for WRMS.

Table 1. Orientation parameters between ICRF2 (IERS format) and catalogs, only ICRF2 defining sources.

WRMS WRMS
A1 A2 A3

before after

IAA2009a 1 36.790 ± 32.769 -6.506 ± 33.021 9.627 ± 29.338 0.4822 0.4816
(SNX) 2 37.222 ± 32.864 -7.580 ± 33.126 9.883 ± 29.374 0.4839 0.4832

3 37.222 ± 32.864 -7.579 ± 33.126 9.883 ± 29.374 0.4839 0.4832

IAA2009 1 19.106 ± 3.859 -22.992 ± 3.889 5.721 ± 3.417 0.0583 0.0552
(IERS) 2 19.222 ± 3.830 -23.224 ± 3.864 5.743 ± 3.385 0.0579 0.0548

IGG2012 1 0.183 ± 8.627 -31.813 ± 8.692 25.339 ± 7.696 0.1261 0.1234
(SNX) 2 1.104 ± 8.309 -32.150 ± 8.382 25.810 ± 7.403 0.1228 0.1200

3 1.104 ± 8.309 -32.148 ± 8.382 25.808 ± 7.403 0.1228 0.1200

BKG2010 1 -23.980 ± 4.083 -11.868 ± 4.116 13.140 ± 3.602 0.0616 0.0590
(IERS) 2 -24.175 ± 3.964 -12.425 ± 4.003 15.442 ± 3.495 0.0600 0.0570

CGS2010a 1 -20.130 ± 26.046 -13.012 ± 25.265 8.241 ± 23.429 0.0581 0.0557
(IERS) 2 -21.436 ± 26.001 -13.001 ± 25.424 12.360 ± 23.405 0.0582 0.0557

OPA2012a 1 4.523 ± 3.505 -10.007 ± 3.534 8.136 ± 3.121 0.5260 0.0518
(IERS) 2 4.666 ± 3.444 -10.401 ± 3.475 8.980 ± 3.063 0.0520 0.0512

Table 2. Orientation parameters between IGG SINEX catalog and IAA SINEX catalog calculated using

ICRF2 defining sources only.

WRMS WRMS
A1 A2 A3

before after

1 −17.474 ±3.414 −11.787 ±3.662 22.401 ±3.082 0.0544 0.0505
2 −17.537 ±3.384 −11.734 ±3.721 21.875 ±3.089 0.0542 0.0504
3 −31.416 ±16.172 −8.301 ±17.817 10.288 ±14.840 0.0487 0.0486

3. Conclusion

Our analysis revealed significant differences between rotation parameters computed without
accounting for correlation information, with using the full covariance matrix, and with RA/DE
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correlations, which confirms the results of Jacobs et al. (2010). Unfortunately, we could only
work with one modern catalog in SINEX format from IGG, so the results should be treated as
preliminary.
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Abstract

We have been developing a celestial reference frame at 32 GHz using the 34-m Beam Wave Guide
antennas of NASA’s Deep Space Network (DSN) to complement the current IAU standard ICRF2
at S/X-band. However, the DSN VLBI network alone can only cover a limited part of the full sky,
missing the declination range from −45 to −90 degrees. To extend the 32 GHz frame, we recently
initiated a project to survey candidate sources in the southern sky using Canberra’s DSS-34 antenna
in conjunction with two elements of the Australian Long Baseline Array (LBA) that can observe at 32
GHz: the Mopra Radio Relescope and the Australian Telescope Compact Array (ATCA).

1. Introduction

The International Celestial Reference Frame (ICRF) has been traditionally constructed using
catalogs of radio quasar positions measured at 2.3 GHz (S-band) and 8.4 GHz (X-band) with the
Very Long Baseline Interferometry (VLBI) technique. NASA Deep Space Network (DSN) has
been contributing to the maintenance of the catalogs as part of International VLBI Service (IVS)
collaborations and using them for spacecraft navigation. DSN has also been developing a catalog
at 32 GHz (Ka-band) with its internal network of 34-m Beam Wave Guide antennas that includes
DSS-34 in Tidbinbilla (Jacobs & Sovers, 2009; Jacobs et al., 2011; Garćıa-Miró et al., 2012).
However, the DSN VLBI network alone can only cover a limited part of the full sky, missing the
declination range from −45 to −90 degree. To extend the 32 GHz catalog, we plan to survey 144
candidate sources in the southern sky with the Australian Telescope Compact Array (ATCA) and
the Mopra Telescope which can observe at 32 GHz. Tidbinbilla DSS-34 (Tid34) joins a fraction
of the time when not being used for spacecraft tracking. The ultimate goal of our project is to
establish a reference source catalog at 32 GHz for the south polar cap region, which has never
been covered in existing catalogs at that frequency. The catalog will be used for future spacecraft
navigation by NASA and other space agencies as well as for radio astronomical observations with
southern radio telescope arrays such as ATCA and LBA.

2. Reference Frames at Higher Radio Frequencies Than S/X

For over three decades now, radio frequency work in global astrometry, geodesy, and deep
space navigation has been done at S-band (2.3 GHz) and X-band (8.4 GHz). While this work
has been tremendously successful in producing 100 micro-arcsecond level global astrometry and
sub-cm geodesy (e.g., Ma et al., 2009), developments made over the last decade have made it
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possible to consider the merits of moving to a new set of frequencies. VLBI radio frame work has
been extended recently to 24 GHz for 268 sources and 43 GHz for 131 sources (Lanyi et al., 2010;
Charlot et al., 2010) using VLBA for −40 degrees < declination. Also, using NASA Deep Space
Network antennas we have conducted VLBI astrometry and constructed a celestial reference frame
catalog at 32 GHz with 469 sources with 200–300 microarcsecond positional accuracy for −45
degrees < declination (Figure 1a, Jacobs et al., 2011; Garćıa-Miró et al., 2012). Why Ka-band?
Moving the observing frequencies up by approximately a factor of four has several advantages.
For our work in the Deep Space Network, the driver is the potential for higher data rates for
telemetry signals to probes in deep space. Other advantages include 1) the spatial distribution of
flux becomes significantly more compact (Charlot et al, 2010) lending hope that the positions will
be more stable over time, 2) Radio Frequency Interference (RFI) at S-band would be avoided, 3)
Ionosphere and solar plasma effects on group delay and signal coherence are reduced by a factor
of 15(!), 4) because we observe mostly blazars which are characterized by jets pointing near the
line of sight, we observe down the ‘throat’ of the jets thus bringing into consideration opacity
effects (Königl 1981). Higher frequency observations may see farther into the jets thus changing
the observed position.

3. South Pole Observations

Following the successful project to establish the 32 GHz reference frame for −45 < declination
< + 90 degrees with the DSN/NASA network, the next logical step is to explore the southern sky
toward the southern polar cap limit. Our ultimate goal is to establish the catalog for the missing
part of the sky with comparable accuracy to catalogs for the northern sky. This will require
an additional station in either South Africa or South America on top of existing telescopes in
Australia. We are pursuing intercontinental collaborations in the southern hemisphere, see Jacobs
et al., 2012. Toward that goal we need to first establish a list of sources for which VLBI can detect
fringes. This requirement led us to plan a pilot survey within Australian baselines. The survey
will allow us to select sources as well as obtain positions of sources to an order of 1 milli-arcsecond
accuracy, at least 100 times more accurate than that of the AT20G survey (e.g., Murphy et al.,
2010, for the full AT20G catalog).

Our work will also contribute to the Gaia space mission that plans to measure 109 objects
with 10s of micro-arcsecond precision including 500,000 quasars of which approximately 2000 are
expected to be both optically bright (V < 18) and radio loud (30-300+ mJy) (Lindegren et al, 2008,
Gaia 2012). Our existing catalog at 32 GHz has 336 sources with optical counterparts (Veron-Cetty
& Veron, 2010) with visual (500–600 nm) magnitude, V, bright enough to be detected by Gaia
(V < 20 mag). Of these, 130 are bright by Gaia standards (V < 18). Using existing X/Ka-band
position uncertainties and simulated Gaia uncertainties (corrected for ecliptic latitude, but not for
V − I color), we did a covariance study which predicts that the 3-D rotation between the X/Ka
frame and the Gaia frame could be estimated with a precision of 10–15 mas per rotation angle
(1-σ) (Jacobs et al., 2011). The result is dominated by X/Ka uncertainties which have potential
for a factor of two or more improvement by the time of the final Gaia catalog in 2021. Thus a
frame tie precision of 5–10 µas may be possible, and our work has the potential to be the most
accurate independent check of Gaia because X/Ka systematics (core shift and source structure)
are expected to be smaller than S/X systematics.
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4. Source Selection

We constructed a list of our new Ka band candidate sources (531 over the whole sky) with an
estimate of the 32 GHz flux based on the peak brightness provided by the AT20G survey at 20,
8.6, and 4.8 GHz (Murphy et al., 2010). The list is based on the RFC 2011c catalog of Petrov
(2011) and the sources were selected based on X-band unresolved flux components larger than 200
mJy with the percentage of the flux in the unresolved component being greater than 70%. Sources
already observed by us for the X/Ka catalogs (Jacobs et al., 2011) were removed, so finally we have
531 sources not previously observed at this frequency. A cross search has been made in the AT20G
catalog. Spectral indexes for the three AT20G frequencies 4.8, 8.6, and 20 GHz were calculated,
and a rough estimation of the 32 GHz peak brightness based on the AT20G spectral index between
20 and 8.6 GHz was derived. We found 268 sources out of our initial 531 candidates which have
been detected with the ATCA survey at 20 GHz. Among these sources we formed a list of 144
sources with declinations below −45 degrees (Figure 1b). We use this sample for our preliminary
survey.

a) Existing X/Ka catalog. b) South Pole X/Ka catalog candidates.

Figure 1. Distribution of (a) existing 469 X/Ka sources, and (b) 144 candidate south pole sources, plotted

using a Hammer-Aitoff projection to show their locations on the sky. α = 0 is at the center. The ecliptic

plane is shown by the dashed blue-gray line and the Galactic plane is indicated by the yellow-red dashed

line. The sources are color coded according to their 1-σ formal α cos δ and δ uncertainties with the value

ranges indicated in the legend. Note the drop in precision below δ = −20◦ in the existing catalog where the

CA-Spain baseline coverage can no longer reach.

Our list of 144 South Polar Cap objects has 46 ICRF2 sources (Ma et al., 2009) which agree
at the level of their formal errors. Included in that set of 46 are 29 “Defining” Objects from the
ICRF2. These would allow cross-checking with the S/X results of ICRF2. The source positions of
the sub-sample should be quite good enough for scheduling and correlation. Most position errors
are < 1 mas. The 29 Defining sources will give schedules a very solid tie to the ICRF2 frame. The
spatial distribution is quite uniform—especially for a first list of candidates.

5. Observation Strategy

Our goal is to survey the 144 candidate catalog sources in the southern sky with two of the
Australian Telescope National Facilities (ATNF) telescopes that can observe at 32 GHz, the Aus-
tralian Telescope Compact Array (ATCA, Figure 2), and the Mopra Radio Telescope (Figure 3).
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NASA’s DSN Tidbinbilla DSS-34 (Tid34) joins a fraction of the time when not used for spacecraft
tracking. One 24-hour track with both ATCA and Mopra is required to cover different parts of
the sky. The 24-hour block does not have to be during a normal LBA session. The data are
recorded to the LBA-DR system at 512 Mbps for 4 IF×16 MHz dual-polarization mode (except
Tid34, which can only observe single polarization) and correlated at Curtin Institute of Radio
Astronomy with the DiFX software correlator. We spend one minute integration per scan which
gives a sensitivity of 7.4 mJy for the ATCA-Mopra or Mopra-Tid34 baselines, and 3.3 mJy for the
ATCA-Tid34 baseline, according to the LBA sensitivity calculator. Assuming overhead of another
minute per scan that includes slew time and every calibrator scans 90 minutes for a few strong
sources in the existing 32 GHz catalog, the 24-hour block allows five scans per source to cover a
variety of u-v spacings. A typical DSS-34 tracking gap for about six hours or so would allow us
to observe sources near the south pole with three baselines at least once, which helps visibility
modeling to estimate structure. For sources with fringes detected we will propose for multi-epoch
astrometry sessions in the following ATNF proposal deadline in order to refine source positions
and to measure source variability.

Figure 2. Australian Telescope Compact Array. Figure 3. The Mopra Radio Telescope.

6. Initial Results

We conducted a short fringe test with Mopra and DSS-34 on 2 December 2011, observing a
strong quasar 1921-293 centered at 32.0 GHz for 2 IF×16 MHz bandwidth. The second fringe
test was conducted on 7 and 9 February 2012 with ATCA, Mopra and DSS-34, observing a strong
quasar 0537−441, centered at 32.0 GHz for 2 IF×64 MHz bandwidth. However both experiments
were unsuccessful due to system problems yielding no fringe detection.

Note added after IVS meeting: The first 24-hour block of the 32 GHz Pilot Survey was scheduled
on 1 May 2012 for ATCA and Mopra with a short DSS-34 block for fringe testing. Pointing at
1921-293, the first LBA 32 GHz fringe was detected on the DSS-34 to Mopra baseline. However
because we were unable to find fringes to ATCA, the survey was postponed. Schedule coordination
continues to be a challenge.
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7. Conclusions

We are conducting an LBA survey of compact radio sources at 32 GHz near the south pole
region. This is the first attempt to fill the gap in the existing 32 GHz catalog established by NASA
Deep Space Network toward completing the full sky celestial reference frame at 32 GHz. The
catalog will be used for future spacecraft navigation by NASA and other space agencies as well as
for radio astronomical observations with southern radio telescope arrays such as ATCA and LBA.
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Abstract

We have constructed an X/Ka-band (8.4/32 GHz) celestial reference frame using fifty-nine ∼24-
hour sessions with the Deep Space Network. We detected 469 sources covering the full 24 hours of
right ascension and declinations down to −45◦. Comparison of 450 X/Ka sources in common with the
S/X-band (2.3/8.4 GHz) ICRF2 shows weighted RMS (wRMS) agreement of 194 micro-arcsec (µas)
in α cos δ and 270 µas in δ. There is evidence for systematic errors at the 100 µas level. Known
errors include limited SNR, lack of phase calibration, troposphere mismodeling, and limited southern
geometry. Compared to X-band, Ka-band allows access to more compact source morphology and
reduced core shift. Existing X/Ka data and simulated Gaia data predict a frame tie precision of 10-15
µas (1-σ, per 3-D rotation component) with anticipated improvements reducing that to 5-10 µas per
component.

1. Introduction

Celestial reference frames help us to navigate in deep space just as the Global Positioning
System (GPS) helps us to navigate here on Earth. The analogy is not only casual; the importance
of the latter in our normal day life is analogous to the importance of the former for astrophysical
studies and spacecraft navigation. Celestial reference frames are needed to define the coordinates
of every celestial object, to reference astronomical events such as eclipses or occultations, and to
navigate space probes around the Solar System or to calculate spacecraft instrument fields of view
as they point, for instance, towards a planet. Even GPS satellites themselves need to have their
orbits defined with respect to a quasi-inertial reference frame.

Motivated by the need to navigate inter-planetary space probes, the NASA Deep Space Network
(DSN) constructs VLBI radio reference frames to measure spacecraft positions and motions. An
earlier version of the DSN catalog was built at S/X-bands and is still periodically maintained.
Because higher data rate requirements for spacecraft telemetry are driving the DSN to higher
frequencies from X to Ka-band (32 GHz), the radio catalog presented here was realized at X/Ka
bands. Fortuitously, the jump to Ka-band has astrophysical advantages which should eventually
allow more accurate position determinations. We also note that international Ka-band acceptance
is growing. About 20 antennas around the world have, will have, or are considering acquiring 32
GHz capability. Jacobs et al. (these proceedings) discuss the potential for a worldwide Ka-band
VLBI network capable of high resolution imaging and astrometry of the most compact regions in
Active Galactic Nuclei.
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This paper is organized as follows. Section 2 presents the advantages and disadvantages of
Ka-band observations. Section 3 describes the Ka-band VLBI observations and compares our
VLBI Ka-band frame with current radio-based celestial frames. Section 4 discusses the potential
for improving the geometry of our network by adding a southern station. Section 5 presents the
potential for a frame tie to the Gaia optical reference frame.

2. Reference Frame Realization at Higher Radio Frequencies

The recent move of radio observations towards higher frequencies is beginning to provide very
promising astrometric results (Lanyi et al., 2010, Charlot et al., 2010). Ka-band, approximately a
factor of four higher than the usual X-band, has several remarkable advantages. For our work in
the DSN, the driver is the increase of telemetry data rates and the usage of smaller and lighter radio
frequency systems in the spacecraft. The spatial distribution of the observed source’s flux density
becomes significantly more compact (Charlot et al., 2010) and should therefore lead to more stable
positions. S-band Radio Frequency Interference (RFI) problems are avoided. In addition, the
ionosphere and solar plasma effects on group delay and signal coherence are reduced by a factor
of ∼15 allowing observations closer to the Sun and the Galactic Center.

The increase in frequency also implies several disadvantages. It moves the observer closer to
the water vapor line at 22 GHz and thus increases the system temperature to up to 10–15 K
per atmosphere or more, thereby greatly increasing sensitivity to poor weather. Furthermore, the
sources themselves are in general weaker, and many sources are resolved. Also, the coherence times
are shortened so that practical integration times are a few minutes or less, and lastly the antenna
pointing accuracy requirements must be tightened by the same factor of four. The combined
effect of these disadvantages lowers the system sensitivity. Fortunately, advances in recent years
in recording technology (e.g., Whitney et al., these proceedings) make it feasible and affordable to
offset these losses in sensitivity by recording at higher data rates.

3. X/Ka VLBI Observations and Accuracy

The results presented here are from fifty-nine Very Long Baseline Interferometry (VLBI) ob-
serving sessions of ∼24 hour duration done from July 2005 until February 2012 using NASA’s Deep
Space Stations (DSS) 25 or 26 in Goldstone, California to either DSS 34 in Tidbinbilla, Australia
or DSS 55 or DSS 54 outside Madrid, Spain to form interferometric baselines of 10,500 and 8,400
km length, respectively. We have detected 469 extragalactic radio sources which covered the full
24 hours of α and δ down to −45◦. These sources are plotted using a Hammer-Aitoff projection
to show their locations in the sky (Figure 1). Note that both α (Figure 1a) and δ (Figure 1b)
precisions get worse as one moves southward. This is a result of having significantly less data on
the California to Australia baseline combined with the need to observe sources closer to the hori-
zon as declination moves south thus incurring greater error from higher system temperatures and
tropospheric mismodeling. Jacobs et al. (2011) give details on the VLBI observation configuration,
data reduction, and delay modeling.

An independent estimate of the position errors was obtained by comparing our X/Ka-band
positions to the S/X-based ICRF2 (Ma et al., 2009). For 450 common sources, the weighted RMS
(wRMS) differences are ∼194 µas in α cos δ and ∼270 µas in δ. Apart from the limited southern
coverage, the major contributions to the errors in our measurements are the limited SNR and
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poorly calibrated instrumentation and troposphere effects. We plan to reduce these last three
errors by improving the recording rates, installing Ka-band phase calibrators and making use of
an advanced water vapor radiometer, respectively. The following section discusses the southern
geometry issue.

a) Right Ascen. formal uncertainty: σα cos δ. b) Declination formal uncertainty: σδ.

Figure 1. Distribution of 469 X/Ka sources plotted using a Hammer-Aitoff projection to show their locations

in the sky. α = 0 is at the center. The ecliptic plane is shown by the dashed blue-gray line, and the Galactic

plane is indicated by the yellow-red dashed line. The sources are color and symbol coded according to

their 1-σ formal α cos δ and δ uncertainties with the value ranges indicated in the legend. Note the drop in

precision below δ = −20◦ where the California–Spain baseline coverage can no longer reach.

4. Towards X/Ka-band Southern Geometry Improvement

The DSN is an excellent instrument for astrometric measurements due to its high sensitivity
(large apertures, low system temperatures, and high data rates) and long baselines (> 8000 km).
However, the DSN’s single southern site limits the southernmost observed declinations (> −45◦).
In order to better understand the impact of southern geometry, we have simulated the effect of
adding a second southern station (Bourda et al., 2010). Data from 50 real X/Ka sessions were
augmented by simulated data for 1000 group delays each with SNRs = 50 on a ∼9000 km baseline:
Australia to South America or South Africa (Figure 2). The resulting solution extended the δ
coverage to the south polar cap region: −45 to −90◦. Precision in the south cap region was
∼200 µas (1 nrad), and in the mid-south precision was 200–1000 µas, all with just a few days
of observing. We conclude that adding a second southern station would greatly aid our X/Ka
frame’s coverage and accuracy. In fact, the resulting four station network should compete well
in astrometric accuracy with the historical S/X network and its ICRF2. Accordingly, efforts are
now under way to improve the DSN southern coverage, and we have initiated a project to survey
candidate sources at Ka-band in the Southern Hemisphere (Horiuchi et al., these proceedings).

5. Gaia Frame Tie Simulations

The future Gaia optical reference frame (Lindegren et al., 2008) will also use quasars as defining
sources, most of them optically bright. We present here a simulated frame tie between a set of
common sources in our X/Ka frame and the Gaia frame. The Gaia mission will survey a billion
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Figure 2. Simulated data for 1000 delays added to

50 real sessions completes southern coverage in the

south polar cap −45◦ < δ < −90◦. Note that south

circumpolar sources (δ < −60◦) achieve 200 µas

precision within a few days.

Figure 3. Visual magnitude of optical counter-

parts for distribution of 469 X/Ka sources. The

V magnitude scale is defined in the legend. Note

the large number of sources lacking optical identi-

fications near the galactic plane, especially near its

center and anti-center.

objects down to V = 20 visual magnitude (500–600 nm), with accuracies ranging from 25 µas at
V = 16 to ∼200 µas at V = 20. The sample will include about 500,000 quasars of which ∼2000
are expected to be both optically bright (V < 18) and radio loud (30–300+ mJy).

A potential tie between the optical Gaia and the radio reference frames requires a deep under-
standing of the different emitting regions in relativistic jets. For an ensemble of relativistic electrons
with an energy power-law distribution and subjected to synchrotron radiative losses that decrease
their lifetimes with increasing energy, the observed flux density distribution becomes more compact
but weaker at higher observing frequencies (Konigl, 1981). Moreover, opacity effects, which alter
the position of the core, are greatly reduced for higher frequencies. The expected core shift for
phase delays from X to Ka is ∼100 µas and from Ka to optical is ∼25 µas. However, Porcas (2009)
argues that, under minimum energy conditions or (near) equi-partition of particle and magnetic
energy in the jets (Pacholczyk, 1970), the effect in group delay is several times smaller than in
phase delay. Thus our X/Ka group delay results are expected to have little core-shift.

Table 1. Optical magnitude categories of DSN X/Ka sources.

Description Magnitude range Number Percent

Bright 0 < V < 18 132 29%
Detectable 18 < V < 20 213 45%
Undetectable V > 20 53 11%
Unmeasured V unknown 71 15%

Based on Veron-Cetty & Veron (2010), our X/Ka catalog has 345 sources with optical coun-
terparts bright enough to be detected by Gaia (V < 20 mag, Table 1, Figure 3). Of these, 132
are bright by Gaia standards (V < 18). Using existing X/Ka-band position uncertainties and
simulated Gaia uncertainties (Gaia (2012) corrected for ecliptic latitude, but not for V−I color),
we did a covariance study which predicts that the 3-D rotation between the X/Ka frame and the
Gaia frame could be estimated with a precision of 10–15 µas per rotation angle (1-σ). The result is
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dominated by X/Ka uncertainties which have potential for a factor of two or more improvement by
the time of the final Gaia catalog in 2021. Thus a frame tie precision of 5–10 µas may be possible.

6. Conclusions

We have detected 469 sources at X/Ka-band (8.4/32 GHz). For the 450 sources common to
X/Ka and the S/X-based ICRF2, we find positional agreement of 194 µas (0.9 nrad) in α cos δ
and 270 µas (1.3 nrad) in δ with zonal errors of ∼100 µas (0.5 nrad). Improvements in data rates
and instrumental calibration are projected to allow better than 200 µas (1 nrad) accuracy within
the next few years. Simulations of adding another southern station predict better than 200 µas
accuracy for the southern polar cap within a very short time of collecting data from an all southern
baseline. This gives hope that better than 100 µas accuracy over the full sky might be achieved
within a few years of adding a southern baseline, yielding results comparable to Gaia for objects
common to both techniques and thus optimizing a tie between the two frames.
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Abstract

The secular aberration drift observed as the apparent proper motion of extragalactic radio sources
is caused by the acceleration of the coordinate origin, the solar system barycenter. Therefore, the
three-dimensional vector of the acceleration of the solar system barycenter was estimated as a global
parameter by using the 30 years of global geodetic and astrometric VLBI data. This estimation is inde-
pendent of any kinematic or dynamic model of the Milky Way or statistics hypothesis. The estimated
acceleration in the direction of the Galactic center is 7.47 ± 0.46 mm·s−1·yr−1, while the estimation
of the other two components are 0.17 ± 0.57 and 3.95 ± 0.47 mm·s−1·yr−1 in the direction along the
Solar motion in the Galactic plane and in the direction normal to the Galactic plane, respectively. The
estimate of the acceleration independently provides another kinematics parameter without referring to
any objects within the Galaxy.

1. Introduction

The definition, realization, and maintenance of a celestial reference system is one of the oldest
and most fundamental tasks in astronomy. The previous celestial reference frame was constituted
in the optical regime by the Fifth Fundamental Catalogue FK5 [1], which was a practical realization
by mean positions and proper motions of a group of fundamental stars. Owing to the fact that
the FK5 frame is based on the theory of the motions of bodies in the solar system and the
assumptions of the proper motions of stars close to the Sun, it has a hybrid definition, dynamic
and kinematic. With the advent of the most precise astrometry conducted by the technique of Very
Long Baseline Interferometry (VLBI), uncertainties of radio source positions achieved the level of
less than one milliarcsecond over most of the sky by the mid 1990s. At the beginning of 1988, a
number of International Astronomy Union (IAU) working groups thus initiated consideration of
a new concept of the fundamental celestial reference frame [2, 3], and in 1991 IAU recommended
that its celestial reference frame should show no global rotation with respect to a set of distant
extragalactic objects. However, because it is based on the kinematics of the extragalactic objects
with negligible proper motions, it becomes a purely kinematic definition, sometimes also called
static [4]. There are two main advantages of this new reference frame: (1) extragalactic radio
sources with undetectable proper motions are at rest with respect to the Universe, and (2) the
definition of the ICRF is not related to the dynamic equinox.

Nevertheless, while the solar system moves around the Galactic center, its velocity vector is still
changing by a tiny amount, which causes the secular aberration drift in radio source directions. For
30 years, this effect will accumulate up to about 200 microarcseconds (µas), which is far beyond
the declared several tens of µas level of the ICRF2 accuracy [5] and must be considered. In this
paper, we present the result of the solar acceleration obtained by VLBI data analysis.
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2. Model

The direction of the observed radio source ~K was always treated as time-independent in the
Barycentric Celestial Reference System (BCRS), which is a basic assumption of realizing the celes-
tial reference system by radio source [6, 7]. When considering the effect of the secular aberration
drift, the positions of radio sources should present variations in time with a dipolar structure.
Then at the arbitrary observing epoch t, the direction of the radio source should be a function of
the solar system barycenter’s acceleration ~a, given by

~Kt = ~K0 +
( ~K0 × ~a) × ~K0

c
(t− t0), (1)

where ~K0 is the direction of the radio source in the BCRS at the reference epoch t0 (e.g., J2000.0),
and c is the speed of light in a vacuum. The acceleration vector ~a could be treated as a constant
during the approximately 30 year history of VLBI observations.

Based on the formula of the geometric delay given by the IERS 2010 conventions [8], the partial
derivative of the VLBI geometric delay τ with respect to the instant direction ~Kt is accurate up
to terms of order O(( ~V⊕ + ~ω2)

2/c2),

∂τ

∂ ~Kt

= −
~b

c+ ~Kt( ~V⊕ + ~ω2)
+

~Kt ·~b
c2

( ~V⊕ + ~ω2), (2)

where~b is the geocentric baseline vector, and ~V⊕ and ~ω2 are the barycentric velocity of the geocenter
and the geocentric velocity of the second receiver, respectively. In fact, it is accurate enough to
apply ~K0 instead of the ~Kt to the right of Equation 2 when calculating the value of this partial
derivative.

Given these equations, the partial derivatives with respect to the acceleration are found to be,

∂τ

∂~a
=

∂τ

∂ ~Kt

· ∂
~Kt

∂~a
, (3)

there is an approach to estimate the solar acceleration vector as a global parameter in the data
analysis based on Equation 3, which we call the global solution [9].

3. Data and Results

The data we used in our solutions were taken from an International VLBI Service for Geodesy
and Astrometry [10] data center. There were 4632 sessions from April 1980 to October 2011. The
sessions with durations less than 18 hours were excluded, and the sessions in which the longest
baseline length was shorter than 3000 km (small networks) were also excluded. The radio sources
with fewer than four good observations in the whole data set were not used, and the data which
the station TSUKUB32 observed after the big earthquake in March 2011 were excluded as well.
The elevation cut-off angle was set to 7o.

The CALC/SOLVE software developed and maintained by NASA Goddard Space Flight Cen-
ter was used for the VLBI data analysis. The USER PARTIAL function, an external interface
provided by this software, was utilized for the integration of the estimation models of the acceler-
ation. Parameters were divided into three groups including:
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1. Global (over the entire data set): positions and velocities of the stations at the reference
epoch; the axis offsets of the antennas; the coefficients of the diurnal, semi-diurnal, annual,
and semi-annual tidal model (amplitude and phase) of 41 stations [11], and coefficients for
the expansion into B-spline basis of positions of three stations, HRAS 085, PIETOWN, and
GILCREEK;

2. Local (over each session): Earth orientation parameters, including polar motion, UT1, and
their rates along with the adjustments of two nutation parameters;

3. Segmented (over intervals ranging from 20 minutes to 6 hours): the clock offsets and rates
(1-hour segments); linear spline coefficients modeling zenith wet delay (20-minute segments);
piecewise coefficients of the north and east troposphere gradients (6-hour segments).

In the global solution, the acceleration vector was estimated as a global parameter. The 39
special handling sources were estimated as local parameters, while the positions of the other radio
sources were estimated as global parameters. No-net rotation constraints were imposed on the
295 ICRF2 defining sources with respect to their ICRF2 positions. No-net-rotation and no-net-
translation constraints on the adjustments of the station positions and velocities of 35 sites with
respect to VTRF2008 [12] were applied to realize the earth reference frame. The a priori models for
geophysical effects and precession/nutation were based on the IERS2003 conventions. NMF [13]
was chosen as the atmosphere mapping function, and the atmospheric pressure loading model [14]
and the thermal expansion model of the radio telescopes [15] were also applied. Parameterization
is discussed in Xu et al. [16] in more detail.

For all 4632 sessions, 3492 radio sources and approximately 7,100,000 group delay observables
were analyzed. In the global solution, the overall post-fit weighted root mean square delay residual
has 21.3 ps, and the chi-square has 0.98. In the Galactic Cartesian coordinate system [17, 18],
the acceleration vector in the three components has estimated to be (7.47±0.46, 0.17±0.57, and
3.95±0.47) mm·s−1·yr−1. To verify the reliability and stability of our results, the entire VLBI
data set was divided into four groups. The four data groups were formed as follows: all sessions
were sorted and numbered from 1 to 4632 in time order, then all sessions except the sessions
whose numbers were 4n+1 were included in the first group, all sessions except the sessions whose
numbers were 4n+2 were included in the second group and so on, where n=0, 1, 2, · · ·, 1157. Each
data group was processed in the same way. The results are listed in Table 1. The components
towards the Galactic center and perpendicular to the Galactic plane show good consistency. The
components in the direction along the solar motion in the Galactic plane are insignificant with
respect to their formal errors. Figure 1 shows the apparent proper motion field of 295 defining
sources based on the acceleration we estimated.

Table 1. The solar acceleration estimated from different data sets in the Galactic coordinate system (unit:

mm·s−1·yr−1) [9].

Number of Sess. X(galactic center) Y Z(galactic pole)

3474 7.44 ± 0.53 0.63 ± 0.67 3.27 ± 0.54
3474 7.28 ± 0.53 -0.12 ± 0.66 3.93 ± 0.53
3474 7.22 ± 0.53 0.06 ± 0.66 4.55 ± 0.54
3474 7.86 ± 0.53 -0.41 ± 0.67 3.98 ± 0.54
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Figure 1. The apparent proper motion field of 295 defining sources based on the estimated acceleration.

4. Conclusion

On the basis of the rigorous mathematical relations between the acceleration of the solar system
in the Milky Way and the secular aberration drift, we estimate the acceleration by using VLBI
data spanning 30 years. This method is independent of the kinematic or dynamic model of the
Milky Way and also without reference to any objects in the Galaxy or the Local Standard of
Rest. The acceleration vector we estimated is (7.47±0.46, 0.17±0.57, 3.95±0.47) mm·s−1·yr−1

in the Galactic Cartesian coordinate system. Our estimation, which is absolutely determined
relative to extragalactic radio sources with the kinematical method, has obtained an accuracy
of approximately two orders of magnitude in the acceleration, the highest accuracy for current
relative works.

Traditionally much of the attention paid in these studies of the secular aberration was on the
Galactocentric component of the acceleration, since it was generally believed that the acceleration
component in the direction normal to the Galactic plane was too small to be detected. Then the
acceleration vector should nearly point to the Galactic center. This recent work, however, indicates
that this vertical component is significant with its amplitude of 4.0 mm·s−1·yr−1. Apparently this
vertical acceleration should provide another meaningful parameter for the research of the Milky
Way.
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Abstract

Constant instrumental and data analysis upgrades throughout the development of the VLBI tech-
nique have delivered a continuous improvement in the accuracy of the evaluations of Parameterized
Post Newtonian (PPN) parameter γ. Lunar Laser Ranging can be used to estimate PPN parameter
β, as well as test possible temporal variation of the gravitational constant. Satellite Laser Ranging
can be used to evaluate frame dragging. New applications using SLR data recently have attempted
to estimate γ and β directly. These different space geodesy techniques and their potential to evaluate
GRT will be affected positively by the development of the Global Geodetic Observing System. It was
found that if improvements in VLBI estimates are extrapolated to 2020, results will equal that of γ
estimates obtained by radiometric tracking data of the Cassini spacecraft on its approach to Saturn
(the best estimate to date) but with a more robust error budget.

1. Introduction

The observational techniques of space geodesy, VLBI (Very Long Baseline Interferometry),
GNSS (Global Navigation Satellite Systems), SLR/LLR (Satellite or Lunar Laser Ranging), and
DORIS (Doppler Orbitography and Radiopositioning Integrated by Satellite) have reached mea-
surement accuracies of such a level that general relativistic effects (GRT), are considered on a
routine basis in data processing and parameter estimations. Data must be analyzed within the
framework of a post-Newtonian formalism [5] and the complete context within which the model-
ing is performed, i.e. reference and time frames, solar body ephemerides, signal propagation, and
observables (such as VLBI delay, laser pulse travel time, and satellite clock frequency) must con-
sider GRT [6]. This paper briefly considers the expected impact of the Global Geodetic Observing
System (GGOS) on the ability of VLBI to evaluate the space curvature parameter γ.

2. Expected GGOS Contributions

It is expected that GGOS will bring an improvement of a factor of ten in global accuracies in
the observational as well as the theoretical components of space geodesy, implying a ten-fold im-
provement in measuring accuracies, reference frames and their maintenance, modeling, and station
network geometry. This should translate into the accuracies involved when doing relativity tests
using space geodesy. Additional geophysical instrument co-location (gravimeter, accelerometer,
and seismometer) could lead to ‘tuned’ site-specific Love numbers to improve geophysical model-
ing (for instance the elastic coefficient of Earth). Improvements are expected in the ITRF, ICRF,
EOPs, and models (e.g., gravity fields, earth and pole tides, ocean and atmospheric loading, and
precise orbit determination). This should lead to an improvement in the evaluation of GRT using
space geodesy techniques, in particular VLBI, SLR, and LLR. Also required are improved GRT
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delay models, from 1 ps to 0.3 ps or less for both VLBI and SLR/LLR (i.e. sub-mm accuracy),
e.g. by developing post post-Newtonian models. Alternative (scalar-tensor) theories predict small
deviations from GRT values at a level of: γ − 1 = 1 × 10−6 to 1 × 10−7; VLBI and SLR (or any
other technique) cannot reliably obtain these values yet.

Why test GRT? The strength of gravity is given by Newton’s (scalar theory) gravitational
constant G; it is important to evaluate possible changes in G with time (which would cause an
evolving scale of the solar system). In addition one would want to test GRT to evaluate mea-
surement of space-time curvature and gravitational delay, verify Einstein’s equivalence principle,
measure frame dragging and relativistic precession of orbits (geodetic (de Sitter) precession) as
well as evaluate PPN parameters β (nonlinearity in superposition of gravity) and γ (amount of
space curvature produced by unit test mass).

3. Technique-Dependent Sensitivity to Model and Observational Errors

Estimates of GRT using VLBI are sensitive to intrinsic source structure, the contribution to the
delay of the wet neutral atmosphere, uneven North-South VLBI network distribution, and solar
coronal plasma for smaller Sun elongations, which produces large path-length changes. Satellite
laser ranging GRT estimates are sensitive to gravity field model errors in even zonal coefficients (J2,
J4, J6,...), orbit perturbation (model) errors, and the contribution to the delay of the atmosphere
(the need to incorporate azimuth-dependent components). GRT can be embedded in gravity field
models and weak network geometry, especially in the Southern Hemisphere, and only some satellites
are suitable for GRT tests (LAGEOS 1/2 and LARES (recently launched)). Lunar laser ranging
GRT estimates are affected by the sparsity of the network (nothing in the Southern Hemisphere),
very limited data quantity (due to extreme difficulties in ranging to the Moon and a very low
return rate), and the depth signature effect in lunar reflector arrays for single photon returns.

Figure 1. 1-m Cassegrain (ex OCA) which will be used as part of an SLR/LLR system being developed at

HartRAO, with the 26-m VLBI antenna (mid-background) and the 15-m SKA prototype (far background).

The 15-m antenna is being equipped for S/X VLBI and will be used for IVS EOP measurements.
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HartRAO has commenced with the development of a Satellite and Lunar laser ranger in col-
laboration with NASA and the Observatoire de la Côte d’Azur (OCA). A Southern Hemisphere
LLR (see Figure 1) will strengthen the geometry of the LLR network and should improve the
determination of the orientation of the Moon as well as improve GRT tests using LLR. A dual
system SLR/LLR will provide added coverage of SLR data in an area very sparsely covered. This
SLR/LLR system will be a GGOS component and should be co-located with a VLBI2010 compat-
ible antenna.

4. General Relativity Tests using VLBI

VLBI currently attains accuracies better than 0.1 mas. This allows the use of VLBI as an
excellent tool for GRT tests. Therefore geodetic VLBI has often been used to evaluate the space
curvature parameter γ. Early tests of the general relativity theory involved using optical telescopes.
These tests involved gravitational redshift measurements and determination of star light deflection
at the Sun’s limb during eclipses. A static and spherically symmetric metric (Schwarzschild) [7] can
be used to describe the space-time geometry around the Sun. Eddington [3] created an isotropic
formulation of Schwarzschild’s original anisotropic version of the metric, which can be written as

ds2 = −
(

1 − 2
GM

c2r
+ 2

(
GM

c2r

)2
)

(cdt)2 +

(
1 + 2

GM

c2r

) [
dx2 + dy2 + dz2

]
. (1)

In Equation (1) the gravitational constant is given by G, the speed of light by c, and the mass
of the star (Sun) by M. Considering the ten parameters in the PPN formalism, parameters γ and
β are the most physically significant. Equation 1 can be written to include PPN parameters as

ds2 = −
(

1 − 2
GM

c2r
+ 2β

(
GM

c2r

)2
)

(cdt)2 +

(
1 + 2γ

GM

c2r

) [
dx2 + dy2 + dz2

]
. (2)

Considering the first term of Equation (2), β describes the degree of non-linearity in the su-
perposition law for gravity (many gravity theories make provision for the assumption that gravity
produces gravity). How much curvature is produced by unit rest mass is described in the second
term (spatial part) by PPN parameter γ. This PPN parameter can be tested by deflection of light,
bending of radio waves, and Shapiro delay experiments. In GRT both parameters γ and β are
equal to unity, whereas the other eight PPN parameters are zero as given by Will and Nordtvedt
[8].

5. Evaluation of PPN Parameter γ

Eddington’s classical test of the deflection of light by the Sun [2] essentially measures the
propagation of photons in curved space near the Sun. The amount of space curvature per unit
mass is related to γ through the proportional relationship

δθ =
1

2
(1 + γ)

(
4Gm�

/
c2d
)

[(1 + cos Φ)/2] . (3)

A radio signal (from a VLBI source) passing close to the Sun at distance d will be deflected by the
angle δθ.
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In Equation (3) the mass of the Sun is m� and Φ is the angle between the direction of the
radio signal from the radio source and the line between Earth and the Sun. The relative angular
separation will change when the line-of-sight of the source moves closer to the Sun. Currently
geodetic VLBI scheduling avoids sources closer than 15◦ to the Sun, which reduces sensitivity of
using VLBI for GRT tests. This angular separation is given by

δθ = 1
2 (1 + γ)

[
−4m�

d cosχ+ 4m�
dr

(
1+cos Φr

2

)]
.

(4)

Figure 2. Plot of standard errors resulting from geodetic VLBI evaluations of PPN parameter γ. It is

expected that improvement will continue as instrumentation, software, and models develop, particularly in

the framework of GGOS.

The continuous improvement in valuation of PPN parameter γ is illustrated in Figure 2, which
is based on the table of γ estimates spanning the period 1972 to 2009 as provided by Heinkelmann
and Schuh [4]. Figure 2 contains the standard error of the various γ estimates, and an exponential
fit constrained to the first and last estimate provides a value of ±2.5 × 10−5, when using the
fitted function to extrapolate towards 2020. If this predicted accuracy level is achieved by VLBI,
supported by the developments around VLBI2010 in the GGOS framework, it would be comparable
to the accuracy (currently the best) of the estimate of γ achieved during the microwave tracking
of the Cassini spacecraft on its approach to Saturn [1]. As VLBI error budgets are very robust due
to the large volumes of data involved, it is expected that the VLBI solutions will be very reliable.
Combined with a change in VLBI observation strategy (scheduling routine observations closer to
the Sun), the increase in data useful for GRT tests should place VLBI into the ‘hot zone’ with
errors at the level of ± 1.0 × 10−6; therefore, it will soon be possibly the best technique to test
PPN parameter γ reliably.

6. Conclusion

Combined with a change in VLBI observation strategy (scheduling routine observations closer
to the Sun), advances due to VLBI2010, and other GGOS implementations, the increase in data
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useful for GRT tests should place VLBI into the ‘hot zone’ with errors at the level of ± 1.0×10−6.
Therefore it will be the best technique to test γ reliably. It is expected that GGOS will support
VLBI, SLR, and LLR to improve their validations of GRT, but only to its fullest extent if all
aspects of GGOS are addressed: networks, equipment, models, observing strategy, and processing
strategies. Requirements for better results include scheduling of VLBI observations closer to
the Sun, and new missions such as the construction of VLBI beacon/laser transponder units for
placement in orbit, on the Moon, and on suitable planets.

GGOS currently only has three themes. It would be important not to exclude its fourth theme,
fundamental physics. Millimeter accuracy in ALL the space geodetic techniques and reference
frames is finally constrained by our understanding of the geometry of space. In fact, a fourth
pillar of space geodesy (typically three pillars are given as (1) shape and deformation of Earth, (2)
gravity and geoid, and (3) orientation and rotation) should be added, so that we have (4) geometry
of spacetime. The geometry of spacetime affects all space geodetic techniques. It is fundamental to
all observables and, as the fourth pillar of space geodesy, needs to be measured and incorporated
at the highest level of accuracy into our modeling.
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Abstract

This paper presents recent advances in Earth Orientation Parameters (EOP) determination and
in their modeling. These advances are related to the increase of the precision of the observation and
the implementation of dedicated strategies to better obtain them. The advances are also related to
the determination of Earth geophysical parameters from VLBI observations and better modeling of
the phenomena within the Earth. Further improvement in the observation precision enhances our
understanding of the interior of the Earth. In particular, we examine the coupling mechanisms at
the core-mantle boundary: the electromagnetic coupling, the topographic coupling, and the viscous
coupling. We also present future developments necessary for a better understanding of the Earth’s
interior and its orientation parameters.

1. Monitoring the Earth’s Orientation using VLBI

A number of improvements have been performed in the networks used for the observation of
Earth rotation and orientation parameters. The number of stations has increased, the networks
have been extended, and the number of observed sources in each session has been increased.
Strategies concerning the processing of the data have been defined (VLBI2010) in order to ensure
the best processing of the observation (e.g., Niell et al., 2007). Additionally the realizations of the
reference frames (ITRF as well as ICRF) have been improved (Altamimi et al., 2011; Ma et al.,
2009). In particular, the axes of the current realization of the ICRF, the ICRF2 (Ma et al., 2009),
are defined by a larger set of sources than for the previous ICRF (Ma et al., 1998) covering both
hemispheres and stable at the 10 milliarcsecond (mas) level.

The Earth Orientation Parameters time series have become longer and therefore the long period
nutations are better determined. The data timespan now allows to drop the first noisy period of
observation (before 1995) for the evaluation of the amplitudes of the long period 18.6 year nutation
and of all the other shorter ones. The formal errors have become better. The FCN free mode that
is visible in the time series of the nutation offsets can be evaluated as a function of time ensuring
a better accuracy of the nutation amplitude determination, especially for terms whose frequencies
are close to the FCN frequency (e.g., retrograde annual). Figure 1 shows the nutation residuals
with respect to the IAU2000 adopted nutation series after evaluation of the FCN free mode.

Whereas VLBI nutation measurements allow for a precise observation of the time-varying
amplitude of the FCN free mode, the modeling of this amplitude has never been achieved, due to
a very poor knowledge of the excitation mechanism (e.g., Lambert, 2006). As for the FICN, it
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Figure 1. Nutation offsets with respect to the IAU2000 adopted nutation model.

has not yet been observed directly. The knowledge on these mode frequencies and dissipations is
coming from their effects on the forced nutation.

2. Insights into the Earth’s Interior from VLBI Data

2.1. Physical Properties of the Core-Mantle Boundary

VLBI observations allow for the estimation of a coupling constant characterizing the strength
of the mechanical coupling at the CMB, as well as the total energy dissipated through the cou-
pling. As the strength and dissipation involved in the coupling depend directly on CMB physical
properties, the estimated coupling constant can be used to infer constraints on these properties
(e.g., Mathews et al., 2002, Koot et al., 2010). Several constraints have been obtained depending
on the coupling mechanism considered. If the observed dissipation is assumed to result from a
purely electromagnetic (EM) coupling at the CMB, then the coupling constant can be explained
by an RMS strength of the magnetic field at the CMB of the order of 0.7 mT, if the electrical
conductivity of the outer core and of the lowermost mantle is fixed to 5 × 105 S m−1 (Buffett et
al., 2002, Koot et al., 2010). For lower values of the conductivities, the RMS strength of the field
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must be higher. From observations of the surface magnetic field, the large scale components of
the field (spherical harmonic degrees smaller than 14) at the CMB are known to have an RMS
strength of the order of 0.3 mT. Therefore, nutation observations suggest that a large part of the
energy of the magnetic field at the CMB is contained in the small scale components (harmonic
degrees larger than 14), which are unobservable at the Earth’s surface.

Another interpretation of the observed coupling constant has been obtained relying on a visco-
magnetic coupling at the CMB (Mathews and Guo, 2005, Deleplace and Cardin, 2006, Koot et
al., 2010), but these studies show that the viscous torque becomes significant only for values of
the outer core viscosity of the order of 10−2 m2 s−1. However, these values are in disagreement
with inferences obtained from other sources (such as laboratory experiments on iron alloys at high
pressure and temperature and theoretical ‘ab initio’ computations, see Rutter et al., 2002, Alfè et
al., 2000), even if the viscosity is assumed to be an effective eddy viscosity due to turbulent motions
(Buffett and Christensen, 2007). For realistic values of the outer core viscosity (i.e., lower than
10−4 m2 s−1), the viscous coupling does not contribute significantly to the observed dissipation.

Recently, another mechanism has been proposed to explain the observed coupling constant at
the CMB. This mechanism is a variant of the EM coupling that requires the existence of a light
elements stratification at the top of the core and of a topography at the CMB (Buffett, 2010a). If
the stratification at the top of the core is strong (with a buoyancy frequency N = 0.09 s−1), this
mechanism is able to explain the observed dissipation with an RMS strength of the magnetic field
at the CMB of 0.5 mT, with a lowermost mantle conductivity of 103 S m−1 and a CMB topography
with a height of 120 m and horizontal length scale of 105 m.

2.2. Physical Properties of the Inner Core Boundary

Due to the amplification of the amplitude of long period forced nutations (the Bradley 18.6
year nutations) and of the large semi-annual prograde nutation by the FICN normal mode, VLBI
nutation observations allow for the estimation of a coupling constant at the ICB, characterizing
the strength and energy dissipation of the mechanical coupling at this boundary. If the observed
dissipation is due only to an EM coupling, this would require a magnetic field at the ICB with
an RMS strength of the order of 7 mT, for an electrical conductivity of the outer and inner cores
of 5 × 105 S m−1 (Buffett et al., 2002). However, such a strong magnetic field seems to be in
disagreement with geodynamo models and observations of fast torsional oscillations in the core,
which both suggest an ICB magnetic field of the order of 2-3 mT (Christensen and Aubert, 2006;
Gillet et al., 2010). Consequently, part of the observed dissipation probably comes from another
dissipative mechanism. For realistic values of the outer core viscosity, the viscous coupling is not
able to explain a significant part of the observed dissipation (Mathews and Guo 2005; Koot et al.,
2010). Other alternative mechanisms have been proposed to explain the observed dissipation. First,
the dissipation could come from Ohmic dissipation in the outer core, arising from the stretching of
magnetic field lines in the outer core by shear layers induced by the precessing inner core (Buffett,
2010b). This mechanism could explain the observed dissipation with a magnetic field in the core of
the order of 2.5 mT. Alternatively, part of the dissipation could come from the viscous relaxation of
the inner core (Koot and Dumberry, 2011). This mechanism is significant for inner core viscosities
of the order of 1014 Pa s. The remaining dissipation due to EM coupling could then be explained
by a magnetic field between 4.5 and 6.5 mT.
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3. Refining Present Models of the Earth’s Rotation

3.1. Present Models

The geophysical interpretation of VLBI data relies on our ability to identify meaningful geo-
physical signatures in nutation time series and thus to accurately model the Earth’s nutation.
Detailed explanations on the modeling of the Earth’s nutation can be found in Dehant and Math-
ews (2007).

Nowadays, the Earth’s response (rotation variations and deformation) to the luni-solar attrac-
tion (and to a minor extent to the attraction of the other planets of the solar system) is computed
following a two-step procedure: first, nutation time series are precisely computed for an equivalent
rigid Earth from celestial mechanics; then, these series are corrected to account for the actual,
non-rigid interior of the Earth (given as radial profiles, e.g. of the density, the shear modulus and
the bulk modulus) by multiplication with the so-called Earth nutation transfer function for each
tidal frequency.

There are two ways to compute the nutation transfer function. One can compute the Earth’s
response to the tidal forcing locally at every particle, solving for the particle infinitesimal displace-
ment by integrating the equations of continuum mechanics from the center up to the surface. This
is done in an ellipsoidal rotating Earth (Wahr, 1981; Dehant, 1987). Nutations (due to tesseral
tides) correspond to global toroidal degree-1 order-1 displacements and rotation rate variations
(due to zonal tides) correspond to global toroidal degree-1 order-0 displacements; both of them
cannot occur without additional tidal deformation. Another method to compute the nutation
transfer function is to compute the Earth’s response to the tidal forcing globally for every layer
inside the Earth. This will solve the angular momentum balance equation for the wobbles of the
whole Earth and of the inner core, outer core, and mantle, considering coupling mechanisms be-
tween adjacent layers at the ICB (inner core boundary) and CMB (core-mantle boundary). The
coupling mechanisms usually considered are the pressure torque (due to the flattening of the core
boundaries), the gravitational torque, the electromagnetic torque, and the viscous torque. These
approaches are detailed in Dehant and Mathews (2007).

The currently adopted nutation model (IAU2000 nutation model) is based on the angular
momentum balance equation approach in which the physical parameters are determined from
VLBI data or computed from realistic physical properties of the Earth (Mathews et al., 2002). As
the observation accuracy has been improved since then, these parameters can be better determined
and therewith improve our knowledge of the Earth’s interior (Koot et al., 2010).

To refine the geophysical interpretation of VLBI data, we should also refine the adopted nuta-
tion model and make it as realistic as possible. The model may be improved at different levels, for
example by incorporating the topographic torque, by self-consistently considering the Earth’s non-
hydrostatic flattening, and by refining the description of atmospheric and oceanic contributions to
nutations.

3.2. Topographic Coupling

In the nutation model adopted by the IAU in 2000, the only topographic feature which is
considered in the nutation computation is the flattening of the CMB and the hydrostatic flattening
of ICB. In reality however, the CMB shape is bumped. The seismologists provide us with values
of the shape expressed in terms of spherical harmonics (Forte et al., 1994; Boschi and Dziewonski,

IVS 2012 General Meeting Proceedings 365
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2000; Ishii and Tromp, 2001; Simmons et al., 2009; Soldati et al., 2012). Wu and Wahr (1997) have
computed the effects of the topography on the nutation and length-of-day (LOD) and Dehant et
al. (2012) have considered this approach for an analytical computation in parallel with a numerical
estimation of the effects. Wu and Wahr have in particular shown that some of the topography
coefficients induce large contributions in the response of the Earth. We can wonder why only
some of the topography coefficients are more important than others. With a close look into the
equations used to compute topographic effects on the fluid motion, Dehant et al. (2012) have shown
that (for a simplified case of incompressible fluid) the incremental velocity due to the topography
corresponds to resonance with inertial modes. Some of these modes have their frequency close
to a tidal frequency of nutation, which is then enhanced. This might induce observable effects
that may be important enough to be seen at the present level of accuracy in the observed nutation
amplitudes. In practice, the strategy for computing the effect of the topography on nutations is the
following: (1) establish the motion equations and boundary conditions in the fluid, separating the
Navier-Stokes equation into a part related to the classical approach and a part related to additional
inertial modes, (2) compute analytically/numerically the solutions, (3) obtain the dynamic pressure
as a function of the physical parameters, and (4) determine the topographic torque. This can be
performed in a completely analytical approach or a numerical approach. This is ongoing work that
is very promising in view of the level of the nutation contributions for a particular topography (at
the milliarcsecond level). Part of the work has been published in proceedings of conferences (see
Dehant et al., 2008; 2012a; 2012b).

3.3. Flattening and Non-hydrostaticity

In the current conventional model of the Earth’s rotation (IAU2000), interior properties relevant
to rotation are summarized in a set of parameters. Poorly known parameters are estimated so as to
best match VLBI data. Other parameters are computed for a simplified, spherical, non-rotating,
hydrostatically pre-stressed Earth model, thus neglecting the Earth’s flattening, rotation, and
non-hydrostaticity. These characteristics should be considered in a refined nutation model.

While the former conventional model of the Earth’s rotation (IAU1980) did fully consider
the Earth’s polar flattening and rotation (Wahr, 1981), it disregarded non-hydrostaticity, which
however affects the FCN period (Gwinn et al., 1986). A full consideration of the Earth’s non-
hydrostatic flattening is therefore necessary and can be achieved by extending Wahr’s model to a
non-hydrostatically pre-stressed Earth. The non-hydrostatic, roughly triaxial shape of the Earth
is maintained by mantle convection and can be obtained from a geodynamic model of mantle
flow constrained by lateral density heterogeneities derived from tomography (e.g., Defraigne et al.,
1996).

3.4. Atmosphere and Oceans

In addition to the gravitationally-driven nutations, torques applied on the Earth by the ocean
and atmosphere also induce nutations, with amplitudes smaller by several orders of magnitude. In
the adopted model, the effect of the ocean tides contributions are taken into account, as well as the
non-tidal atmospheric effects on the prograde annual nutation. The non-tidal atmospheric effects
on the other terms are not taken into account. However, using several reanalyses of atmospheric
general circulation models (GCM), Koot and de Viron (2011) have shown that these effects could
be safely neglected in the nutation model, as they are sufficiently small to not affect the estimation
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of Earth’s interior parameters from nutation observations. As a perspective, contributions coming
from the non-tidal ocean should also be estimated but this would require ocean GCM with a good
precision in the diurnal frequency band.

4. Outlook

It is often asked to the theoreticians developing nutations what would be the best strategy for
obtaining better nutation theory and better knowledge on the interior of the Earth. We would like
to stress that the most important nutations for the determination of the interior parameters such
as the free nutation periods and damping are the prograde and retrograde annual nutations and the
prograde and retrograde 18.6 year Bradley nutations. Therefore we acknowledge the present effort
for the continuation of long-term observation of nutation. In parallel, further refinements of the
theoretical models should be achieved, in order to take the most out of the available observations.
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Abstract

We investigate the time-frequency spectrum of VLBI nutation series, including operational series
released by IVS analysis centers. We focus on the interannual prograde band, where the signal as-
sociated with the free inner core nutation (FICN) should be searched. We do not conclude on the
detection of the FICN. However, we point out some significant but unexplained structures within the
FICN frequency band. We also investigate whether their origin is geophysical or they are artifacts due
to VLBI analysis methods or reference frame effects.

1. Introduction

For an elastic Earth in hydrostatic equilibrium with a liquid outer core and a solid inner core,
one can expect a resonance in the nutation due to the free inner core nutation (FICN) at 475
days in space. Mathews et al. (2002) were the first to report the observation in the VLBI data of
a resonance at a period of approximately 1034 days supposedly caused by the FICN. To fill the
gap between the observation and prediction of the FICN period for a hydrostatic elastic Earth
model, Mathews et al. (2002), Mathews & Guo (2005), and Koot et al. (2010) have invoked a
visco-magnetic coupling between the inner and outer cores, and Koot & Dumberry (2011) have
investigated the influence of the viscosity of the inner core on the FICN. Besides, Rogister &
Valette (2009) have suggested that the dynamics of a stratified liquid core can give birth to a
double FICN with eigenperiods ranging from hundreds to thousands of days.

Plausible excitation sources for both the free core nutation (FCN) and the FICN are, according
to Dehant et al. (2005), the atmosphere and the oceans, which could excite the FICN to an
amplitude of a few tens of microarcseconds (µas). It could therefore be detectable observationally
as the observation precision is now of this order of magnitude.

Nevertheless, nutation time series obtained by the analysis of VLBI delays can contain signif-
icant structures due to network effects or unmodeled/mismodeled geophysical and astronomical
phenomena, and they are sometimes very sensitive to the parameterization or analysis configu-
ration. Since they could mimic an FICN signal, such artifacts in the time series could lead to
wrong conclusions. In this study we aim at analyzing the interannual prograde band of the recent
nutation data to point out the significant signal, possibly resulting from the analysis configuration
or geophysical phenomena, that should be further investigated.
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2. The Nutation Offsets

The IAU 2000A nutation model of Mathews et al. (2002) is not perfect. Therefore one expects
the VLBI-estimated offset of IAU 2000A to contain a non negligible signal arising from unmodeled
or mismodeled tidal terms (e.g., at 18.6-year or semi-annual periods) or other geophysical contri-
butions including the atmosphere (Bizouard et al. 1998, Yseboodt et al. 2002, Dehant et al. 2003,
Vondrák et al. 2005, Lambert 2006). The amplitude- and phase-variable retrograde FCN was not
included in IAU 2000A and is therefore also left in the nutation offsets. A better, but empirical,
modeling of the nutation can be achieved by (i) adjusting a retrograde, 430-day period signal with
variable amplitude and phase (on a two-year sliding window displaced by one year) to account for
the FCN, and (ii) fitting a number of tidal terms of fixed period and phase to the nutation offsets.
A list of 42 tidal terms is provided in Herring et al. (2002). The atmospheric contribution to the
nutation remains unpredictable due to strong inconsistencies in the global circulation models at
diurnal frequencies (de Viron et al. 2005) and will therefore not be considered here.

The tidal term and time-variable FCN amplitudes and phases were fitted by weighted least-
squares to the whole data set (i.e., opa2012a Earth orientation series released by the Observatoire
de Paris, designed OPA hereafter). The solution is shown in Figure 1 before (left) and after (right)
fitting. The residuals are generally flat. A slight variation over a few years shows up in both X
and Y of amplitude below 100 µas but could be due to the method used to remove the FCN. This
point should be further investigated by using other filtering methods.

Figure 1. The OPA series of nutation offsets with respect to IAU 2000A after 1993 before (left) and after

(right) fitting and removal of the FCN and the tidal terms.

3. The Residual Signal in the Prograde Band

The nutation offsets after 1993 were analyzed by Morlet wavelets coded in MATLAB routines
provided by C. Torrence and G. Compo (http://atoc.colorado.edu/research/wavelets), for
nutation series released by various IVS operational analysis centers (Figure 2). All data sets were
obtained with the same VLBI analysis software package (Calc/Solve) with very slight differences
in the analysis options. The main differences are relevant to the Terrestrial Reference Frame
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(TRF). The GSF series (gsf2011b solution) defines it in such a manner that the positions and
velocities of a subset of 34 strong stations have no net translation or rotation with respect to their
positions and velocities as reported in the ITRF 2008 catalog. In contrast, the USN (usn2011a),
BKG (bkg00013), and OPA analyses tie the TRF to the VTRF 2008 catalog using 26 stations
only. The four analysis centers define the Celestial Reference Frame (CRF) by applying a no-net
rotation condition to the 295 ICRF2 defining sources. However, BKG estimates all sources as global
parameters (i.e., the source positions are estimated in average over almost 30 years), whereas USN
downgrades 713 poorly observed sources as session parameters and even eliminates 135 sources
with bad data. GSF and OPA estimate all source coordinates as global parameters except the
39 most unstable ICRF2 sources, whose coordinates are estimated as session parameters. Finally,
though OPA, GSF, and USN processed almost all available VLBI sessions since 1979 (including
smaller networks and sessions not primarily dedicated to Earth orientation monitoring), BKG did
not use a number of sessions which are considered as not suitable for reliable Earth orientation
determination by the IVS Analysis Coordinator.

Figure 2. Wavelet spectra of four operational nutation series. The horizontal dotted lines show the FICN

frequency band around 1034 days following Mathews et al. (2002). Amplitude unit: µas.
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For the purpose of the wavelet algorithm, the series were regularized by a moving average every
10 days. Some significant structures show up in every spectrum: strong power in the early years
above 1,000 days, increasing power in the FICN band after 2008 (this might be a side effect), and
some power around 2004 at a period of about 600 days.

However, even though the analysis strategies are very close to each other, some differences
appear at long periods (e.g., the strong pattern before 2002 at periods longer than 1,000 days is
weaker in USN series, and the power distribution in the band 300–500 days between 2002 and 2006
is different in each data set).

4. The Signature of the Unstable Radio Sources

Estimates of nutation by VLBI are especially sensitive to the realization of the CRF. For
instance, Feissel-Vernier et al. (2005) showed that some power in the FICN band was associated
with an intense activity of the radio sources that resulted in significant displacements of their
radio centers. The CRF is materialized by the coordinates of more than 4,000 quasars whose
coordinates are estimated during the analysis. The coordinates of a set of “defining sources”,
chosen for their time stability, are constrained by a no-net rotation condition. Generally, most
of the quasars’ coordinates are estimated as global parameters. Nevertheless, since some quasars
are very unstable, the analyst can decide to downgrade their coordinates to session parameters.
Especially, during the ICRF2 work (Fey et al. 2010), we isolated 39 unstable quasars having a
large observational history (that were observed in more than 1,000 sessions).

To check whether the signal present in the wavelet spectrum is due to the celestial reference
frame instability, we ran two solutions: one where the 39 unstable radio source coordinates were
estimated as global parameters and a second where these source coordinates were estimated as
session parameters (identical to the OPA solution shown in Figure 2). Time series and a spectrum
of the difference between the two nutation series are displayed in Figure 3. A significant variation
shows up in both X and Y at the level of a few tens of µas. However, the wavelet spectrum shows
that these variations do not explain those mentioned in the nutation series in Section 3.

5. Concluding Remarks

The prograde band of the nutation series shows significant structures at the level of a few tens of
µas. These structures are similar for all series analyzed in this work and produced by four distinct
analysis centers (that used similar observations). These structures are likely connected to (i)
network effects, i.e., inconsistencies between session-wise TRF and CRF, (ii) processes occurring
in the external fluid layers, especially the atmosphere, and (iii) unmodeled nutations, possibly
including the free motion associated with the inner core. As regards to the first item, the instability
of the CRF seems to produce an effect which is much smaller than the observed structures. As
for point (ii), the contribution of the atmospheric angular momentum variations to the nutation
at diurnal time scales could dominate. Unfortunately, the quality of atmospheric data at diurnal
frequencies is not good enough to allow one to remove properly the atmospheric contribution to
the nutation. Investigating the point (iii) (and directly observing the FICN) will be possible only
after points (i) and (ii) are solved, together with an expected increase of the accuracy of VLBI
results in the future.
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Figure 3. Nutational signature of the unstable radio sources (left), and prograde band of its wavelet

spectrum (right). The horizontal dotted lines show the FICN frequency band following Mathews et al.

(2002). Amplitude unit: µas.
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Abstract

Celestial pole offsets (CPO) are small corrections to the official IAU precession-nutation model
needed, in particular, by the users who require highly accurate transformations between terrestrial and
celestial reference frames. The CPO time series are initially computed at the IVS Analysis Centers
(ACs) as routine products. Each AC computes its own final CPO time series containing results obtained
for each processed 24-hour VLBI session and/or computes datum free normal equations for each session.
The latter are then used in the IVS Analysis Coordinator’s office to derive the IVS combined CPO
series. In turn, IERS Combination Centers use original ACs’ and/or IVS combined CPO series to derive
the IERS combined product. All these transformations between the original series derived by the IVS
ACs and the final IERS products that are recommended and usually used by users introduce random
and systematic differences between CPO series, which in turn lead to differences and inconsistencies
between the results of users’ applications. This situation requires clear recommendations on using CPO
series.

1. Introduction

Celestial pole offsets (CPO) are small differences between observed and modeled values of the
celestial pole position. It is one of the key products of IVS because only the VLBI technique can
provide them. CPO are used in many scientific and practical applications, such as highly accu-
rate transformations between terrestrial and celestial reference systems [1]; adjusting precession-
nutation model [2, 3]; evaluation of the Free Core Nutation (FCN) model [1, 4]; processing of the
VLBI UT1 Intensives [5, 6]; and geophysical studies [7]. The problem is that several CPO series
computed at the IERS and IVS Analysis and Combination Centers (AC and CC, respectively) are
available for users, and using various CPO series leads to differences in the obtained results. It
seems that no clear and unambiguous IERS recommendation exists at the moment, which leads
to inconsistency of results obtained by different groups. Evidently, such a recommendation should
be based on thorough investigation of the differences between CPO series and the impact of these
differences on the results of applications. This paper is an attempt to make a step in that direction.

2. CPO Series

The current CPO series computation technology chain looks as follows:

1. The CPO series are initially computed by the IVS ACs for each processed 24-hour VLBI
session in two modes: ‘eops’ (‘eoxy’) files with final EOP values and/or datum free normal
equations (daily SINEX).

2. The daily SINEX solutions are then used at the IVS CC to compute first individual series
in uniform datum and then the IVS combined CPO series, also given for each VLBI session.
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3. IERS CCs at the Paris Observatory (OPA) and U. S. Naval Observatory (USNO) use original
ACs’ and IVS combined series to derive the IERS daily combined products at midnight
epochs. It should be noted that OPA and USNO use different data sets and combination
methods.

As a result, the following CPO series are available to users:

1. IERS/C04 series computed at OPA, official for applications that are not near-real-time;

2. IERS/NEOS series computed at USNO, official for near-real-time applications and prediction;

3. IVS combined series;

4. Individual series computed at the IVS ACs.

All these series are used in practice for various applications. The problem is that random, and
especially systematic, differences between them may lead to substantial differences in obtained
results. So, detailed investigation of the consistency of the CPO series is needed. The first of our
results in this direction are presented in the next section.

3. Comparison of CPO Series

The following comparisons of CPO series are of interest to us:

1. Individual ‘eops’ (‘eopi’) series vs. IVS combined series.

2. IVS combined series vs. C04 and NEOS series.

3. C04 vs. NEOS series.

The CPO series used in this work, together with basic statistics, are shown in Table 1. The
time interval MJD=53374...55971 was used. A 2D weighted Allan deviation is computed by [8, 9]
and serves as a measure of the smoothness of the series.

Table 1. Compared CPO series with basic statistics: number of CPO estimates in the series and weighted

2D Allan deviation.
AC Spacing N ADEV

Individual series
AUS VLBI sessions 743 189
BKG VLBI sessions 1034 154
CGS VLBI sessions 932 143

GSFC VLBI sessions 1101 131
IAA VLBI sessions 892 140
OPA VLBI sessions 1179 137
SPU VLBI sessions 706 190

USNO VLBI sessions 979 130

Combined series
IVS VLBI sessions 727 128
C04 daily 2598 45

NEOS daily 2598 22

376 IVS 2012 General Meeting Proceedings



Zinovy Malkin: Celestial Pole Offsets: From Initial Analysis to End User

Comparison results are presented in Tables 2 and 3. In both tables, the left part is computed
from the original CPO series, and the right part is computed after removing the IERS FCN model
of S. Lambert [1]. In Table 2, bias between compared CPO series is shown, and Table 3 shows the
slope w.r.t. the IAU precession-nutation model. One can see significant differences between series,
which has impact on the results of many applications, such as coordinate transformation, satellite
orbit orientation, UT1 Intensive determinations, etc. In particular, the difference in slope directly
affects the precession rate derived from the VLBI observations.

Table 2. Bias of CPO series w.r.t. the IAU model, µas.

Series Original series After removing FCN
dX dY dX dY

Individual series
AUS 146.4 ± 7.0 −232.2 ± 7.2 143.3 ± 4.7 −247.8 ± 4.6
BKG 75.3 ± 5.5 − 92.0 ± 6.2 73.6 ± 3.3 −104.7 ± 3.4
CGS 85.1 ± 5.4 −147.6 ± 6.0 80.3 ± 3.3 −165.4 ± 3.3

GSFC 99.4 ± 5.2 −136.0 ± 5.6 96.0 ± 2.8 −142.1 ± 3.0
IAA 112.3 ± 5.7 −182.6 ± 6.1 108.6 ± 3.4 −197.1 ± 3.6
OPA 92.9 ± 5.0 −126.9 ± 5.5 88.7 ± 2.8 −133.7 ± 2.9
SPU 137.8 ± 7.1 −236.4 ± 7.4 138.3 ± 4.8 −244.0 ± 4.8

USNO 95.4 ± 5.2 −128.4 ± 5.7 89.6 ± 2.9 −136.6 ± 3.1

Combined series
IVS 84.5 ± 7.9 −170.1 ± 6.6 84.2 ± 4.3 −189.1 ± 3.8
C04 70.0 ± 3.6 − 81.6 ± 4.3 73.8 ± 2.0 − 95.8 ± 2.2

NEOS 11.7 ± 3.3 − 39.0 ± 3.9 15.4 ± 1.5 −118.8 ± 1.8

Table 3. Slopes of CPO series w.r.t. the IAU precession-nutation model, µas/yr.

Series Original series After removing FCN
dX dY dX dY

Individual series
AUS −11.7 ± 3.9 −3.2 ± 4.0 −10.9 ± 2.6 0.0 ± 2.6
BKG − 1.5 ± 2.8 29.7 ± 3.0 − 4.3 ± 1.7 19.5 ± 1.6
CGS − 4.5 ± 2.7 14.2 ± 2.9 − 3.8 ± 1.6 11.6 ± 1.6

GSFC − 6.1 ± 2.5 23.4 ± 2.7 − 7.8 ± 1.4 18.8 ± 1.4
IAA − 9.1 ± 2.8 5.2 ± 3.0 −10.6 ± 1.7 9.1 ± 1.7
OPA − 3.5 ± 2.5 20.0 ± 2.6 − 5.8 ± 1.4 41.3 ± 7.8
SPU −15.4 ± 4.2 0.4 ± 4.5 −14.5 ± 2.8 1.0 ± 2.9

USNO 0.7 ± 2.7 21.0 ± 2.9 − 4.6 ± 1.5 16.2 ± 1.5

Combined series
IVS −16.4 ± 3.3 28.2 ± 3.2 −14.6 ± 1.8 24.3 ± 1.8
C04 −15.1 ± 1.8 59.6 ± 1.8 −12.0 ± 1.0 35.6 ± 0.8

NEOS − 1.1 ± 1.6 50.9 ± 1.7 − 7.6 ± 0.7 25.8 ± 0.8
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One can also find systematic differences between series computed with Calc/Solve (BKG, CGS,
GSFC, and USNO) and OCCAM software (AUS and SPU). IAA results computed with OCCAM–
GROSS software are generally between Calc/Solve and OCCAM ones.

Figure 1 shows three combined CPO series used in this study. It demonstrates in more detail
the main differences between them that are already shown in tables above: different degrees of
smoothness of the C04 and NEOS series and systematic differences between them, which are
especially large around 2009.0. One can also notice abovementioned global shifts between the two
IERS series.

Figure 1. IVS, C04, and NEOS CPO combined series.

4. Concluding Remarks

This study shows that significant stochastic and systematic differences do exist between the
individual and combined CPO series from both the IVS and the IERS. These discrepancies af-
fect the results of space geodesy data processing, such as the VLBI UT1 Intensives and satellite
applications, the accuracy of the VLBI-derived precession-nutation model, or the FCN models.
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This situation requires more careful investigation and perhaps more coordination between the
IVS and the IERS. In particular, more specific IERS Conventions recommendations on the CPO
issues are very desirable for applications requiring microarcsecond-level accuracy.

It should be noted that the quality of the IERS combined CPO series depends on the selection
of the individual series used for combination, as well as on interpolation and smoothing algorithms.
For this reason, the IVS series may be preferable for some applications, such as the improvement
of precession-nutation and FCN models or other applications that do not require equally spaced
input data.

Individual CPO series computed at the IVS CC from daily SINEX solutions in uniform datum
were not considered here. Although these series are publicly available they are, in fact, internal
IVS products. Nevertheless, their comparison with the ‘eops’ (‘eopi’) series may be also interest-
ing for assessment of the accuracy of the IVS CPO series because the IVS ACs’ and IVS CC’s
solutions differ not only by datum, but also by other analysis options, such as modeling (primarily
geophysical) and parameterization.

On the other hand, there should not be any significant systematic differences between AC-
computed and CC-computed CPO series. ACs compute EOP using own datum, either the ITRF
and ICRF or station and source catalogs linked to the ITRF and ICRF using NNT and NNR
constraints. So, ACs and CC use, in fact, the same datum for computation of EOP.
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Abstract

VLBI is unique in its ability to measure all five Earth orientation parameters. In this paper we
focus on the two nutation parameters which characterize the orientation of the Earth’s rotation axis in
space. We look at the periodicities and the spectral characteristics of these parameters for both R1 and
R4 sessions independently. The study of the most significant periodic signals for periods shorter than
600 days is common for these four time series (period of 450 days), and the type of noise determined
by the Allan variance is a white noise for the four series. To investigate methods of regularizing the
series, we look at a Singular Spectrum Analysis-derived method and at the Kalman filter. The two
methods adequately reproduce the tendency of the nutation time series, but the resulting series are
noisier using the Singular Spectrum Analysis-derived method.

1. Introduction

We consider the nutation longitude and obliquity time series (dψ,dε) obtained from the GSFC
solution 2011a. These series cover the period 1979 to 2011. In this paper we only use data
after 1993 which is of better quality than the earlier data. In Section 2, we discuss periodicities
and spectral characteristics of the time series considered. In Section 3, we apply two methods to
regularize these series: the Kalman filter and a Singular Spectrum Analysis (SSA)-derived method.

2. Periodicities and Spectral Characteristics of the GSFC 2011a Nutation Time
Series
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Figure 1. Nutation time series obtained from the solution GSFC 2011a. The points corresponding to the

R1 sessions are plotted on the left, R4 sessions on the right.

380 IVS 2012 General Meeting Proceedings



Karine Le Bail et al.: Regularization of Nutation Time Series at GSFC

To study the spectral characteristics of these time series, we decided to focus on two subsets:
one obtained from R1 sessions and the other from R4 sessions (see Figure 1). These time series
have a regular data span of one week between observations, making them easier to analyze with
common statistical tools such as the Allan variance.

2.1. Periodicities

To analyze our time series of nutation parameters, we first determined the periodic signals for
periods shorter than 600 days. Figure 2 shows two sets of periodograms for each time series. The
left plot shows that the four time series have a common periodicity of 450 days. The four plots
on the right show the periodograms for the same four time series but with the major periodic
signal 450 days previously determined removed. Different periods are visible for each time series
independently: 510 days, 180 days, and 385 days are examples of the most significant of them.
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Figure 2. Periodograms. Left: initial time series. Right: time series with the major periodic signal removed.

2.2. Type and Level of Noise

The Allan variance is used here to determine the type and level of noise. In Figure 3, the plots
show the Allan curves and their slopes. These slopes indicate the type of noise of the time series:
−1 for white noise, between −0.5 and +0.5 for flicker noise, and +1 for random walk. On the
left plot of Figure 3, the Allan variances are given for the initial time series. The peaks of the
curves are indicators of periodic signals which need to be removed before giving conclusive results
on noise. Once we remove six of the major periodic signals, the dominant noise in the time series
is determined as white noise (slope of the curve equal to −1).

When comparing R1 and R4 determinations of the nutation parameters, we notice that the
R4 sessions series have a higher level of noise than the R1 sessions. When looking at the Allan
standard deviations at τ = 7 days, the differences between the R4 series and the R1 series are
0.06 milliarcseconds for dψ and 0.02 milliarcseconds for dε.
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Figure 3. Allan variance plots. Left: initial time series. Right: time series with six major periodic signals

removed.

3. Regularization of Nutation Time Series

The histograms in Figure 4 give the number of days between observations for two intervals of
observation: the long period 1979–2011 containing the earliest VLBI observations with a mean of
2.45 days and a maximum value of 251 days between two observations, and the period 1991–2011
with a mean of 2.25 days and a maximum value of 11 days between two observations.
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Figure 4. Histograms giving the number of days between two consecutive observations, considering the

interval 1979–2011 (left) and considering the interval 1991–2011 (right).

As the goal of this study is to develop a tool which can regularize non-regular nutation time
series into daily time series, we investigated two methods: the Kalman filter, which is used at
Goddard, and a method using the SSA which interpolates where data is missing.
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3.1. Kalman Filter

At GSFC, John Gipson [1] developed a FORTRAN routine, nutkal.f. This routine uses the
Kalman filter to regularize nutation time series from the output of a Solve run. We applied this
filter routine to our 2011a solution and obtained a daily determination of the nutation time series,
plotted in Figure 5.
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Figure 5. Nutation parameters from the GSFC 2011a solution (left) and regularized in a daily time series

(right) using a Kalman filter.

3.2. Singular Spectrum Analysis

1997 1999 2001 2003 2005 2007 2009 2011
−3

−2

−1

0

1

2

3

d!
 in

 m
illi

ar
cs

ec
on

ds

 

 

2011a solution − Nutation d!

1997 1999 2001 2003 2005 2007 2009 2011
−3

−2

−1

0

1

2

3

d"
 in

 m
illi

ar
cs

ec
on

ds

 

 

2011a solution − Nutation d"

1997 1999 2001 2003 2005 2007 2009 2011
−3

−2

−1

0

1

2

3

d!
 in

 m
illi

ar
cs

ec
on

ds

 

 

SSA 2011a solution − Nutation d!

1997 1999 2001 2003 2005 2007 2009 2011
−3

−2

−1

0

1

2

3

d"
 in

 m
illi

ar
cs

ec
on

ds

 

 

SSA 2011a solution − Nutation d"

Figure 6. Nutation parameters from the GSFC 2011a solution (left) and regularized in a daily time series

(right) using an SSA-derived method.
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Another method of regularizing the time series is to consider the time series as daily and to
fill in missing data. To do so, we use an iterative method derived from the SSA developed by
Zhang from Elsner/Tsonis [2]. As covariance-lag, we used the most significant period determined
in Section 2 (450 days). As seen in Figure 6, the SSA captures the tendency of the time series.
The resulting time series using the SSA are noisier than the ones using the Kalman filter.

4. Conclusions

Regularizing time series properly means keeping the same characteristics of the initial time
series: same signals and same type and level of noise. That is the reason why a simple interpolation
does not work sufficiently for the nutation time series and why we investigated the Kalman filter
as well as Singular Spectrum Analysis.

In this study, we show that both the Kalman filter and the SSA adequately reproduce the
tendency of the two time series. The SSA induces a high level of noise in contrast to the Kalman
filter. We need to determine the kind of noise in the regularized time series to see if it is consistent
with the conclusion of white noise given by the Allan variance on the R1 and R4 sessions time
series.

Furthermore, we did not take into account phenomena seen in these time series, such as the
Free Core Nutation. The next step in this study is to develop the Kalman filter modeling and to
modify the noise component.
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Abstract

In this work, we performed a joint analysis of the polar motion (PM) and celestial pole offset
(CPO) time series along with time series of two geomagnetic indices, Kp and Dst. Our primary goal
was revealing possible connection between the Earth’s magnetic field variations and CW and FCN
excitation. This study was based on the extraction of the common principal components in the four
analyzed series using the Multi-Channel Singular Spectrum Analysis and on their amplitude and phase
analysis using the Hilbert transform. Two groups of common principal components (PCs) were found:
trends and quasi-harmonic terms with near-Chandlerian frequencies for the PM, Kp, and Dst series
and near-FCN frequency for CPO series (both periods are near 430 days). Comparison of the spectra
of the investigated series and their amplitude and phase variations showed some interesting common
features. However obtained results are still not sufficient to quantify the effects of interconnections of
the CW, FCN, and the geomagnetic field.

1. Introduction

The Earth’s rotation axis moves with respect to both terrestrial and celestial reference systems
in a rather irregular way. These movements with respect to the theoretical models in the terrestrial
and celestial reference frames are described by the polar motion (PM) and the celestial pole offset
(CPO) respectively. It is important that many irregularities of these movements are caused by
the same physical reasons and thus are physically connected. Geomagnetic field variations may be
one of these factors. In this paper, we jointly analyze the PM, CPO, and geomagnetic long-term
variations. We primarily focus on the investigations of signals with periods of about 1.2 years
corresponding to the Chandler wobble (CW) and Free Core Nutation (FCN). Although these
signals are related to different components of Earth rotation that are not connected kinematically,
some geophysical processes may influence the excitation of both CW and FCN simultaneously.

In previous studies, various authors discussed a possible interconnection of geomagnetic field
variations with the CW, see, e.g. [1], and papers cited therein. In this paper, the authors found
that the geomagnetic jerks and the CW phase jumps often occurred simultaneously, which can
be explained by viscous friction produced at the core-mantle boundary. Gorshkov & Miller [3]
jointly analyzed connection between the CW, the geomagnetic field, and solar activity and also
found some common behavior in these processes. Much less attention has been paid so far to the
impact of the geomagnetic field disturbances on the CPO variations. Some preliminary results
were presented in [10]. The authors revealed that a jump in the FCN occurred simultaneously
with a large geomagnetic jerk in 1998. So, the joint analysis of all these signals may be of large
importance in understanding the CW and FCN excitation.
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2. Data Used

As mentioned above, we used four time series for our analysis, Earth orientation parameters
(EOP) and geomagnetic indices describing the geomagnetic field variations.

The two EOP series are PM series from the International Earth Rotation and Reference Systems
Service (IERS) taken from the IERS Earth Orientation Center at the Paris Observatory1, and CPO
series computed at the Pulkovo Observatory2 (see [4], ZM2 model). The latter is based on the IVS
combined EOP series3. The PM series consists of the pole coordinates Xp and Yp, and the CPO
series consists of the celestial pole offsets dX and dY .

Series of the two geomagnetic indices, Kp and Dst, were taken from the Kyoto World Data
Center for Geomagnetism4. Both indices serve to measure the variations of the geomagnetic field,
and they can be used as indicators of magnetic storms and jerks. The Kp index serves to quantify
the geomagnetic field disturbances. It is computed as an average of fluctuations measured at 13
stations located between 50◦ and 63◦ geomagnetic latitude, and it is expressed in decibels. The
values of the Kp range from 0 (very quiet) to 9 (very disturbed). The Disturbed Storm Time (Dst)
index is a measure of the magnetic field (in nT) created by the equatorial ring current, an electric
current carried by charged particles trapped in the Earth’s magnetosphere. The index is calculated
from measurements at four stations near the equator and referenced to zero on internationally
designated quiet days.

The common data interval for all four series was chosen to be 1986.2–2012.0. The start of the
interval was determined by the CPO series, because the earlier CPO data are not reliable. For
investigation of the fine CW structure, the whole available 170-year interval of PM data was used
as was discussed in [9].

3. Methods of Analysis

In this research, we mainly used the same methods as in our previous studies [5–7, 9, 11]. A
preliminary overview of the harmonic components in the analyzed series was made using Fourier
analysis (Schuster periodogram) of two complex series Xp+i Yp and dX+i dY for the PM and CPO
correspondingly. This analysis has shown a similar spectral structure for both series: main peaks
at the nominal CW (FCN) frequencies at about 1.2 years, and smaller (but mostly statistically
significant) ones corresponding, in particular, to the periods 1.1, 1.15, 1.23, 1.26, and 1.29 years
for CW and 1.1, 1.15, 1.23, and 1.29 years for FCN. Detailed investigation of these spectra is
beyond the scope of this paper. More analysis of the main and weak CW components can be
found in [7–9, 11]. Moreover, (quasi)harmonic components with periods close to the Chandlerian
one (1.2 years) were also found in the variations of the geomagnetic indices Ap and Dst [3], which
was a supplemental motivation for this study.

It should be noted that the classical spectral analysis has serious shortcomings; e.g., it does not
allow analysis of the temporal behavior of the components. For this reason, the main tool in this
study was Principal Components (PCs) Analysis also known as the Singular Spectrum Analysis
(SSA) [2]. The SSA method is based on transformation of the time series into a matrix and its

1http://hpiers.obspm.fr/eop-pc/
2http://www.gao.spb.ru/english/as/persac/
3http://vlbi.geod.uni-bonn.de/IVS-AC/
4http://dc.kugi.kyoto-u.ac.jp/
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singular decomposition, leading to decomposition of the initial series into additive components.
This method involves calculation of the sampling correlation function, whose eigenvalues λi are
sampling variances of the corresponding PCs. These PCs are determined in the order of decreasing
of contribution to the total variance. The percentage contribution Vi is calculated as Vi = λi/M ·
100%, where M is the window width, usually a half of the series length. After the PCs are
extracted, they can be investigated in detail separately or grouped. In our case we can merge the
components around the CW or FCN frequency, or the trend components, etc.

In this study we made use of the Multi-Channel SSA mode (M-SSA), which is well suited for
investigation of the common component in several time series. It is important for the method that
the similar PCs in all the series have compatible amplitude and contribution to the total variance
Vi. To provide this, we standardized each input series using the transformation x′ = (x− xm)/σ,
i.e., by centering it and dividing by the STD.

Finally, the amplitude and phase of the PCs found with the SSA were independently analyzed
using the Hilbert transform.

4. Results and Discussion

The main results of the SSA analysis are presented in Figure 1. In this figure the PCs are shown
extracted from the four analyzed series in the frequency band of about 0.83 ± 0.035 cpy (a period
of about 1.2 ± 0.06 years.). For PM and CPO series, PCs for both coordinates were processed
independently, i.e., in fact, from a mathematical point of view, six time series were analyzed by
the M-SSA method.

One can see in Figure 1 some interesting details in the PCs’ behavior. First, it confirms a strong
decreasing of the CW amplitude in the 2000s reported earlier by the authors [6]. A new interesting
result is a nearly synchronous amplitude variation of the FCN and geomagnetic indices, which may
confirm the earlier suggestion on the impact of the geomagnetic field variations on FCN [10].

Figure 2 presents the amplitude and phase variations of the PCs components depicted in
Figure 1. The computations were made by means of the hilbert function from the Matlab
Signal Processing Toolbox. In the left panel, the amplitude variations are shown, which mostly
quantifies the result that can be seen by eye in Figure 1. However, the phase variations shown
in the right panel are an important contribution to the understanding of the interconnection
between the geomagnetic field and Earth rotation. Similar to amplitude analysis, one can see nearly
synchronous phase variations between the geomagnetic indices and FCN. The interconnection
between geomagnetic field and CW variations is more questionable. However, one should keep
in mind that the CW amplitude varies with a period of about 75–80 years [6, 9], and the current
minimum of the CW amplitude is happening in our days. So, several more years of data are needed
to specify the epoch of CW minimum, which would allow us to make a more definite conclusion
about the geomagnetic field.

Finally, we can conclude that our study revealed some interesting common features in the CW,
FCN, and geomagnetic field variations which can help to improve understanding of the contribution
of the geomagnetic field variations to the Earth rotation. New observations and more detailed
analysis, including theoretical modeling, will allow more definite conclusions on the matter.
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Figure 1. The PCs extracted from the four time series under investigation in the frequency band corre-

sponding to the period of about 1.2 years. From top to bottom: PM series, CPO series, Dst geomagnetic

index, and Kp geomagnetic index.
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Figure 2. The amplitude (left) and phase (right) variations for the PCs extracted from the four time series

under investigation in the frequency band corresponding to the period of about 1.2 years. From top to

bottom: PM series, CPO series, Dst geomagnetic index, and Kp geomagnetic index.
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Abstract

We investigate high frequency variations in Earth orientation parameters (EOP) estimated from
the last four CONT campaigns. The observed variations are compared to those predicted by the
IERS recommended model for high frequency EOP variations. It is found that the model does not
completely describe all the observed variations. We also investigate the impact of errors in the radio
source positions on the estimated EOP, and we find that the apparent retrograde ter-diurnal signal
seen in the EOP estimated from CONT02 are probably caused by an error in the coordinate of one
particular radio source.

1. Introduction

The CONT campaigns are 15-day long campaigns of continuous VLBI observations aimed at
demonstrating the best accuracy that can be achieved using geodetic VLBI. In the last decade these
campaigns have been performed approximately every third year. The data observed in the CONT
campaigns can for example be used to estimate and study the Earth orientation parameters (EOP)
with sub-diurnal resolution. This has been the focus of a number of different studies [1, 2, 3, 4].
In this work we study the high frequency EOP estimated from the last four CONT campaigns:
CONT02 (October 2002), CONT05 (September 2005), CONT08 (August 2008), and CONT11
(September 2011). We also investigate the possible systematic errors that can occur due to errors
in the coordinates of the radio sources.

2. Data Analysis

The VLBI data from the CONT campaigns were analyzed with the Vienna VLBI Software
(VieVS, [5]). In the analysis polar motion and UT1 were estimated with 1-hour resolution, while
precession/nutation was fixed to the IAU2006/2000A model plus the IERS 08 C04 corrections [6].
Additionally, station coordinates, station clocks (1-hour resolution), zenith wet delays (30 minutes),
and tropospheric gradients (6-hour) were estimated. The coordinates of the radio sources were
fixed to their ICRF2 values [7] (except for the special investigations in Section 3.1). For each
CONT campaign the normal equations of the 15 individual one-day sessions were stacked and
then inverted in order to obtain continuous time series of the EOP as well as one set of station
coordinates.
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Figure 1. Time series of polar motion and DUT1 estimated from CONT11. The IERS 08 C04 values have

been subtracted from the series. For comparison, the IERS model for high frequency EOP variations [8] is

plotted.

3. Results

Figure 1 shows polar motion and DUT1 estimated from CONT11. The IERS 08 C04 series
has been subtracted from the time series in order to remove the low frequency EOP variations,
thus leaving only the high frequencies. As a comparison, the IERS model for high frequency EOP
variations [8] is also plotted. Overall there is a good agreement between the observations and the
model, but occasionally differences can be noted that are bigger than 50% of the effect itself.

In order to investigate these differences in more detail we subtracted also the IERS high fre-
quency model from the observed EOP time series. Then we calculated the Fourier spectra of the
remaining residuals. This was done for all four CONT campaigns. The spectra are plotted in
Figure 2. A number of significant peaks can be seen in the spectra, especially at the periods of
+24 hours and ±12 hours. For CONT02 there is also a significant peak at -8 hours.

An interesting question is: what are the reasons for these spectral peaks? One explanation
could be that the IERS high frequency model is not correct. This model consists of two parts: the
major part is a model describing the variations due to ocean tides, and the other part describes
the effects due to libration. The ocean tidal part is an extended version of the model which was
presented by Ray et al. (1994) [9]. Since new and improved ocean tidal models have been developed
in recent years, the IERS model should probably be updated using one of these. Furthermore, it is
possible that there are excitations of EOP at sub-diurnal timescales caused by other sources than
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Figure 2. Fourier spectra of the polar motion (p = xpole − i ypole) and DUT1 estimated from the CONT

campaigns, after removing the IERS 08 C04 values as well as the IERS high frequency EOP model. Positive

periods in polar motion refer to prograde variations, negative periods to retrograde ones.

ocean tides and libration, for example atmospheric tides. However, by investigating atmospheric
angular momentum functions calculated from numerical weather models we have found that the
atmospheric excitations are too small to explain the peaks seen in the EOP spectra [4, 10]. The
−8 hour peak seen in CONT02 is especially difficult to explain. There exist models that predict
ter-diurnal variations in polar motion (see [1] for a review), but the predicted magnitude is much
smaller than what is observed.

3.1. Estimation of Source Coordinates

The possibility that the peaks seen in the Fourier spectra are artefacts caused by errors in
the VLBI data analysis cannot be excluded. An example could be errors in the coordinates of
the radio sources. Although the observing schedules of the sessions of a CONT campaign are not
exactly equal, they are similar, and the same sources tend to be observed using the same set of
stations at the same sidereal time of day every day of the campaign. Thus, if there are errors in the

392 IVS 2012 General Meeting Proceedings



Tobias Nilsson et al.: High Frequency EOP from CONT Campaigns

−10 0 10 20 30
0

50

100

P
ol

ar
 m

ot
io

n 
am

pl
. [

µa
s]

CONT02

Period [hours]
0 10 20 30

0

2

4

6

D
U

T
1 

am
pl

. [
µs

]

CONT02

Period [hours]

Figure 3. Fourier spectra of the EOP from CONT02 when the positions of the radio sources are estimated

in the VLBI data analysis.

coordinates of the radio sources used, this could potentially cause systematic errors in the VLBI
results (e.g., the EOP) with periodicity of 24 hours and/or higher harmonics (12 hours, 8 hours,
. . . ).

To investigate this assumption we made solutions in which the coordinates of the radio sources
were also estimated in the VLBI analysis. One set of source coordinates were estimated per CONT
campaign. In order to stabilize the solutions, we constrained the coordinates to their ICRF2 values
using their formal errors as given in the ICRF2 catalog. As an example, the spectra of the residual
polar motion and DUT1 obtained from CONT02 are shown in Figure 3. We can see that there is no
significant peak at the −8 hours period in the polar motion spectrum anymore and the −12 hours
peak is slightly reduced. For the other three CONT campaigns there is no significant effect on the
spectra when estimating the radio source positions.

It thus seems as if the −8 hours peak seen in the polar motion from CONT02 is caused by
errors of the radio source coordinates. To figure out which particular sources are responsible, we
took a closer look at the estimated source coordinates. Five of the estimated coordinates differ by
more than 200 µas from their ICRF2 values. We made tests in which only the coordinates of one
of these sources were estimated in the VLBI data analysis. The results indicate that the −8 hours
peak is mainly caused by one source: 2234+282. This source is a non-defining source in ICRF2
and has a structure index of 3 in X-band (according to http://vlbi.obs.u-bordeaux1.fr/).
Feissel-Vernier (2003) [11] investigated the stability of radio source positions. The position of the
source 2234+282 was found to be highly unstable; thus it is not surprising that this source has
unreliable coordinates.

4. Conclusions

There are several unexplained peaks seen in the spectra of the EOP estimated from the CONT
campaigns. The −8 hours peak seen in CONT02 seems to be caused by errors in the coordinate
of one radio source. Care should be taken when analyzing VLBI sessions in which unstable radio
sources are observed, especially in the case of the CONT campaigns where the observing schedules
of the individual one-day sessions are very similar. The other peaks seen in the spectra, however,
are not caused by errors in the radio source positions. Possibly, these indicate that the IERS
model for high frequency EOP variations needs to be updated using a new ocean tidal model
and perhaps also including excitations by atmospheric thermal tides and other sources. Similar
conclusions were also drawn in [12] when analyzing several years of VLBI data.
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[4] Nilsson, T., J. Böhm, and H. Schuh, Sub-diurnal Earth rotation variations observed by VLBI, Artificial
Satellites, vol. 45(2), 49–55, 2010, doi: 10.2478/v10018-010-0005-8.
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Abstract

We examined the influence of the spatial distribution of the observations on the quality of UT1
results derived from IVS INT1 sessions. The Kokee–Wettzell baseline midpoint is chosen as a reference
point for the analysis. A Matlab code is written for classification of the topocentric source positions
in different sections of the sky, as seen from the reference point. A combination of these key numbers
is then used to classify the sessions with quality codes and compare them with their respective formal
errors. Furthermore, we checked how many observations could not be used in the UT1 estimates,
although they were included in the schedules.

1. Introduction

The parameter describing Earth rotation, dUT1, is needed for example when defining GPS
orbits. The parameter can only be obtained from Very Long Baseline Interferometry (VLBI)
observations. It is crucial to measure dUT1 with the best possible accuracy, thus we examine
how the source constellations affect the quality of the results. IVS Intensive sessions INT1 with
the baseline Kokee–Wettzell were chosen for the analysis because these sessions are measured five
times per week, and thus there is enough data to attain reasonable results. A fictious baseline
reference point is defined as the projection of the baseline midpoint onto the ellipsoid and serves
as the origin of a topocentric system with the tangential plane being the equatorial plane of this
system (Figure 1, left side). In a different projection, the baseline system can be interpreted as a
hemisphere put on top of the ellipsoid at the baseline reference point (Figure 1, right side [1]).

Both the horizon limits of the two stations and the observations are best displayed in a stere-
ographic projection, which is created by the SkyPlot program and described in Section 2.

2. SkyPlot Program

The SkyPlot program, written in GNU Octave, produces azimuth-elevation text files for the
purpose of plotting station and baseline dependent sky-plots. As input files, skd files are used,
which are produced with the software package SKED [2]. The skd files contain the scheduled
observations of the current session and information about the station and source positions as well.
The required information is parsed and used to calculate azimuth and elevation per scan for each
participating station. These data are saved in ASCII files. Furthermore, such an output file is
created per baseline as seen from the perspective of a fictive telescope placed at the baselines
midpoint. In addition, the horizon limits of the stations are converted to the respective baseline
midpoint by three sequenced single rotations. The common horizon of two stations at their baseline
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Figure 1. Left: example of the midpoint based reference system (notice that this picture presents a baseline

used in polar motion measurements, for dUT1 measurements a East-West placed baseline is needed). Right:

geometry of baseline reference system and horizon mask are shown (pictures from [1]).

midpoint is the connecting line of the greatest elevation values per azimuth. Only radio sources
above this border can be pointed at by both telescopes simultaneously. Plotting the baseline
dependent sky-plot as a stereographic projection, like shown in Figure 2, the area of none visibility
could be shaded in gray. At the cusps of the white area (sky sections 1 and 2 in Figure 2), which
is the area of common visibility, are the lowest elevations for both stations. The azimuth-elevation
text files created by the SkyPlot program, are used as the input files for the Matlab program
written for the analysis described in Section 3.

3. Analysis Strategy

The stereographic projection from the SkyPlot program was divided into six sections as shown
in the Figure 2. The azimuth and elevation limits are calculated on the basis of the azimuth-
elevation files from the Skyplot. Quality codes AAA-D are given when 1 or more sources in two
sections on opposite parts of the sky is seen from the midpoint of the baseline. Quality code AAA
is given when there are three or more sources in both sections 1 and 2. This is assumed to be the
best possible case, because the sources are as widely apart as they can be in the section pair. AA
is given if there are two sources in one of the sections 1 and 2, and two or more sources in the
other. Quality code A is given, if there is one source in one of the two sections, and one or more
in the other. BBB is given if there are three or more sources either in sections 1 and 4, or 2 and 3.
BB is given if there are two sources in one of the sections (1 and 4, or 2 and 3), and two or more
in the other. B is given if there is one source in one of the sections, and one or more in the other.
Quality code C is given, if there are three or more sources in sections 3 and 4, and D is given if
there are the required number of sources in both sections 5 and 6. If any of the quality codes from
AAA to D cannot be given (if there are not enough sources in any of the section pairs to enable
the session to get a code AAA-D), quality code F is given. See Figure 3 for the section pairs.

600 INT1 sessions with the baseline Kokee–Wettzell from January 2009 to October 2011 were
included in the analysis. 569 of these sessions were observed and correlated. Five of the remaining
sessions were removed from the analysis due to large formal errors (> 100 µs). Thus, 564 sessions
were included in the analysis. Standard VLBI data analysis was performed following the IERS
Conventions 2010 with the Vienna VLBI Software (VieVS [3]). A Matlab program to divide the
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Figure 2. Stereographical projection with the division to different sky sections. Division to sections 1-6 was

done with azimuth and elevation values obtained from the SkyPlot program.

Figure 3. Stereographical projection plots with different section pairs marked for each quality code. From

left to right: 1. The section pair for quality codes AAA-A. 2. and 3. The two possible section pairs for

quality codes BBB-B. 4. The section pair for quality code C. 5. The section pair for quality code D. In the

case that a session does not qualify for any of the codes (AAA-D), a quality code F is given.

data into different sections, to give quality codes and to calculate session counts, and to mean scan
counts for each quality code was written.

4. Results

dUT1 estimates with respect to the a priori IERS C04 dUT1 and their formal errors were
calculated with VieVS, and quality code error plots were generated to see at which level the formal
errors of each category lay. Also mean values, session counts, and mean scan counts for the results
in each category were calculated.

4.1. Quality Code Error Plots

Quality code error plots were drawn to see at which level the formal errors are in different
quality categories. Also the session counts in each category can be evaluated based on Figure 4.
The data was divided to nine quality categories. When the quality codes AAA: three or more
sources in sections 1 and 2, AA: two or more sources in both sections (but less than three in one
section), and A: one or more sources in both sections (but not two or more in both sections), were
given, it was noticed that there were only 12 sessions in category AA. From Figure 4 it can also be
seen that the variation in the formal errors grows from AAA to B. The variation is the smallest
for formal errors of dUT1 for codes AAA to BB. The quality codes, session and mean scan counts
are listed in Table 1. As can be seen the mean scan count is about 21-23 scans per session for
categories AAA-AA and BBB-D, and for A about 20 and F about 19 scans per session.

IVS 2012 General Meeting Proceedings 397



Minttu Uunila et al.: Influence of Source Constellations on UT1

Figure 4. Formal errors of dUT1 estimates and quality code counts for categories AAA, AA, A, BBB, BB,

B, C, D and F, in that order. On X-axis is the session count, and on the Y-axis the formal error in µs.

Table 1. Quality codes, the corresponding session and mean scan counts.

Quality code AAA AA A BBB BB B C D F

Count 1 12 80 36 73 109 144 80 29

Scans 22.00 22.00 20.05 23.03 21.85 21.27 23.08 22.80 18.93

4.2. RMS Difference and Quality Code Counts

Table 2. Mean F.E. with RMS, RMS difference to IERS C04, and to IVS EOP-S, mean difference to C04

and to EOP-S, for each code, AAA-F in µs. * Only one session was included in the category.

Code Mean F.E., RMS RMS diffC04 RMS diffEOP−S Mean diffC04 Mean diffEOP−S

AAA 5.37, – 14.75* 1.05* 14.75* 1.05*

AA 13.46, 4.66 13.78 30.46 -7.44 -5.57

A 15.48, 9.52 27.00 107.20 -8.24 8.86

BBB 11.10, 4.96 23.55 46.57 -2.78 12.58

BB 14.02, 9.36 27.40 82.93 -7.17 8.93

B 13.63, 6.95 28.60 153.31 -2.31 7.22

C 13.96, 6.91 34.95 63.76 -0.92 6.05

D 13.68, 6.62 32.03 103.78 -6.56 -15.03

F 14.71, 5.87 72.56 167.38 0.74 -16.13

RMS differences for dUT1 estimates for each quality code are listed in Table 2. Codes A and
F have the largest mean values of formal errors of the dUT1 estimates with respect to the a priori
IERS C04. The mean values of formal errors are the smallest with quality codes AAA and B. The
five sessions that were removed due to large formal errors were from categories C and D. Category
F has the largest RMS difference to IERS C04. Note that only one session has the quality code
AAA, its dUT1 estimate relative to the IERS C04 a priori and its formal error have the value of
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14.75 ± 5.37 µs, and it has a difference of 1.05 µs to IVS EOP-S dUT1. The RMS difference for
dUT1 from the Intensive analysis with respect to the interpolated R1 and R4 dUT1 results from
the combined solution from IVS EOP-S [4] are listed in the third column of Table 2. As can be
seen the categories AAA, AA, and BBB give the best results. Also the mean differences to C04
and EOP-S are listed.

98.80% of the scheduled scans were observed and correlated. Failed sessions are not included
in this percentage, only successfully correlated scans of successful sessions. The scheduled and
observed scans were derived from SKD and NGS files, respectively.

5. Conclusions

We have categorized about 600 INT1 observing sessions with respect to their geometric distri-
bution of observations in a baseline-fixed reference system. While category AAA with observations
far down in the baseline sky map cusps seems to be the best one, categories from B to F with
hardly any observations in the cusps or almost all observations close to the zenith of the baseline
seem to be the worst. Looking at Figure 4, the formal errors seem to be convincingly low in cate-
gories AAA, AA, and BBB with only very few values larger than 12 — 13 µs. It is a bit surprising
that category A does not show a similar behavior but this will be investigated. Nevertheless, the
tendency of these groups not to show larger formal errors is quite striking. Larger formal errors
definitely appear more in categories BB and below with formal errors often reaching 20 µs and
above. With further analyses in this direction still pending we dare to conclude already that ob-
servations in the baseline sky map cusps are important for the geometric stability of the estimation
of UT1-UTC from Intensive sessions because these observations seem to reduce the danger of large
formal errors. They should, thus, be scheduled with highest priority.

Acknowledgements

The Metsähovi team acknowledges support from the Academy of Finland (grant number
135101).

References

[1] Nothnagel, A., J. Campbell, Polar motion observed by daily VLBI measurements In: Proceedings of the
AGU Chapman Conference on Geodetic VLBI: Monitoring Global Change; NOAA Technical Report
NOS 137 NGS 49, S. 345 - 354, Washington D.C., 1991.

[2] Vandenberg, N., Interactive/Automatic Scheduling Program, Program Reference Man-
ual, NASA/Goddard Space Flight Center, NVI, Inc., available electronically at
http://lupus.gsfc.nasa.gov/software sked.htm, 1999.
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Abstract

We compare UT1 and Polar Motion results obtained with Vienna VLBI Software (VieVS [1]) and
Calc/Solve [2] from IVS sessions 2011. Results from both Intensive (INT) and 24-hour (R) sessions
are compared. We discuss the formal errors of the estimates, as well as the agreement of the two sets
of estimates with the C04 EOP time series. A total of 48 INT and 28 R sessions were included in the
analysis.

1. Introduction

An important data product produced by VLBI analysis are the estimated Earth Orientation
Parameters (EOP). VLBI is unique in its ability to measure UT1, and this is crucial in many
scientific and technical applications including satellite navigation. Because of the importance of
EOP in general, and UT1 in particular, it is important to understand the accuracy of the VLBI
technique. In this paper we approach this problem by comparing EOP estimates from two software
packages. The Calc/Solve analysis software [2] is widely used by the geodetic VLBI community.
One of the newer programs is the Vienna VLBI Software (VieVS [1]). We compare the UT1 and
polar motion results obtained by the software packages with their default configurations in order
to compare the results produced by the software packages in their operational modes. We also
compare the results from using the software packages in a new test configuration that synchronized
the configuration settings as much as possible in order to compare the performances of the software
packages themselves.

2. Configuration of the Programs

Both software packages have very flexible configurations, and the results from the packages
depend on the selected configuration settings. First the programs were run with their regular
settings for both Intensive and 24-hour sessions. After the default analysis, a new configuration
was used where the VieVS and Solve configurations were chosen to be as close to each other as
possible. For example, in the new configuration both programs used IAU 2000A for precession and
nutation, JPL 405 for ephemerides, and VM1 as the mapping function. In the new setup VieVS
and Solve both use IERS 05 C04 as the EOP a priori file. The modeling options for the default
settings of the programs and the new configuration are listed in Figure 1. The models that could
not be the same for both software are marked with light color.
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Figure 1. Comparison of VieVS and Solve solution setup.

In the case of Intensive sessions the epoch was chosen to be the half point of a session, and in
the case of 24-hour sessions the midnight was chosen as the epoch.

3. Results

3.1. UT1 and Polar Motion

Figures 2 and 3 show dUT1 = UT1-UTC (in microseconds) from Intensive and 24-hour sessions
relative to the to IERS 05 C04 values. The results from both the original setups of the two programs
and the new setups are displayed. In Figures 4 and 5 Xpol and Ypol estimates from the 24-hour
adjustment are shown.

3.2. RMS Values and Differences

Figure 6 displays the RMS values of the dUT1 estimates relative to their a priori values in
the Intensive sessions and the dUT1, Xpol, and Ypol estimates relative to their respective a priori
values in the 24-hour sessions. Also the RMS difference between the solutions is listed in Figure 6.

When VieVS and Solve were configured with the new setup, it worsened all the RMS values
from VieVS. Also all the RMS results from Solve worsened, except the dUT1 value from the
Intensives, which was slightly better than that from the default setup. It can be seen from Figure
6 that the RMS difference of dUT1 Intensive estimates improves with the new setup. Otherwise
the RMS differences worsen in the case of 24-hour sessions and the new setup.
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Figure 2. dUT1 estimate with respect to the a priori IERS 05 C04 calculated from IVS Intensive sessions

with VieVS and Solve programs with default and new setups. The dates covered by the analysis are January

1st through February 17th, 2011.

Figure 3. dUT1 estimate with respect to the a priori IERS 05 C04 calculated from IVS 24-hour sessions

with VieVS and Solve programs with default and new setups. The dates covered by the analysis are January

3rd through March 31st, 2011.
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Figure 4. Xpol with respect to IERS 05 04 calculated from IVS 24-hour sessions with VieVS and Solve

programs with default and new setups. The dates covered by the analysis are January 3rd through March

31st, 2011.

Figure 5. Ypol with respect to IERS 05 04 calculated from IVS 24-hour sessions with VieVS and Solve

programs with default and new setups. The dates covered by the analysis are January 3rd through March

31st, 2011.
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Figure 6. RMS values and differences for dUT1 and polar motion estimates relative to the a priori EOPs

for different configurations of VieVS and Solve.

4. Conclusions

As can be seen from Figure 6, almost all of the RMS values worsen for both programs when
using the new configuration. When looking at the RMS difference between the two programs,
it can also be noticed that they are only improved with the new configuration for the Intensive
solution. More work is needed to make the 24-hr solution RMS difference smaller, and to bring
the configurations of VieVS and Solve closer to each other.

On the basis of this analysis it seems that VieVS gives smaller RMS values for UT1, and Solve
for polar motion when using the default configurations of the two programs. To ensure this result
the amount of sessions should be increased from the 48 Intensive and the 28 24-hour sessions used
here, to about ten times larger amount. It also would be interesting to compare the results to
those obtained by another technique, like GNSS.
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Abstract

In a common global adjustment of the 24-hour IVS sessions from 1984.0 till 2011.0 with the Vienna
VLBI Software (VieVS), we have estimated simultaneously terrestrial reference frame (station positions
and velocities), celestial reference frame (radio source positions), and Earth orientation parameters,
together with complex Love and Shida numbers for diurnal tides and their frequency dependence caused
by the resonance with the Free Core Nutation (FCN). As the FCN period is contained in the solid
Earth tidal displacements and also in the motion of the Celestial Intermediate Pole w.r.t. the celestial
reference system, it is determined from both phenomena as a common parameter in the global solution.
Our estimated FCN period of −431.18 ± 0.10 sidereal days is slightly different from the value −431.39
sidereal days adopted in the IERS Conventions 2010.

1. Introduction

The site displacement caused by the solid Earth tides is characterized by Love and Shida
numbers. In the Earth model with a fluid core and anelastic mantle, Love and Shida numbers of the
diurnal tides are frequency dependent complex numbers (Wahr, 1981 [10]). The strong frequency
dependence is produced by the Nearly Diurnal Free Wobble resonance (NDFW) associated with
the Free Core Nutation (FCN). The resonant behavior of Love and Shida numbers in the diurnal
tidal response of the solid Earth gives the possibility to estimate the FCN period directly from the
displacement of the stations in the VLBI data analysis (Haas and Schuh, 1997 [4]). In the celestial
reference frame the FCN is visible as a retrograde motion of the Earth’s axis with a period of about
431 days and an amplitude of about one hundred microarcseconds. At present there are no models
which could predict this motion in a rigorous way, so it is not included in the a priori precession-
nutation model of the Earth axis. The motion is a major contributor to the VLBI residuals between
the observed direction of the Celestial Intermediate Pole (CIP) in the celestial reference frame and
the direction modeled by the precession-nutation model IAU 2006/2000A (Capitaine et al., 2003
[2] and Mathews et al., 2002 [7]) adopted in the current IERS Conventions 2010 (Petit and Luzum,
2010 [8]). In this work we estimate the FCN period from the solid Earth tidal (SET) displacement
and also from the motion of the CIP as a common parameter in the global adjustment of VLBI
measurements. The processing of 3360 24-hour IVS sessions from 1984.0 till 2011.0 was carried
out with the VLBI analysis software VieVS (Böhm et al., 2012 [1]).

2. Love and Shida Numbers for the Diurnal Tides

We follow the representation of Love and Shida numbers employed by Mathews et al. (1995)
[6], which is recommended by the IERS Conventions 2010. In the diurnal band, Love and Shida
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numbers are represented by a resonance formula (Equation (1)) as a function of the tidal excitation
frequencies associated with the Chandler wobble (σCW ), NDFW (σNDFW ), and the Free Inner Core
Nutation (σFICN ):

Lf = L0 +
LCW

σf − σCW
+

LNDFW
σf − σNDFW

+
LFICN

σf − σFICN
. (1)

Lf is a generic symbol for the frequency dependent Love (h) and Shida (l) numbers, and the
numerical values for this equation are listed in Petit and Luzum (2010) [8]. The respective frequency
dependent corrections to the displacement vector written in a complex form (Equation (2)) can be
easily used for creating the partial derivatives with respect to the Love and Shida numbers or the
FCN period:

δ ~df = − 3

2

√
5

24π
Hf

[
δhRf sin(θf + Λ) + δhIf cos(θf + Λ)

]
sin(2Φ) r̂

− 3

√
5

24π
Hf

[
δlRf cos(θf + Λ) − δlIf sin(θf + Λ)

]
sin(Φ) ê

− 3

√
5

24π
Hf

[
δlRf sin(θf + Λ) + δlIf cos(θf + Λ)

]
cos(2Φ) n̂

(2)

where:
Hf is the Cartwright-Tayler amplitude (Cartwright and Tayler, 1971 [3]) of the tidal term

with frequency f ,
Φ,Λ are geocentric latitude and longitude of the station,
θf is the argument for the tidal constituent with frequency f , and
r̂, ê, n̂ represent the unit vectors in radial, east and north direction, respectively.

We estimated the frequency dependent Love and Shida numbers for twelve diurnal tides. Aside
from the three strongest diurnal waves (K1, O1, and P1) we included four tides (Q1, M1, π1, K

′
1)

with a lower frequency than that of the NDFW and five tides (ψ1, φ1, θ1, J1, Oo1) with a higher
frequency. The complex Love and Shida numbers were adjusted within a standard global solution
of the VLBI data together with the terrestrial and celestial reference frames. Earth orientation
parameters, zenith wet delays, horizontal tropospheric gradients, and clock parameters were re-
duced session-wise from the normal equations. The real and imaginary parts of the estimated
Love numbers are shown in the third and fifth column of Table 1. Results for Shida numbers
are listed in Table 2. The respective differences in the amplitudes of the vertical and horizontal
displacement, when using our estimates of Love and Shida numbers instead of the values adopted
in IERS Conventions 2010, are given in the fourth and sixth column. The expression follows from
Equation (2): (

δRipf
δRopf

)
= −3

2

√
5

24π
Hf

(
δhRf
δhIf

)
, (3)(

δT ipf
δT opf

)
= −3

√
5

24π
Hf

(
δlRf
δlIf

)
. (4)

The newly estimated Love and Shida numbers are very close to their theoretical values (see
IERS Conventions 2010, Chapter 7.1.1). An exception is the tide θ1, which shows a deviation
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of about 0.20 in the real part and about 0.15 in the imaginary part of the Love number. The
estimated Shida number for this tide differs by about 0.05 in the real part from theory, whereas
the imaginary part fits very well to the model. The inaccuracy at this tide is probably caused by
the weak amplitude, which obstructs an accurate estimation. On the other hand it can be seen
that the differences in δRipθ1 , δRopθ1 , and δT ipθ1 are still small in the sub-millimeter range: −0.3 ±
0.1 mm, −0.2 ± 0.1 mm, and −0.2 ± 0.0 mm, respectively.

Table 1. Real and imaginary parts of the Love numbers for the diurnal tides computed by the software

VieVS from VLBI data (1984.0 - 2011.0).

Name Doodson h
(0)R
f ∆δRipf [mm] h

(0)I
f ∆δRopf [mm]

number

Q1 135.655 0.6147 ± 0.0043 0.22 ± 0.08 −0.0087 ± 0.0043 −0.12 ± 0.08

O1 145.555 0.6026 ± 0.0009 0.00 ± 0.09 −0.0013 ± 0.0008 0.11 ± 0.08

M1 155.655 0.5888 ± 0.0101 0.09 ± 0.08 −0.0084 ± 0.0101 0.05 ± 0.08

π1 162.556 0.5083 ± 0.0289 −0.22 ± 0.08 −0.0321 ± 0.0290 −0.08 ± 0.08

P1 163.555 0.5816 ± 0.0017 −0.03 ± 0.08 0.0037 ± 0.0017 0.26 ± 0.08

K1 165.555 0.5267 ± 0.0007 −0.08 ± 0.10 0.0041 ± 0.0007 −0.56 ± 0.10

K ′
1 165.565 0.5294 ± 0.0043 −0.16 ± 0.08 0.0223 ± 0.0043 −0.42 ± 0.08

ψ1 166.554 1.1224 ± 0.0701 −0.09 ± 0.08 0.3291 ± 0.0704 −0.36 ± 0.08

φ1 167.555 0.7707 ± 0.0392 −0.22 ± 0.08 0.0007 ± 0.0392 −0.01 ± 0.08

θ1 173.655 0.8093 ± 0.0515 −0.30 ± 0.08 0.1562 ± 0.0515 −0.24 ± 0.08

J1 175.455 0.5988 ± 0.0098 0.09 ± 0.08 −0.0194 ± 0.0098 0.13 ± 0.08

Oo1 185.555 0.6594 ± 0.0176 −0.23 ± 0.08 −0.0182 ± 0.0176 0.07 ± 0.08

3. Free Core Nutation

In this paper we estimate the FCN period at first only from the solid Earth tide displacement
and then only from the motion of the CIP. Since we get from both solutions reasonable estimates of
the FCN period, we connect both approaches and estimate the FCN period from both phenomena
simultaneously. In Equation (5) we show the final partial derivative of the time delay τ w.r.t. the
NDFW frequency σNDFW contained in the baseline b between two observing stations, and in the
nutation matrix dQ which accounts for the effect of the FCN which is not included in the IAU
2006/2000A precession-nutation matrix Q(IAU):

∂τ

∂σNDFW
= k(t) · ∂dQ(t)

∂σNDFW
·Q(t)(IAU) ·R(t) ·W (t) · b(t)

+ k(t) · dQ(t) ·Q(t)(IAU) ·R(t) ·W (t) · ∂b(t)

∂σNDFW
.

(5)

k is the source vector, and R and W are the remaining transformation matrices between the
celestial and the terrestrial reference frame. The expression for the dQ as a simple rotation is
shown in Equation (6)) (IERS Conventions 2010), and the XFCN and YFCN coordinates were
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Table 2. Real and imaginary parts of the Shida numbers for the diurnal tides computed by the software

VieVS from VLBI data (1984.0 - 2011.0).

Name Doodson l
(0)R
f ∆δT ipf [mm] l

(0)I
f ∆δT opf [mm]

number

Q1 135.655 0.0870 ± 0.0010 0.09 ± 0.04 −0.0027 ± 0.0010 −0.08 ± 0.04

O1 145.555 0.0858 ± 0.0002 0.20 ± 0.04 −0.0006 ± 0.0002 0.02 ± 0.04

M1 155.655 0.0815 ± 0.0025 0.05 ± 0.04 −0.0040 ± 0.0025 0.05 ± 0.04

π1 162.556 0.0827 ± 0.0072 −0.01 ± 0.04 −0.0028 ± 0.0072 −0.01 ± 0.04

P1 163.555 0.0864 ± 0.0004 0.08 ± 0.04 −0.0009 ± 0.0004 −0.02 ± 0.04

K1 165.555 0.0881 ± 0.0003 −0.27 ± 0.08 −0.0008 ± 0.0003 0.02 ± 0.08

K ′
1 165.565 0.0912 ± 0.0011 −0.15 ± 0.04 0.0027 ± 0.0011 −0.13 ± 0.04

ψ1 166.554 0.0832 ± 0.0175 −0.03 ± 0.04 0.0409 ± 0.0175 −0.10 ± 0.04

φ1 167.555 0.1052 ± 0.0098 −0.09 ± 0.04 −0.0273 ± 0.0098 0.11 ± 0.04

θ1 173.655 0.1352 ± 0.0129 −0.15 ± 0.04 0.0026 ± 0.0129 −0.01 ± 0.04

J1 175.455 0.0833 ± 0.0025 0.02 ± 0.04 0.0043 ± 0.0025 −0.08 ± 0.04

Oo1 185.555 0.0856 ± 0.0045 −0.01 ± 0.04 −0.0050 ± 0.0044 0.04 ± 0.04

taken from the empirical FCN model of Lambert (2007) [5] giving the variable sine and cosine
amplitudes of the harmonic oscillation in a one year resolution:

dQ =

 1 0 XFCN

0 1 YFCN
−XFCN −YFCN 1

 . (6)

In Table 3 estimates of the FCN period from all solutions are listed. In solution 1 the FCN
period is estimated only from the solid Earth tidal displacement. The partial derivative follows
from Equations (1) and (2). The FCN period in solutions 2 and 3 is derived only from the motion
of the CIP, whereas in solution 3 the averaged cosine and sine amplitude (AC , AS) of the FCN are
estimated as additional global parameters. The final solution 4 provides the FCN period derived
simultaneously from both phenomena.

Table 3. Period (P ), amplitude (A), and phase (Φ) of FCN estimated within global solutions by the software

VieVS.

Solution P AC AS A Φ
[sid. days] [µas] [µas] [µas] [deg]

1 (solid Earth tides (SET)) −431.23 ± 2.44 - - - -
2 (CIP) −431.12 ± 0.06 - - - -
3 (CIP — est. ampl.) −431.17 ± 0.09 65 ± 1 35 ± 1 73 ± 1 28.03 ± 1.62
4 (SET + CIP — est. ampl.) −431.18 ± 0.10 64 ± 1 34 ± 1 73 ± 1 27.90 ± 1.62
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4. Conclusions

In this paper we focused on the estimation of Love and Shida numbers for twelve diurnal tides
and on the estimation of the FCN period. The respective differences in the individual displacement
amplitudes based on the theoretical and estimated Love and Shida numbers do not exceed 0.3 mm.
The total difference to the theoretical displacement summed over the absolute values of all twelve
diurnal waves reaches 1.73 mm in the vertical direction and 1.15 mm in the horizontal direction.
The final value for the FCN period is derived simultaneously from the solid Earth tidal displacement
and from the motion of the CIP. Its estimated value of −431.18 ± 0.10 sidereal days differs slightly
from the conventional value −431.39 sidereal days given in Petit and Luzum (2010) [8].
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(IVS) (Schlüter and Behrend, 2007 [9]) and all its components for providing VLBI data. Hana
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Gunnar Elgered, Rüdiger Haas, Jonas Wahlbom, Tong Ning

Earth and Space Sciences, Chalmers University of Technology

Contact author: Gunnar Elgered, e-mail: gunnar.elgered@chalmers.se

Abstract

Two water vapor radiometers (WVRs), called Astrid and Konrad, were operated during the
CONT11 campaign at the Onsala Space Observatory. A well known feature of WVRs is that their
algorithm breaks down when there are large drops of water, affecting the observations. Without any
independent information one has to rely on the WVR data themselves to detect rain and remove the
corresponding low quality results. In order to assess this technique we operated different types of
rain sensors during CONT11: a zenith looking Doppler rain radar, three optical sensors, and three
capacitive sensors. The first 8.25 days had frequent rain events whereas the last 7.75 days were signifi-
cantly drier. We summarized the data set acquired by the WVRs and the rain detectors. The inferred
time series of the equivalent zenith wet delay (ZWD) and linear horizontal gradients are compared to
the corresponding estimates from GPS data (acquired at the IGS station ONSA) and the VLBI data
themselves.

1. Introduction — the Role of WVRs in Geodetic VLBI

The propagation delay caused by water vapor in the atmosphere has been identified as one of
the most important error sources in geodetic VLBI since the introduction of the Mark III System
in the late seventies. The concept during the eighties was that the WVRs were to be used at
every geodetic VLBI station in order to provide independent estimates of the wet delay, in the
appropriate direction, for correction of the VLBI observables. For such a scenario there would
be no need for observations at low elevation angles. However, it turned out that it was a major
difficulty to keep WVRs operational at all VLBI sites at all times. Another problem is that the
WVR algorithm for inferring the wet delay breaks down during rain, and therefore there were
significantly long periods of time that lacked good quality WVR data at the stations. Therefore,
there was also a requirement to include (very) low elevation observations in order to be able to
estimate the wet delay from the VLBI data themselves [1][2].

The WVR data acquired were often used to assess the quality of wet delays estimated for the
VLBI data and to study the occurrence of horizontal gradients, often associated with the passage
of weather fronts. A model developed by Davis et al. [3] was later applied to the VLBI data
analysis by MacMillan [4].

For the last couple of decades the role of WVRs in geodetic VLBI experiments has focused
on the assessment of the quality of the model for the wet delay variability used in the VLBI data
analysis. For example both WVR data and GPS data have been used to estimate the strength
parameter describing the atmospheric turbulence, e.g., during earlier CONT experiments [5].
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2. Instrumentation during CONT11

The two WVRs used at Onsala during CONT11 are shown in Figures 1 and 2. Astrid was
running during the whole experiment but suffered from a data loss of a few hours on Sep. 25,
when the azimuth drive failed. During the remaining part of the experiment it was carrying out
elevation scans between the East and the West in a continuous mode. The Konrad WVR acquired
data from Sep. 20 in a sky-mapping mode, meaning that observations were carried out, evenly
spread over the sky at elevation angles above 20◦ until the end of the campaign.

Figure 1. The WVR Astrid.
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Figure 2. The WVR Konrad.

Of specific interest for the editing and assessment of the WVR data is the consistency of the
results from the rain sensors. Figures 3 and 4 depict the sensors. A zenith looking rain radar
was operated together with both capacitive and optical sensors. The rain radar uses frequency
modulated Doppler observations, and the data processing infers a height profile of the rain intensity.

The first two time series in Figure 5 show 1 minute averages of the inferred rain intensity at a
height of 100 m above the radar. The first includes all data whereas the second zooms in on the
scale at 0–10 mm/h. We note that there are some detections, especially during the second half
where the campaign is of very low rain rates. Some of these are possibly false, and a detection
limit of 0.1 mm/h may be reasonable. This is supported by the output signal from the capacitive
(third time series from the top) and optical (fourth from the top) sensors. Also these time series.. ~ ) 

'( l 

Figure 3. The Doppler rain radar.

F520-3 

Figure 4. The capacitive and optical rain sensors.
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are 1 minute averages. The three capacitive sensors are identical and give +5 V when water is
detected on the surface of the sensor, otherwise zero. The three optical sensors can be tuned to
different sensitivities. For this data set the red, green, and blue symbols denote condensation, rain,
and heavy rain, respectively.

We note that there is a consistency between the output from the different types of sensors.
For our application of using rain data to edit WVR data, it is important to note that the radar
only measures in the zenith direction and the other sensors measure rain and condensation at the
site and at the ground level only. Therefore, WVR observations acquired at elevation angles other
than in the zenith direction may still be affected by large drops in the antenna beams even if there
is no detection made by any of the rain sensors.
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Figure 5. The output data from the rain sensors are shown for the whole CONT11 campaign (see text).

3. Preliminary Results

Figure 6 shows all time series of the equivalent zenith wet delay (ZWD). The WVR data shown
have used the estimated amount of liquid water in order to decide which data are affected by rain
and therefore ignored [6]. Figure 7 depicts the period when all sensors were fully functional. The
problems caused by rain are obvious. The wet delays from the two WVRs have a positive bias
compared to the estimated time series from VLBI and GPS data. We note that in contrast to
the WVRs, the VLBI and the GPS estimates of the wet delay are based on the experienced time
delay, rather than the emission, and liquid water has a very small influence on the time delay.
The absolute calibration of the WVRs is maintained through the use of continuous tip curves, and
if the atmosphere is inhomogeneous for many hours the absolute calibration will be affected.

An example of a passage of a cold front is presented in Figure 8. We show the ZWD and the
horizontal linear gradients estimated from Astrid, Konrad, VLBI, and GPS data. We note that
the gradients from VLBI and GPS are smoothed, whereas the WVR estimates provide a higher
temporal resolution. This means that we can study the short lived horizontal gradients in much
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Figure 6. Time series of the equivalent zenith wet delay (ZWD) measured at Onsala using VLBI, GPS, and

the two WVRs Astrid (WVR-A) and Konrad (WVR-K).
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Figure 7. A subset of the ZWD from the WVR, VLBI, and GPS data when all instruments were fully

operational (top). The rain rate measured by the Doppler radar (bottom) shows that the two WVRs have

problems with the calibration of the absolute level during rainy periods, and especially Konrad, which we

attribute to the fact that its more narrow antenna beams (≈ 3◦ compared to 6◦ for Astrid) are more affected

by the less homogeneous atmosphere which is likely to be present during rainy weather.

more detail. Although horizontal gradients in the hydrostatic delay are typically a magnitude
smaller over time scales of hours, we note that they are included in the VLBI and GPS estimates.

4. Conclusions and Future Work

A data set with different types of observations of water vapor in the atmosphere at the Onsala
Space Observatory, covering the period of the CONT11 geodetic VLBI campaign, has been pro-
duced for further studies of variations in the propagation delay. Specifically, it will be interesting
to evaluate different criteria and algorithms using the output signals from the rain sensors to edit
the WVR data. Here one can even foresee different editing algorithms depending on if the WVR
data shall be used in the fundamental tip-curve calibration or used for other applications.
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Figure 8. During the afternoon of Sep. 26 a warm air mass was replaced by a cooler and drier air mass.

Time series of the ZWD and the East (EG) and North (NG) gradients are shown (left). During the passage

the wind speed increased (lower right) and the direction of the wind changed from southerly to westerly in

just about one hour (upper right). Note that there are no gradients estimated from the Astrid WVR data,

since it was not running in a sky-mapping mode.

Acknowledgements

We are grateful to the staff at the electronic lab at the Onsala Space Observatory for upgrading
and maintaining the instrumentation for geodetic VLBI and its supporting activites.

References

[1] Elgered, G., J.L. Davis, T.A. Herring, and I.I. Shapiro, Geodesy by radio interferometry: water vapor
radiometry for estimation of the wet delay, J. Geophys. Res., 96, 6541–6555, 1991.

[2] Kuehn, C.E., W.E. Himwich, T.A. Clark, and C. Ma, An evaluation of water vapor radiometer data
for calibration of the wet path delay in very long baseline interferometry experiments, Radio Sci., 26,
1381–1391, 1991.

[3] Davis, J.L., G. Elgered, A.E. Niell, and C.E. Kuehn, Ground-based measurement of gradients in the
“wet” radio refractive index of air, Radio Sci., 28, 1003–1018, 1993.

[4] MacMillan, D.S., Atmospheric gradients from very long baseline interferometry observations, Geophys.
Res. Lett., 22, 1041–1044, 1995.

[5] Nilsson, T., and R. Haas, Impact of atmospheric turbulence on geodetic very long baseline interferom-
etry, J. Geophys. Res., 115, B03407, doi:10.1029/2009JB006579, 2010.

[6] Elgered, G., and P.O.J. Jarlemark, Ground-based microwave radiometry and long-term observations
of atmospheric water vapor, Radio Sci., 33, 707–717, 1998.

414 IVS 2012 General Meeting Proceedings



David Eriksson et al.: Continental Hydrology Loading Observed by VLBI Measurements, IVS 2012 General Meeting
Proceedings, p.415–419
http://ivscc.gsfc.nasa.gov/publications/gm2012/eriksson.pdf

Continental Hydrology Loading Observed by VLBI
Measurements

David Eriksson 1, Dan MacMillan 2

1) University of Chalmers/NVI, Inc./NASA Goddard Space Flight Center
2) NVI, Inc./NASA Goddard Space Flight Center

Contact author: Dan MacMillan, e-mail: daniel.s.macmillan@nasa.gov

Abstract

Vertical deformation due to hydrological loading is large enough to be seen in VLBI geodetic param-
eter estimates. Typical peak-to-peak vertical variations are 3-10 mm at VLBI sites. The hydrological
signal at VLBI sites generally has a seasonal character, but we also observe interannual variations.
These variations are caused by temporal variations of the geographic distribution of surface mass.
Here, we have calculated the mass loading derived from GRACE gravity measurement time series from
2003 to 2011. Specifically, we have evaluated the convolution of Farrell’s loading Green’s function with
the global loading mass field, given by a global grid of equal-area GRACE mascons [2]. We compare
hydrology site loading series derived from GRACE with those computed using the GLDAS hydrology
model derived by the NASA GSFC GLDAS team [1]. We obtained a clear reduction in baseline length
and site position scatter when hydrology loading was applied in the VLBI analysis.

1. Hydrology Data

Vertical and horizontal hydrology loading is computed using the GLDAS NOAH model and
the NASA GSFC GRACE Mascons. The GLDAS NOAH model is available at various resolutions,
starting from a 0.25o x 0.25o global angular grid with a 3-hourly time resolution [1]. The GRACE
Mascons are provided with 10-day resolution on a 2o x 2o equal area grid from the beginning of the
GRACE period (2003) [2]. In our analysis we use a monthly average of the GLDAS NOAH model.
The GLDAS NOAH model contains three parameters that are of interest to us: soil moisture,
snow water equivalent, and canopy water. Since the GLDAS model does not account for ice sheet
processes, areas with permanent frost are masked out. Another problem with the GLDAS NOAH
model is that it is not designed to model groundwater, which is a significant part of the hydrology
system.

GRACE monitors the gravity field of the earth at a very high precision. By measuring temporal
variation in the gravity field, GRACE is essentially measuring the total surface mass change. This
allows it to detect changes in groundwater stocks, mass changes within the oceans, and the mass
balance over ice sheets. The GRACE GSFC mascons were generated employing modeling for
atmospheric pressure variation, non-barotropic ocean response, and ocean tides [2].

The variability distribution (soil moisture + snow water + canopy water) of the GLDAS hy-
drology signal is similar to that for the GRACE Mascons, which can be seen in Figure 1. It can
be seen that the variation of the hydrology signal is large in South America, Southern Africa, and
South Asia, which means that we can expect a large loading signal in these places.
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Figure 1. Standard deviation of the hydrology mass parameters in cm of water for (a) the GLDAS NOAH

model and (b) the GRACE Mascons for areas without permanent ice. The range is from 0 to 22 cm.

2. The Green’s Function Approach

According to Farrell (1972) [3] the local vertical displacement at time t due to mass loading at
a point with coordinates (λ,ϕ) is given by

uV (λ, ϕ, t) =

∫∫
∆m(λ′, ϕ′, t)GR(ψ) cos(ϕ′)dλ′dϕ′ (1)

uEW (λ, ϕ, t) = −
∫∫

sin(A)∆m(λ′, ϕ′, t)GH(ψ) cos(ϕ′)dλ′dϕ′ (2)

uNS(λ, ϕ, t) = −
∫∫

cos(A)∆m(λ′, ϕ′, t)GH(ψ) cos(ϕ′)dλ′dϕ′. (3)

Here ∆m is the mass change, ψ is the angle between radial vectors to (λ′,ϕ′) and to (λ,ϕ),
and GR(ψ) and GH(ψ) are the vertical and horizontal Green’s functions. A is the azimuth angle
between the local north vector and a vector pointing along the great circle toward the loading
mass.

3. Characteristics of Hydrology Loading Displacements

Figure 2 shows some typical loading series from the GRACE period (2003-2010). The loading
series shown are for two representative mid-latitude VLBI sites, Wettzell (Germany) and Harte-
beesthoek (South Africa). Both sites are inland sites and are not sensitive to errors in the land-sea
mask, which can cause errors for coastal and island sites. It is also clear that the three-dimensional
loading displacements are predominantly in the vertical direction. Generally peak-to-peak loading
displacements at VLBI sites are 3-10 mm in the vertical and a few millimeters in the horizontal. It
can also be seen especially in the vertical that the hydrology loading series for these sites are clearly
very seasonal. The peak-to-peak of the loading series is about 8 mm for Hartebeesthoek and 10
mm for Wettzell, which is large enough to be seen in VLBI analysis. The GRACE series has been
smoothed since the original series are very noisy. Displacements are dominated by the near-field
but the horizontal displacements additionally are more dependent on coherent signals farther away
from a station. Horizontal loading series are also more sensitive to errors in the land-sea mask.
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Figure 2. Loading series for Hartebeesthoek, South Africa and Wettzell, Germany.

4. Amplitude Variation of Vertical Loading on a Global Grid

To get a better picture of where the loading signal is significant we compute the loading for
each cell on a 1o x 1o global grid. Two parameters of interest are the amplitude and the phase
of the signal. Regions where the amplitude is expected to be large correspond to regions where
the variance of the hydrology data is large in Figure 1. The variance plots provide no information
about the phase of the signal. To estimate the amplitude and the phase, we fit a function for each
cell

f(t) = a+ bt+ c cos(2π(t− d/365.25)), (4)

where t is the decimal year. By expanding the cosine term we can use linear least squares to
estimate c > 0 and d ∈ [0, 365.25] which are the amplitude and the phase, respectively. The
estimated amplitudes and phases can be seen in Figure 3. The loading series peaks at t=d days,
when the mass load is minimum.

5. Improvements in VLBI Analysis

We applied our loading series in standard Calc/Solve VLBI analysis to determine whether site
position estimates were improved. We ran three solutions (without loading and then with each
loading correction) to estimate daily site positions for the sites in our weekly operational R1 and
R4 networks. We obtained the following results that can also be seen in Figure 4:

• Baseline length series variances are reduced for 80% of the baselines.
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days days

Figure 3. (Upper Left) GLDAS NOAH Hydrology Amplitude (Upper Right) GRACE Hydrology Amplitude

(Lower Left) GLDAS NOAH Hydrology Phase (Lower Right) GRACE Hydrology Phase.

• The GLDAS and GRACE hydrology loading series are correlated and have similar amplitudes
and phases.

• Applying GLDAS and GRACE hydrology loading series reduces VLBI vertical and horizontal
scatter.

6. NASA GSFC Hydrology Loading Service

We have established a loading service http://lacerta.gsfc.nasa.gov/hydlo/ where we provide
monthly loading series computed from the GLDAS NOAH model. Our monthly loading series are
available for approximately 170 VLBI sites. We also provide loading series on a 1x1 degree global
grid that can be accurately interpolated to any point of interest.

7. Conclusions

It has been verified that hydrology loading can be seen in VLBI analysis. Errors due to the
loading calculation algorithm are relatively small, whereas errors in the hydrology data are the
source of the largest errors in the loading series. The hydrology loading series were computed from
both the GLDAS NOAH model and the GRACE Mascons. The series are highly correlated, and
both improve the position estimates by accounting for significant variations. We also found that
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Figure 4. Improvement in baseline length (upper left) and position estimate improvement for the (upper

right) vertical, (lower left) north-south (lower right) east-west component. For each site, the left bar is

GLDAS and the right bar is GRACE.

almost 80% of the baseline length repeatabilities are improved when hydrology loading is applied
in VLBI analysis. We have seen that hydrology loading is usually very seasonal and very significant
for some areas such as the Amazon River Basin in South America, Southern Africa, and South
Asia. Generally, in comparison with coastal sites, the seasonal signal is usually large for inland
sites where the station position estimates are usually improved the most.
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Abstract

The measured uplift in Ny-Ålesund has varied with geodetic technique, analyzed strategy, and the
time period used. This has caused problems for both reference frame issues as well as the geophysical
interpretations of the results. In Arctic areas deglaciation after the last glacial maximum, Holocene ice
mass variation, and present day ice melt contribute to the land uplift. In addition, tectonic contribu-
tions cannot be excluded. We use both geometric and gravity data from the observatory in Ny-Ålesund
as well as in-situ mass balance measurements of local glaciers to separate the different processes con-
tributing to the land uplift in Ny-Ålesund and Svalbard. Measurements from the geodetic observatory
in Ny-Ålesund indicate land uplift much larger than expected from traditional models of glacial iso-
static adjustment. In addition, the land uplift shows large variations from year to year. A combination
of the measured variations in the land uplift along with local ice mass variations give a good constraint
on the land uplift caused by the present day ice melt. However, we are still not able to explain all the
measured uplift. The changes in measured gravity are consistent with the geometric measurements but
also much larger than expected from the glacial isostatic adjustment and the present day ice melt. The
ratio of unexplained gravity change and unexplained geometric uplift indicate a viscoelastic process.
The unexplained uplift is most likely caused by late Holocene ice mass variations.

1. Introduction

Earlier studies of the uplift in Ny-Ålesund have demonstrated large discrepancies. The differ-
ences are found between different techniques, analysis strategies, time periods, and observations
and models [1, 5, 6, 9, 12]. In ITRF2005 [1], different velocities for the different techniques were
given. The GPS receivers for different velocities before and after 2003 were included. The reason
for this change in velocity was unknown and caused large problems for reference frame realizations.
In Figure 1, the uplift given in ITRF2005 and ITRF2008 [2] for the two GPS receivers, NYAL and
NYA1, and the VLBI antenna are plotted. The velocity change was introduced in 2003 for the
GPS receivers to give a difference in height of above six centimeters if extrapolated to 2012.

In [6] and [9] the elastic response on the present day ice melt (PDIM) was proven to explain
the time varying component of the uplift. The measured uplift has also been larger than expected
from the viscoelastic response on the last glacial period [10]. [12] argued that a very large present
day ice melt could explain the large uplift; however, recent mass balance measurements, e.g. [7, 8],
do not indicate a large ice melt. Using both gravity and geometric measurements, [9] argues that
the large uplift is most likely due to the deglaciation after the little ice age which ended around
1890 in Ny-Ålesund.

In this paper we summarize the most important findings in [6] and [9]. We discuss these findings
in relation to reference frame issues.
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Figure 1. Height in Ny-Ålesund from ITRF solutions (left) and measured and modeled yearly uplift (right).

Left panel: The three upper curves are from ITRF2005, and the two lower curves are from ITRF2008. Solid

(black) lines are VLBI, and stippled (red and blue) lines are GPS (NYAL and NYA1, respectively). The

thin lines indicate extrapolations in the period after the actual reference realizations were performed. Right

panel: Stars (blue) are modeled, boxes (red) are from GPS, and circles (black) are from VLBI.

Figure 2. Time-series for uplift (left) and gravity (right) in Ny-Ålesund. The small red dots are daily vertical

GPS (left) and SCG (right) measurements. Large blue diamonds are absolute gravity measurements.

2. Measurements and Results

The GPS data from Ny-Ålesund are analyzed using the GIPSY-OASIS II software packages in
precise point position mode, and the VLBI data is analyzed using CALC/SOLVE. The supercon-
ducting gravimeter (SCG) data are filtered to daily values and calibrated using absolute gravity
observations. For more details about the processing see [5] and [9]. Daily coordinate time-series
are plotted in Figure 2 while the uplift rates for the periods 2000 to 2003, 2003 to 2006, and
2006 to 2010 are included in Table 1. We see a similar long term pattern for the GPS and SCG
measurements, indicating that geometric and gravimetric techniques observe the same geophysical
phenomena. However, the annual fluctuations are much larger with SCG. This is probably due
to seasonal variations in hydrological conditions. Yearly variations in the ice and snow cover may
greatly contribute.

In [5] and [6], large and systematical differences between uplift rates based on GIPSY on the
one hand and GAMIT and VLBI on the other side were revealed. The GPS solutions given in [9]
were based on GIPSY but differ significantly from the GIPSY solutions in [5] and [6]. The main
difference in the analysis strategy is that the absolute phase center calibration [4] had replaced the
old relative antenna phase center calibration. This newer GIPSY solution was in accordance with
the GAMIT and VLBI solutions in [5] and [6].
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Figure 3. Differences in uplift as a function of the number of new Block IIR satellites. The line is the

regression line of the differences.

The uplift based on GIPSY with relative versus absolute phase center calibration differs. The
differences vary for different time periods. In Figure 3, these differences are plotted as functions
of the number of block IIR satellites launched each year in the same time period. Note the
high correlation of 0.93 between the differences in measured uplift and the number of new block
IIR satellites. The use of relative versus absolute antenna phase center calibration may cause
systematic effects on the estimated positions and time-series [4]. At high latitudes where we
have no satellites near zenith, this may contribute especially to different uplift rates. The results
presented in Figure 3 indicate that the main problem is the relative calibration of the Block IIR
satellite antenna phase center.

Table 1. Measured and modeled values of piecewise linear trends for gravity and uplift.

Period ḣmeas(mm/yr) ġmeas(
µGal
yr ) ḣgia(mm/yr) ġgia(µGalyr ) ḣpdim(mm/yr) ġpdim(µGalyr )

2000–2002 4.4±0.27 -0.23±0.12 1.6 -0.24 0.7 -0.18
2002–2005 11.3±0.36 -3.22±0.13 1.6 -0.24 6.4 -1.67
2005–2010 7.4±0.19 -1.10±0.07 1.6 -0.24 2.1 -0.54

2000–2010 8.5±0.04 -1.77±0.01 1.6 -0.24 3.1 -0.81

3. Geophysical Models

In [5] the uplift in Ny-Ålesund due to PDIM was estimated to be 3.2 mm/yr for the period
between 1993-2008. They used a detailed ice and mass balance model for Svalbard which takes the
spatial pattern of present day ice mass loss into account as forcing for the elastic uplift modeling.
The elastic uplift modeling followed the approach in [3]. The ice and mass balance model corre-
spond to a mean ice mass loss of 0.37 m water equivalent (mweq)/yr across Svalbard. The ratio
between uplift and PDIM change was reported to be 8.7 mm/mweq. This implicitly assumes the
pattern of ice mass changes to be proportional for all time spans. In [6] the modeled uplift rates
were estimated by multiplying the reported ratio of 8.7 mm/mweq with mass balance values of
nearby glaciers obtained by the Norwegian Polar Institute [7]. The results are plotted in Figure 1
together with yearly measured uplift. The yearly measured uplift is obtained by fitting a step
function (a constant function extended with a heavy side function for each year, see [6] for details)
to a mean of the time-series from GPS and VLBI in Ny-Ålesund. Note the accordance between
measurements and observations (correlation coefficient of 0.8).
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Figure 4. Lovénbreen. The figure illustrates the retreat of Lovénbreen close to Ny-Ålesund.

For the time span from 16 June 2000 to 15 June 2010 we predicted an uplift of 3.1 mm/yr due to
PDIM. In [6] the uplift due to GIA was reported to be 1.6 mm/yr. The modeled uplift due to these
processes is then 4.7 mm/yr. That is 3.8 mm/yr smaller than actually measured. Using the theory
developed in [13], we obtained a ratio between gravity change and an uplift of −0.15 µGal/mm for
a viscoelastic process like GIA, while the ratio is approximately −0.26 µGal/mm if the uplift is an
elastic response to the PDIM. Using these ratios [9] find that the gravity change corresponding to
the modeled uplift (from GIA and PDIM) is −1.05 µGal/yr. Therefore, we have an unexplained
uplift of 3.8 mm/yr and an unexplained gravity change of −0.72 µGal/yr. The ratio between the
unexplained gravity change and the unexplained uplift is −0.19 µGal/mm, indicating a viscoelastic
process. This is most likely a viscoelastic response to the retreat of the glacier in the vicinity of
Ny-Ålesund after the little ice age [9] (see Figure 4 for an illustration).

4. Conclusion

Detailed analysis of the VLBI, GPS, and SCG measurements at Ny-Ålesund and Svalbard,
revealed variations in uplift and gravity. The modeled uplift and gravity change, based on in-situ
PDIM measurements given in Table 1, is consistent with measured values. Also, variations in
uplift from year to year are consistent with measured ice-mass loss. An increase in ice-mass loss
rate is present until 2005, while there is a decrease after 2005. This demonstrates that geodetic
techniques are able to recapture changes in PDIM.

Geophysical GIA and PDIM models under-predict the observed uplift. The large uplift is
possibly due to the retreat of the glacier in the vicinity of Ny-Ålesund after the little ice age.

The presence of non-linear features in the geodetic time-series from Ny-Ålesund make it nec-
essary to use consistent time periods when making geophysical interpretations. Time-series from
different time spans will contain different geophysical signals and are consequently not comparable.
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Non-linear station motion is also a huge challenge for accurate reference frame realization (e.g.,
the ITRF2005 effect showed in Figure 1). The present regime with reference frames given as a
catalog of coordinates and velocities has proved to be successful. The main problem has been
stations in active tectonic areas, which have been excluded from the datum realizations. With
the GGOS [11] requirement of a reference frame accuracy of 0.1 mm/yr, many more stations will
appear unstable. In this paper we have studied the significant contribution from ice on the uplift.
Loading effects due to hydrology, atmosphere, etc. may also have significant impact. In addition,
tectonic and neo-tectonic effects are important. To achieve an accuracy of 0.1 mm/yr, methods to
incorporate different kinds of non-linear effects into the reference frame have to be developed. The
authors see two different solutions: (1) either a more dynamic realization of the reference frame,
for instance a daily, weekly, or monthly reference frame realization allowing the network stations
to move non-linearly, or (2) a station motion model including more geophysical effects.
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Abstract

We present frequency link instabilities derived from the analysis of VLBI and GNSS data observed
during the CONT08 and CONT11 campaigns. The majority of the stations involved in these two
CONT campaigns did connect their VLBI and GNSS equipment to the same hydrogen masers used as
the common local frequency standard. This allows comparison of the frequency instability on individual
baselines from both VLBI and GNSS data analysis. This was done by analyzing the relative clock
parameters. For VLBI the relative clock parameters with respect to a reference clock in the VLBI
networks were derived from standard VLBI data analysis. For GNSS the relative clock parameters
were calculated by differencing station clock parameters derived from GNSS precise point positioning
analyses. The Overlapping Allan Deviation analysis was then applied to determine the frequency
instability between pairs of stations. The most stable baseline for both CONT08 and CONT11 is the
baseline between Onsala and Wettzell with instabilities of about 1.6e-15 at time intervals of one day.
Frequency estimates from VLBI and GNSS analysis agree to a level of better than 5e-16 for the two
week long data set with an RMS of less than 100 ps.

1. Introduction

National Metrological Institutes (NMI) often have the task of realizing UTC. Usually this is
achieved by operating ensembles of frequency standards such as cesium clocks, cesium fountains,
hydrogen masers, etc. The recommendation is to realize UTC with an accuracy of better than
±100 ns. For this purpose the NMIs need to compare their clocks repeatedly with other NMIs.
Several redundant techniques are used for these comparisons, e.g., two-way satellite time and
frequency transfer (TWSTFT), various GNSS-based techniques, etc. [5].

In this context the use of VLBI has been discussed quite a long time ago. In the 1970s and
1980s there was quite a lot of interest in using VLBI for this purpose. In the 1990s the focus moved
more to GNSS-methods, while in recent years there has been increased interest in VLBI from the
metrology community. A short summary of important references is given in [3].

The more recent results indicate that VLBI reaches the same level of accuracy for frequency
transfer as GNSS-based approaches [3]. Thus VLBI has a potential to serve as an alternative for
frequency transfer that is independent from any satellite operator and potential problems due to
natural or man-made disturbances of satellite operations.

In the following we present results from frequency link instability studies using VLBI and GNSS
data observed during the two continuous campaigns CONT08 and CONT11.
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2. CONT08 and CONT11

The continuous VLBI campaigns CONT08 and CONT11 were observed during August 12-31,
2008, and September 15-29, 2011, involving 11 and 13 IVS stations, respectively. The involved
stations also operate co-located GNSS stations that are part of the IGS network. For the CONT08
campaign, 7 out of the 11 and for the CONT11 campaign 11 out of the 13 stations used the same
hydrogen maser for the local frequency distribution for both the VLBI and the GNSS equipment.
Table 1 gives an overview of the IVS and IGS stations involved.

Table 1. IVS and IGS stations contributing to CONT08 and CONT11.

IVS IGS Common frequency standard for VLBI and GNSS

Participating in both CONT08 and CONT11

HARTRAO HRAO Yes: EFOS-C 28
KOKEE KOKB Yes: Sigma Tau
NYALES20 NYAL Yes: APL No 2
ONSALA60 ONSA Yes: CH1-75A
WESTFORD WES2 Yes: APL No 3, Yes: APL No 4
WETTZELL WTZR Yes: EFOS 18
TIGOCONC CONZ Yes: EFOS 24 (CONT08), Yes: EFOS 20 (CONT11)
TSUKUB32 TSKB No: Anritsu RH401A (Cont08), Yes: Anritsu SA0D05A (CONT11)
ZELENCHK ZELE No: CH1-80 (CONT08), Yes: VCH-1003A and CH1-80M (CONT11)

Participating only in CONT08

MEDICINA MEDI Yes: EFOS 4
SVETLOE SVTL No: CH1-80

Participating only in CONT11

BADARY BADG Yes: CH1-80M
FORTLEZA BRFT No: Sigma Tau
HOBART12 HOBA No: VCH-1005A
YEBES40M YEBE Yes: EFOS iMaser S/N 66

3. VLBI and GNSS Data Analysis

The VLBI data of both CONT campaigns were analyzed with the VLBI data analysis software
Calc/Solve [1]. The setup was a standard network solution using the 15 days of each CONT
campaign independently. Radio source coordinates were fixed to ICRF2, while station coordinates
were kept fixed on VTRF2008a values. However, for CONT11 the station coordinates of Tigo
Concepción and Tsukuba were estimated on a daily basis since these two stations were affected by
earthquakes in early 2010 and early 2011, respectively. Earth rotation and orientation parameters
were estimated on a daily basis. Atmospheric parameters were estimated as piece-wise linear
offsets for zenith wet delays every 20 minutes and horizontal gradients once a day. As constraints
we used 50 ps/hour for the zenith wet delays, 0.5 mm for the gradient offset, and 2 mm/day for the
gradient rate. One station clock was used as a reference clock, and clock parameters for all other
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stations were estimated as daily second order polynomials together with additional continuous
spline corrections every 20 minutes. The clock constraints were 5e-14. The results of interest for
the study of frequency link instability are the daily time series of relative clock parameters.

The GNSS data analysis was performed with the NRCAN-PPP software [2]. GPS data of
the individual stations were analyzed with the precise point positioning strategy in a continuous
mode, i.e. avoiding 24 hour batches. Final orbit products were used, and station positions were
estimated on a daily basis. Zenith wet delays and horizontal gradients were estimated as random
walk parameters. Clock parameters were estimated as a white noise parameter with 1 minute
updates. The results of interest for the study of frequency link instability are the time series of
clock parameters. Relative clock parameters with respect to the same reference station as in the
VLBI case were calculated by differencing the time series of clock parameters.

4. Frequency Instability Analysis

In a first post-processing step so-called day boundary offsets had to be removed from the VLBI
relative clock parameters in order to create continuous time series. These day boundary offsets
are artifacts caused by the VLBI processing with the Solve software that is based on databases
including 24 hours of data. Since one database at a time is analyzed, there is no continuity of
the clock parameters at day boundaries. Small offsets occur that need to be removed. For the
continuous GNSS-analysis such offsets do not occur.

In the next step quadratic clock models were fitted to the 15-day long continuous time series of
relative clock parameters from VLBI and GPS. This was done since we compare the link instabilities
of the two methods (VLBI vs. GPS) and not the clocks themselves. The assumption behind that
is that the clocks are inherently stable during time intervals of up to one day and that the links
are more noisy than the clocks. Figure 1 depicts examples for time series after removing quadratic
clock models for the baseline Onsala-Wettzell for both VLBI (top left) and GPS (top right) for
CONT11. These time series were the input to the Overlapping Allan Deviation (OADev) analysis
to derive the frequency instability. Additionally, the time series were differenced (GPS-VLBI) and
a linear fit to these differences was calculated. The tilt of the linear fit represents the difference
between the frequency estimates of VLBI and GPS for every baseline, thus expressing the degree
of agreement between the methods. An example is shown in the bottom graph in Figure 1.

Examples for the Overlapping Allan Deviation analyses are presented in Figure 2. Shown are
the VLBI results for all CONT08 (left) and CONT11 (right) baselines. For the baseline providing
the best results in both CONT campaigns, Onsala-Wettzell, the Overlapping Allan Deviation at
one day is on the order of 1.6e-15 and better. Table 2 lists the results for both CONT campaigns.

5. Conclusions and Outlook

The analysis of CONT08 and CONT11 indicates that VLBI and GNSS perform equally for
frequency comparisons. Overlapping Allan Deviations for one day on the order of 1.2e-15 and
better can be achieved. VLBI and GPS derived frequency estimates agree in most cases with
common clocks at a level of 5e-16, with residual phase differences on the order of 100 ps RMS.
This makes VLBI an interesting alternative to the usual techniques applied for frequency transfer.
With the upcoming VLBI2010 system [4], continuous time and frequency transfer with VLBI could
thus become reality.
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Figure 1. Top graphs: relative clock parameters on the baseline Onsala-Wettzell during CONT11 from

VLBI (left) and GPS (right). Raw data are shown as red plus signs, while residuals after subtracting a

quadratic clock model are shown as blue stars. Bottom graph: differences between the VLBI and GPS clock

residuals in the two above graphs. The green straight line represents a linear fit to the differences (red plus

signs), and its tilt represents the relative frequency trend between VLBI and GPS solutions.

Figure 2. Frequency link instability for CONT08 (left plot) and CONT11 (right plot).
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Table 2. Frequency link performance for CONT08 and CONT11. Onsala is used as the reference clock.

Shown are the Overlapping Allan Deviations (OADev) at one day for VLBI (V) and GPS (G), the relative

frequency trend (∆f) for GPS-VLBI (G-V), and the root-mean-square (RMS) of the linear fit for GPS-VLBI.

Station CONT08 CONT11

V G G-V V G G-V
OADev @ 1 day ∆f RMS OADev @ 1 day ∆f RMS

Participating in both CONT08 and CONT11

HART 1.9e-15 8.5e-16 3.8e-17 260 ps 4.6e-15 4.9e-15 1.3e-15 337 ps
KOKE 3.0e-15 3.2e-15 7.4e-17 210 ps 2.5e-15 2.2e-15 1.2e-15 146 ps
NYAL 6.8e-15 6.5e-15 −4.5e-16 110 ps 8.6e-15 1.4e-14 −2.1e-16 645 ps
WEST 7.1e-15 8.4e-14 − − 9.9e-15 9.6e-15 −2.6e-16 176 ps
WETT 1.2e-15 6.2e-16 4.8e-16 70 ps 1.6e-15 1.5e-15 −2.2e-17 92 ps
TIGO 4.3e-15 6.1e-09 − − 2.3e-15 1.8e-15 −1.2e-15 176 ps
TSUK 1.2e-13 6.5e-14 − − 2.0e-15 3.6e-13 −9.2e-16 183 ps
ZELE 4.0e-14 4.1e-10 − − 1.8e-15 1.9e-15 1.7e-16 114 ps

Participating only in CONT08

MEDI 1.2e-14 1.2e-14 1.2e-15 340 ps
SVET 2.8e-12 1.1e-12 − −
Participating only in CONT11

BADA 2.9e-14 1.9e-15 −1.1e-15 107 ps
FORT 1.2e-14 5.1e-14 2.4e-13 4.6 ns
HOBA 1.1e-14 5.6e-15 −5.9e-13 1.3 ns
YEBE 3.0e-14 3.6e-15 −9.3e-16 303 ps
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Abstract

A 9.0-magnitude earthquake named “the 2011 off the Pacific coast of Tohoku Earthquake” hit
eastern areas of Japan on March 11. The gear wheel for the elevation drive of the Tsukuba 32-m
VLBI antenna swayed due to the earthquake, but there was no critical damage to the antenna or
other equipment. Many aftershocks followed in the few weeks afterwards. Tsukuba 32-m returned to
IVS VLBI observing on April 4. The observed VLBI sessions produced VLBI positions for Tsukuba,
and co-seismic and post-seismic displacements were detected by VLBI. By the way, GSI has installed
and maintains over 1,200 GNSS-based control stations, a large number of triangulation points, and
benchmarks throughout Japan. Since the crustal displacement was widespread and its magnitude was
very large, we needed to revise the coordinates of many control points. This revision covered the eastern
half of Honshu Island with 438 GNSS-based control stations, approximately 43,000 triangulation points,
and approximately 1,400 benchmarks. New coordinates, except for these benchmarks, were calculated
based on the amount of displacement detected by VLBI on May 10.

1. Japan Having a Lot of Earthquakes

Since the year 1900, a lot of massive earthquakes have occurred in the world. It is said that the
largest earthquake in recorded history is the Valdivia Earthquake (Chile) in 1960 with a magnitude
of 9.5. The 1964 Alaska Earthquake is the next largest. In recent years, an Mw 9.1 earthquake
occurred near Sumatra Island, Indonesia in 2004, and a major earthquake struck Chile again in
2010. The megaquake that hit Eastern Japan in 2011 needs also to be ranked as one of the biggest
earthquakes, comparable to the previously mentioned quakes.

The Japanese archipelago is located on the boundaries of four tectonic plates: the Eurasian
Plate, the North American Plate, the Pacific Plate, and the Philippine Sea Plate. Many earth-
quakes around Japan have occurred along the subduction zones of the Pacific Plate and the Philip-
pine Sea Plate. The Tohoku Earthquake of 2011 was also a typical plate-boundary-type earthquake
that occurred where the Pacific Plate subducts under the North American Plate. The Geospatial
Information Authority of Japan (GSI) installed four VLBI stations: Tsukuba and Shintotsukawa
on the North American Plate, Aira on the Eurasian Plate, and Chichijima on the Philippine Sea
Plate; and GSI has been conducting VLBI observing sessions. The velocities of these plates are
detected by the global analysis of VLBI data. According to the VLBI analysis, the Philippine Sea
Plate and the Pacific Plate have large velocities toward the Northwest. The Eurasian Plate, on
which Aira and Shanghai are located, moves with a velocity of 3 cm/year toward the Southeast
(Figure 1).

In Japan, there have been several major earthquakes since early times. One of the most
famous earthquakes is the Great Kanto Earthquake of 1923. This earthquake hit the capital of
Tokyo directly and caused quite a lot of harm to a lot of people. Recently, the Mw 6.9 earthquake
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(the Hanshin-Awaji Earthquake) hit Kobe, one of the largest cities in Western Japan. As this
earthquake occurred in the early morning, a lot of fires broke out in the central area of Kobe.
Because the hypocenter was near the urban area, many buildings and constructions collapsed.
The collapse of the Hanshin Expressway made headlines throughout the world as a symbol of
destruction caused by the earthquake.

Figure 1. Plate velocities around Japan.

2. 2011 Off the Pacific Coast of Tohoku Earthquake

The earthquake occurred at 2:46 p.m. JST on 11 March 2011. Its official name by the Japan
Meteorological Agency (JMA) is “the 2011 off the Pacific coast of Tohoku Earthquake”. The
epicenter was reported to be at 38◦6′12′′ North latitude, 142◦51′36′′ East longitude, 24 km deep,
130 km off the East coast of the Oshika Peninsula. The JMA initially reported the earthquake as
a magnitude 7.9 on the JMA magnitude scale (Mj), and quickly revised it up to 8.4 , then to 8.8,
and then finally to Mw 9.0 on March 13. Following the main shock, a 7.6 aftershock happened
off the coast of Ibaraki at 3:15 p.m., two other massive aftershocks of Mj>7.0 followed within
less than an hour after the main event. In the one-year period up to 26 April 2012, some 669
aftershocks of Mj>5.0 were registered; 102 of these were larger than Mj 6.0 and six exceeded Mj
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7.0. The earthquake triggered powerful tsunami waves. The JMA tide gauge station at Soma in
the Fukushima Prefecture observed a 9.3-meter-high tsunami wave. The tsunami rose to over 40
m at Miyako City in the Iwate Prefecture. Tsunami waves arrived as far away as the West coasts
of the United States and Chile. More information is shown in Table 1.

Table 1. Earthquake Summary.

Date 11 March 2011

Time 14:46 JST (05:46 UTC)

Epicenter 130 km ESE off Oshika Peninsula
Latitude: 38◦6′12′′ N
Longitude: 142◦51′36′′ E

Depth 24 km

Magnitude Mw 9.0

Tsunami 9.3 m or higher at Soma (Fukushima Pref.)

Largest aftershock Magnitude 7.6 at 11 March 2011 15:15 JST (06:15 UTC)

Casualties 15,858 deaths,
6,077 injured,
3,057 people missing

Damage Fully-destroyed buildings: 129,527,
Partially-destroyed buildings: 256,877

3. Damage in Tsukuba and Kashima

Tsukuba City, where GSI is located, is about 300 km southwest of the epicenter. The main
shock caused a blackout for two days and an interruption in the water supply for three days. Roof
tiles of many residential buildings came down; boundary fences and walls collapsed. Meanwhile, in
Kashima, where the National Institute of Information and Communications Technology (NICT)
is located, the damage was much worse: tsunami waves swamped the area and railway tracks near
NICT were twisted (Figure 2). The buildings at NICT and the 34-m VLBI antenna were also
damaged.

The gear wheel for the elevation drive of the Tsukuba 32-m VLBI antenna swayed because of
the earthquake and some of the computers in the Correlator room fell down and broke. However,
most of the equipment of the Tsukuba VLBI Station and Correlator survived with only minor
damage. Since we were concerned about aftershocks, we suspended VLBI operations for a while.

4. Crustal Displacement Observed by GEONET

The GNSS Earth Observation Network System (GEONET), which is established and main-
tained by GSI and consists of 1,240 points of GNSS-based control stations, observed the largest
displacement that it had seen in its almost 20-year lifetime. At the GNSS station “Oshika” in the
Miyagi Prefecture close to the epicenter, displacements of 5.3 m in the horizontal and -1.2 m in
the vertical were registered (Figure 3). These values comprise the co-seismic displacements of the
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Figure 2. Twisted railway tracks near Kashima (Photo by T. Kondo).

main shock and several aftershocks plus the post-seismic movement in the first five hours after the
megaquake. Most parts of Eastern Japan moved to the Southeast or East and subsided by the
co-seismic displacement. As of 31 October 2011, 0.79 m of post-seismic movement was detected at
the GNSS station “Yamada” in the Iwate Prefecture [1].

5. Restarting VLBI Operations and the Results

VLBI operations at Tsukuba started again on 4 April 2011 with session R1477, 24 days after
the earthquake. The seismic displacement (co-seismic plus post-seismic) detected by this session
was (E,N,U) = (65.1, 1.9, -6.7) (cm) (Figure 4). The additional post-seismic movement detected
by VLBI over the 315 days since this session was (17.0, -4.5, 1.3) (cm).

Tsukuba 32-m is one end of the baseline of the UT1 Intensive session series Int2. The position
variation at Tsukuba 32-m due to the co-seismic displacement and a long-running post-seismic
motion have an influence on the estimation of UT1-UTC. We applied the correction provided by
NASA/GSFC to the post-earthquake position of Tsukuba 32-m in the operational analysis of the
UT1 Intensive sessions. The estimated value of UT1-UTC is consistent with the weekday Intensives
(Int1) on the Kokee-Wettzell baseline.

6. Revision of Survey Results of Control Points

GSI has installed and maintained not only GNSS-based control stations but also a large number
of triangulation points and benchmarks throughout Japan for the purpose of infrastructure for
administration of the country. They have published survey results of them (coordinates of control
points) which are used for the public surveys conducted by local governments. According to the
Survey Act, Article 31, in the case where the position is changed, for instance, by an earthquake,
GSI shall revise the coordinates of the control points.
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Figure 3. Crustal displacement detected by GEONET.

After the March 11 earthquake, GSI determined that the revision area was where the maximum
shear distortion exceeded 2 ppm and interrupted to publish the survey results in this area on 14
March 2011. In case of a narrower revision area, the coordinates of the revised control points were
calculated by using coordinates of some GNSS-based control stations outside of the revision area
as given coordinates. However, since the crustal displacement was widespread and its magnitude
was very large, we decided to use the estimated VLBI position of the Tsukuba 32-m antenna as a
practical origin coordinate of revising the control points. The VLBI position in the ITRF2008 frame
was determined by an international VLBI session (R1482) on 9–10 May, giving a strong constraint
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Figure 4. Tsukuba 32-m position variation by VLBI observations.

to the five stations that participated in this session beside Tsukuba. Then the position of the IGS
station TSKB was calculated by adding the co-location vector from VLBI to TSKB. Furthermore
438 of the GNSS-based control station coordinates in the revision area were calculated. These
coordinates were published on 31 May 2011, two-and-a-half months after the March 11 earthquake
[2]. The coordinates of the other control points were calculated by resurveying or applying the
adjustment parameter, and published on 31 October 2011. As a result, out of 45,674 control points,
35.3% in Japan were revised (Table 2).

Table 2. Number of revised control points.

Type of control point Number of points (revised/total)

GNSS-based control stations 438/1,240

Triangulation points 43,857/109,074
1st-order 353/975
2nd-order 2,140/5,060
3rd-order 15,170/32,326
4th-order 26,194/70,713

Benchmarks 1,379/18,239

Total: 45,674/128,553 (35.3%)

438 IVS 2012 General Meeting Proceedings



Shinobu Kurihara et al.: The Impact of the Tohoku Earthquake on the Tsukuba VLBI Station

7. Summary

The Tohoku Earthquake and great tsunami inflicted enormous damage on Japan. Even in the
Ibaraki Prefecture, where GSI and NICT are located, many roads and buildings were damaged.
GSI observed larger displacements than ever before by using space geodetic techniques (GPS
and VLBI), the results of which became well-known throughout the world. The post-earthquake
position of the Tsukuba VLBI station became the practical origin of the revised control points
which is 35% of total control points in Japan.

The government of Japan spent a huge additional budget for rehabilitation and reconstruction.
In this budget, we submitted the proposal for constructing a new VLBI2010 antenna and it was
approved. In view of major earthquakes anticipated in the near future, GSI will complete the new
VLBI2010 station and continue the international VLBI observation.
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Abstract

The VLBI antenna TSUKUB32 at Tsukuba, Japan observes in 24-hour observing sessions once per
week with the R1 operational network and on additional days with other networks on a more irregular
basis. Further, the antenna is an endpoint of the single-baseline, 1-hr Intensive Int2 sessions observed
on the weekends for the determination of UT1. TSUKUB32 returned to normal operational observing
one month after the earthquake. The antenna is 160 km west and 240 km south of the epicenter
of the Tohoku earthquake. We looked at the transient behavior of the TSUKUB32 position time
series following the earthquake and found that significant deformation is continuing. The eastward
rate relative to the long-term rate prior to the earthquake was about 20 cm/yr four months after
the earthquake and 9 cm/yr after one year. The VLBI series agrees closely with the corresponding
JPL (Jet Propulsion Laboratory) GPS series measured by the co-located GPS antenna TSUK. The
co-seismic UEN displacement at Tsukuba as determined by VLBI was (-90 mm, 640 mm, 44 mm).
We examined the effect of the variation of the TSUKUB32 position on EOP estimates and then
used the GPS data to correct its position for the estimation of UT1 in the Tsukuba-Wettzell Int2
Intensive experiments. For this purpose and to provide operational UT1, the IVS scheduled a series
of weekend Intensive sessions observing on the Kokee-Wettzell baseline immediately before each of the
two Tsukuba-Wettzell Intensive sessions. Comparisons between the UT1 estimates from these weekend
sessions and the USNO (United States Naval Observatory) combination series were used to validate
the GPS correction to the TSUKUB32 position.

1. Introduction

On March 11, 2011 a magnitude 9.0 earthquake shook the Earth near the northeast coast of
Honshu, Japan. The shaking also triggered a major tsunami that hit the coast shortly after the
quake. The epicenter of the earthquake was located at a depth of about 29 km at 38.30◦N and
142.37◦E. This location is about 340 km NNE of the city of Tsukuba, the location of the VLBI
telescope TSUKUB32. The co-seismic displacement is primarily in the east-west direction which
is consistent with the direction of the Pacific plate velocity at Tsukuba.

The IVS (International VLBI Service for Geodesy and Astrometry) has several network stations
in relative proximity to the affected area. Depending on the distance to the epicenter, these stations
(e.g., Tsukuba, Kashima, Mizusawa) experienced a co-seismic displacement of several decimeters
to meters, and the process of post-seismic relaxation is still ongoing. While these stations dropped
out of the IVS observing plan immediately following the quake, every effort was undertaken to
reestablish observing as soon as possible. This is particularly important in order to precisely
determine the new position and velocity. Tsukuba commenced observing in 24-hour sessions about
one month after the event.
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Tsukuba plays a special role in the IVS observing plan, as it constitutes a non-redundant
endpoint of the baselines of the weekend Intensives (Int2 and Int3). Given the displacement and
the continuing relaxation caused by the earthquake, it is no longer valid to determine the a priori
position of Tsukuba from its pre-earthquake position and velocity. As the position is held fixed
in the dUT1 determination, any error in the position at the epoch of the session will propagate
directly into the dUT1 estimate.

2. Post-earthquake Motion
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Figure 1. East VLBI and GPS displacements.
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Figure 2. North VLBI and GPS displacements.
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Figure 3. Vertical VLBI and GPS displacements.

In our standard terrestrial reference frame
CALC/SOLVE solutions, we estimate site po-
sitions and velocities as global parameters. To
investigate the behavior of the position of
TSUKUB32, we modified the solution to esti-
mate the mean TSUKUB32 position for each
VLBI 24-hour experiment. Figures 1, 2, and 3
show our solution for the local site coordinate
variation for TSUKUB32 due to the earthquake.
Offsets, rates, and annual and semi-annual terms
were estimated from VLBI or GPS series before
the earthquake and removed from each series
to generate the plotted series. We have com-
pared the post-seismic trends from VLBI and
GPS measurements. In these figures, we also
show the trend derived from daily GPS position
series from JPL (courtesy of Mike Heflin).

There is clear nonlinear variation after the earthquake in all components. The East and North
components show clear transient behavior. In the vertical, there is some apparently systematic
variation seen in the GPS estimates from 2011.5–2011.8 that is not seen in the VLBI estimates
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(although they are very noisy). We fit the post-seismic VLBI data using a transient decay model,
where t0 is the epoch of the earthquake:

X(t) = X0 +X1[1 − exp(−(t− t0)/τc)].

The fits gave characteristic decay times, τc, of 131 days and 62 days for the East and North
components, respectively. The corresponding co-seismic amplitudes, X0, were 640 mm and 44 mm.
The models fit the VLBI data fairly well for times greater than about one month after the earth-
quake. In general there is good agreement between the horizontal trends of the VLBI and GPS
series. The first post-earthquake GPS point is from March 12, one day after the earthquake.
The post-earthquake GPS East and North displacements for this measurement were 550 mm and
52 mm. The first month of GPS values indicate that the East and North positions decreased much
more sharply than the above transient model derived from the VLBI data. A simple transient
model is not sufficient to model the observed GPS variation over the whole range of GPS values.
The estimates of the co-seismic offsets from VLBI data are clearly inaccurate because of the lack
of VLBI data directly after the earthquake.

3. Intensive Sessions

3.1. Operational Correction

The IVS carries out operational one-hour Intensive sessions every day of the week to determine
rapid UT1–UTC. The Kokee–Wettzell baseline is observed from Monday through Friday in Int1
sessions. On the weekend, the Int2 Intensives observe on the Tsukuba–Wettzell baseline. After
the earthquake, the IVS set up a special set of sessions to observe on the Kokee–Wettzell baseline
immediately before the regular Int2 sessions. These sessions provided UT1 weekend operational
measurements until a correction for the Tsukuba position variation was determined. During the
period after the earthquake, USNO included the special weekend Kokee–Wettzell UT1 data in the
usno finals.daily combination, but not the Tsukubu–Wettzell UT1 data.

Analysis of the Intensive experiments requires that the positions of the two stations of single
baseline networks be well known so that their positions can be fixed. Any error in the a priori
positions will propagate to UT1 error. For the Tsukuba-Wettzell baseline, the sensitivities of UT1
to errors in UEN at Tsukuba are ∆UT1/∆U = +0.25 µsec/mm, ∆UT1/∆E = −1.50 µsec/mm,
and ∆UT1/∆N = −0.85 µsec/mm. Since the Tohoku earthquake, the position of TSUKUB32 has
continued to change non-linearly (after the initial co-seismic jump) relative to the long-term trend
of TSUKUB32 prior to the earthquake. We have investigated procedures for determining a good
a priori position for TSUKUB32 suitable for Intensive analysis.

We have used the change in GPS position since the earthquake (shown in Figures 1–3) to correct
the VLBI position. The Tsukuba Int2 sessions have been analyzed with this correction to deter-
mine UT1. USNO routinely generates a geodetic technique combination EOP (Earth orientation
parameter) solution, usno finals.daily, for the International Earth Rotation and Reference Systems
Service (IERS). To determine how well we have made the correction, Nick Stamatakos (USNO) has
performed test combination solutions that incorporate our corrected Tsukuba–Wettzell UT1 series.
Figure 4 shows the Tsukuba–Wettzell UT1 residuals relative to the test version of usno finals.daily
without any correction for the earthquake. Figure 5 compares the residuals of the corrected Int2
series with the residuals of the special weekend Intensives on the Kokee–Wettzell baseline. Table 1
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compares the residual differences (bias and wrms) between the Kokee–Wettzell and the Tsukuba–
Wettzell Intensive series and the usno finals.daily series. The corrected UT1 Tsukuba–Wettzell
Int2 series agrees with the combination series at the same level as the Int1 and pre-earthquake
Int2 UT1 series.
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Table 1. Differences between Intensive series and the USNO combination.

Baseline Period Bias WRMS
[µsec] [µsec]

Kokee–Wettzell Special weekend since earthquake −2.8 14.4
Tsukuba–Wettzell Int2 since earthquake −5.9 15.4

Kokee–Wettzell Int1 2009–2011 −3.7 15.1
Tsukuba–Wettzell Int2 2010 −10.1 15.7

3.2. Tsukuba Position Service

We are currently providing a post-seismic correction for the position of TSUKUB32. It is based
on the GPS series generated by JPL (Mike Heflin). For each point in the post-earthquake non-
linear series, we make a linear fit over the last 30 days to smooth the series and provide a prediction
forward (for operational use). Files are updated every day with the latest GPS data. The JPL time
series are updated using final orbits computed from the previous week of observations. Depending
on the day of the week that a position is desired, the latency of the correction can be 8–14 days.
Files are provided at ftp://gemini.gsfc.nasa.gov/pub/misc/dsm/tsukuba.
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4. R1 Sessions

The IVS observes 24-hour sessions on a regular basis typically using a network of 7–10 stations.
TSUKUB32 is a core station in the operational weekly R1 network. It observed until 7 March
2011 (four days before the earthquake) and resumed observing on 11 April 2011. We considered
three possible options for handling TSUKUB32 in analysis: 1) delete the TSUKUB32 data entirely,
2) estimate the TSUKUB32 position for each 24-hour session (current GSFC procedure), and 3)
apply the post-earthquake GPS correction to the a priori Tsukuba position without estimation of
its position for each session.

TSUKUB32 is very important for the network geometry. Estimating the TSUKUB32 po-
sition for each session weakens the data from TSUKUB32. Applying the GPS correction for
post-earthquake change strengthens the contribution from the TSUKUB32 data and reduces the
corresponding EOP uncertainties. The results in Table 2 show that correcting the position of
Tsukuba yields the best formal EOP uncertainties and clearly improves the wrms agreement of
polar motion estimates with GPS.

Table 2. EOP uncertainties and IGS differences.

Uncertainties IGS WRMS Differences
xp yp UT1–UTC dψ sin ε0 dε xp yp LOD

[µas] [µas] [µs] [µas] [µas] [µas] [µas] [µs/d]
No Tsukuba 91 82 4.1 65 69 111 120 19.5

Estimate Tsukuba 68 67 3.2 44 45 112 112 16.0
Correct Tsukuba 54 60 2.5 44 45 90 90 16.3

5. Conclusion

Post-seismic relaxation is ongoing, and the position of Tsukuba is continuing to change non-
linearly relative to the pre-earthquake long-term rate. The post-earthquake variations estimated
from VLBI and GPS measurements are in good agreement, which allows us to use the more
frequent GPS measurements to determine a correction for the VLBI post-earthquake position.
The VLBI Int2 UT1–UTC estimates from the Tsukuba–Wettzell baseline Intensives are clearly
better after correcting the VLBI a priori position of Tsukuba using GPS data. Agreement of the
corrected Int2 UT1–UTC estimates with the USNO combination series, usno finals.daily, is at the
level of agreement of the Int1 and pre-earthquake Int2 series. We have developed a procedure to
compute the latest post-earthquake GPS correction operationally for use in rapid service analysis
of Intensive sessions involving TSUKUB32. We have found that VLBI polar motion agrees better
with IGS EOP when the post-earthquake GPS correction is applied in 24-hour R1 session analysis.
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Abstract

We determine the new coordinates for the Tsukuba VLBI station, which was affected by the Tohoku
earthquake on March 11, 2011. A total of 31 IVS-R1 sessions dating from 2011-01-03 to 2011-09-12
were pre-processed with Vienna VLBI Software (VieVS v. 1d), removing low quality data, clock breaks,
and outliers. A priori coordinates from NGS file headers were used for TSUKUB32 in order to exclude
the station from NNT/NNR conditions. After the initial VieVS analysis, a visualization tool was
written in Matlab to analyze the possible change in the coordinates and to detect possible low quality
measurements missed by initial processing. The visualization tool has a functionality to transform the
ECEF coordinates and errors acquired with VieVS to the local tangent plane of Tsukuba for better
comparison possibilities. The visualization tool was written in a way that it could be added in the
next version of VieVS as a general time series tool. The time series demonstrated a clear shift in the
coordinates before and after the quake. A co-seismic shift of (X,Y,Z) = (-36.9, -54.7, -2.4) was detected
in ECEF and (E, N, U) = (65.6, 2.0, -6.9) cm in ENU. Also post-seismic movement was clearly seen
in the time series.

1. Introduction

The proximity of the Tsukuba VLBI station to the epicenter of the 11 March 2011 magnitude
9 Mw earthquake in Tohoku, Japan offered a chance to study and model the subsequent change in
the station position using VLBI observations from Tsukuba. Out of the multiple VLBI analysis
software available, Vienna VLBI Software (VieVS [1]) offered a possibility both to analyze the
effect of the earthquake and to validate and compare the findings with results obtained with other
analysis software and space geodetic techniques (e.g., GPS).

2. Objectives and Strategy

We set out to determine the co- and post-seismic movement of the Tsukuba VLBI station by
analyzing VLBI observations with VieVS and in the process to create an efficient VieVS-compatible
time series plotting tool to visualize the results. The Matlab visualization tool was written in such
a way that it could be utilized as a more general utility with VieVS in the future.

To determine the movement of the station, 24-hour sessions containing TSUKUB32 were se-
lected for analysis. In order to cover an adequate time span before and after the main shock,
initially a time span of 271 days from 2011-01-01 to 2011-09-30 was selected. During the time
period, TSUKUB32 participated in a total of 44 24-h sessions. For consistency the IVS-R&D,
APSG, and CONT11 sessions were excluded from the analysis. In addition to this, the NGS card
of the R1 session on September 6th caused a program error in VieVS and was thus excluded from
processing. Consequently a total of 31 R1-sessions were included in the analysis, covering a time
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period from 2011-01-03 to 2011-09-12.

3. Analysis Conditions and Procedure

The selected sessions were analyzed individually using VieVS version 1d. The modeling options
used in the analysis are presented in Table 1.

Table 1. Modeling options for R1 sessions.

Parameter VieVS modeling option

TRF VTRF2008
CRF ICRF2
Ephemeris JPL 421
A priori EOP IERS C04 08
Precession/Nutation IAU2006/2000
Tidal ocean loading FES2004
Pole tide Cubic (IERS2010)
Mapping function VM1

Each session was analyzed individually to get a first solution to inspect stationwise residuals
in order to remove possible sources of errors, such as clock breaks, bad baselines, and problems
with one or more stations. After creating initial OPT-files for every session individually, the
main solution was applied to inspect the effect of the corrections by examining the changes in the
standard deviation of unit weight of the main solution.

Tsukuba was excluded from the No-Net-Translation/No-Net-Rotation (NNT/NNR) conditions
to prevent the movement of Tsukuba from affecting the observation network. For consistency,
Tsukuba was also removed from the conditions for all epochs before the earthquake. The most
efficient way to impose NNT/NNR conditions in VieVS is to edit the TRF and to remove the
station. Thus, the a priori station coordinates for Tsukuba before and after the earthquake were
read from the NGS file headers. In the case of VTRF2008, the station coordinates for TIGOCONC
were also only valid until the 2010 Chile earthquake, and it was automatically removed for all
epochs in the analyzed sessions. However, after initial processing it was evident that TIGOCONC
had noisy data, and removing the station by excluding it in the OPT-files decreased the error of
the main solution significantly. The parameters estimated in the main solution are presented in
Table 2.

4. Results

4.1. ENU Coordinates from IVS-R1 Sessions

The single session analysis results for the station position of TSUKUB32 in local East, North,
Up (ENU) coordinates are displayed in Figure 1. Corresponding co-seismic changes both in XYZ
and ENU as well as adjusted VTRF2008 coordinates are presented in Table 3.

1Excluding TSUKUB32
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Table 2. Estimated parameters and constraints used with R1 sessions in VieVS.

Estimated parameters and constraints for R1 sessions

Parameters Interval Constraint

Clock parameter 60 min Relative 0.5 ps2

s

ZWD 30 min Relative 0.7 ps2

s
NGR/EGR 360 min Relative 2 mm

day

Station TRF coordinates (X,Y,Z) One offset/session NNT/NNR1

Figure 1. ENU coordinate estimates for Tsukuba from IVS-R1 sessions.

Table 3. Co-seismic displacement of Tsukuba in XYZ and ENU coordinates based on IVS-R1 sessions.

∆X ∆Y ∆Z ∆E ∆N ∆U

Co-seismic displacement (cm) -36.9 -54.7 -2.4 65.6 2.0 -6.9

X Y Z

VTRF2008 coordinates ad-
justed for co-seismic displace-
ment (m)

-3957409.174 3310228.926 3737494.726

The co-seismic movement of the station was most prominent in the East direction with smaller
movements in the North and downward directions. A noticeable post-seismic movement can be
seen especially in the most affected East direction. The initial position estimate is influenced by the
27-day break in the observations following the earthquake with the station returning to observing
duties on 2011-04-04. While the post-seismic movement to the East and North is relatively stable,
the Up-direction estimate exhibits more significant unstable variations, particularly between June
and September. This could be due to problems in the analysis of individual sessions, as the values
of the standard deviation of unit weight of the main solution are somewhat larger in some of the
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sessions during the June-September time period.

4.2. Comparison to GPS Data

The obtained VLBI displacements are in relatively good agreement with other results (e.g.,
[2]). When compared to GPS data of the IGS-site TSKB [3], from the first VLBI session after
the quake onwards, the post-seismic movement of TSUKUB32 agrees comparatively well with the
GPS results. RMS values of VLBI-GPS drift rates in ENU after the earthquake are smaller with
the East and North coordinates more stable in comparison to the Up direction. In Figure 2 the
relative drift rates of the post-seismic movement within the VLBI observation period is displayed.

Figure 2. Relative post-seismic movement derived from GPS and IVS-R1 sessions.

5. Discussion

Based on the analysis the post-seismic movement of TSUKUB32 continues towards the eastern
direction of main co-seismic movement. For future work more sessions should be added to the
analysis to get a better picture of the relaxation rates. The validation of the results could be made
more comprehensive by comparing the results to those of the other VLBI analysis software, such
as CALC/SOLVE. Further research could be performed by modelling the post-seismic movement
in more detail to get improved a priori estimates with the co-seismic VTRF2008 coordinates by
analyzing the effect of the adjusted station coordinates with Intensive sessions.
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Abstract

The VERA project is carrying out daily GPS observations in parallel with geodetic VLBI obser-
vations, in order to monitor motion of the position of the VERA antenna stations. And continuous
measurement of gravity is performed as co-location or a station of GGP in Kamioka mine and Mizu-
sawa. These geophysical observations caught co-seismic or post-seismic phenomena, crustal movement,
change of the atmospheric pressure by tsunami, post-seismic creeping, and free oscillation of the Earth,
accompanying the 2011 off the Pacific coast of Tohoku Earthquake.

1. The 2011 Off the Pacific Coast of Tohoku Earthquake

The strong quakes and huge tsunamis caused by the 2011 off the Pacific coast of Tohoku
Earthquake (Mw=9.0) [Epoch=14:16:18 JST, Mar 11, 2011] brought destructive damages to the
Pacific coast area from the Tohoku district to north Kanto. The focus of this quake is off the
Miyagi-Prefecture (Lat=38d06m12s N, Lon=142d51m36s E, Depth=24km). The seismic-source
fault distributed along with the Japan Trench, and its scale is presumed to be 400 km in length
and 150 km in width. The slip type of the fault is reverse, and the slip length is presumed to be
about 30 m at the maximum. The post-seismic slip continues with a speed of about 3mm/month
still toward the same direction as the co-seismic slip. The post-seismic slip distribution on the
plate interface is larger than the co-seismic slip distribution, and its center is close to the Japanese
Islands and is located in a deeper place.

In the VERA (VLBI Exploration for Radio Astrometry) project [1], some kinds of geophysical
observations, daily GPS observations, measurement of gravity by SG, continuous weather mea-
surement, and so on are made to maintain accurate measurements of the displacement of the
VERA reference position. These pieces of geophysical observation equipment caught phenomena
that were generated by the earthquake on March 11, 2011.

2. Movement of the VERA-Mizusawa Site Before March 11, 2011

A steady velocity of the displacement based on a plate motion model of VERA Mizusawa
observation point (VERAMZSW), which is obtained by regular VLBI observations and co-located
GPS observations [2] at Mizusawa VLBI Observatory site, is 13mm/year toward southwest. Figure
1 shows typical velocities and directions of movement of VERA sites by plate motions.

However, the displacement rate of VERAMZSW is not constant. Coordinates of VERAMZSW
have step-like or irregular changes in time series variations. These jumps are co-seismic dis-
placements of the VERAMZSW position by earthquakes which occurred near the Mizusawa area.
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Figure 1. Movements of VERA sites by plate motions.

Furthermore, a change of rate is observed in the displacement rate of VERAMZSW after the Iwate-
Miyagi Nairiku Earthquake in 2008 (Mj=7.2) [Epoch=08:43 JST, Jun 14, 2008]. The shortening
rate of the baseline length of VERAMZSW-VERAIRIK changed from -11mm/year to -20mm/year
(Figure 2). Especially the westward component of velocity notably increased from 3mm/year to
8mm/year (Figure 3). The vertical bar and the incidental date in this figure express the date when
the earthquake occurred around the Mizusawa area.

Figure 2. Time series variation of VERAMZSW-

VERAIRIK baseline length.

Figure 3. Time series variation of coordinates of

VERAMZSW in horizontal coordinate system.
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3. Co-seismic Displacement

Co-seismic displacement of the Mizusawa GPS observation point (MIZU) brought by seismic
motion of the 2011 off the Pacific coast of Tohoku Earthquake was detected from the data of
continuous GPS observation at Mizusawa VLBI Observatory. Figure 4 shows the result of tracing
the seismic motion every second. This motion is estimated from GPS continuous observation data
of Mizusawa by Sagiya, Nagoya University (2011), and it is expressed as moving relative to Usuda
GPS point (USUD). The components of the motion are expressed in the Mizusawa local horizontal
coordinate system. While the seismic motion continued for about three minutes, the MIZU was
displaced 3.4 m at the maximum, and shifted 2.4 m in the direction of east-northeast at last. Co-
seismic shifts become finally X=-1.924 m, Y=-1.277 m, and Z=-1.062 m in geocentric Cartesian
coordinate system.

Figure 4. Tracing the seismic motion of Mizusawa for every second relative to Usuda.

4. Post-seismic Creeping

The post-seismic creeping (=after slip) has appeared clearly in the displacement of VER-
AMZSW on and after March 12, 2011 (Figure 5). The direction of the creeping agrees well with
the direction of co-seismic displacement, and the total length of the creeping is 60.2cm between
12 March and 31 December, 2011. This creeping is decreasing its speed gradually but is still con-
tinuous. The decay curves for the horizontal components fit well to a logarithmic curve. And no
sign is yet seen of returning to steady movement such as the plate motion shown in Figure 1.

5. Detection of Variation of Atmospheric Pressure Generated by Tsunami

Precise barometric data is continuously observed at Mizusawa VLBI Observatory. The baro-
metric data on March 11, 2011 shows two steps of increase of about 0.5hPa after the turbulence by
seismic motion of the earthquake in 2011 (Figure 6). This form of this atmosphere pressure change
is consistent with the offshore tsunami observation using ocean bottom pressure data off Kamaishi
obtained by the Earthquake Research Institute, University of Tokyo. The pressure change propa-
gates by sonic speed of 1000km/hour. Maximum pressure was observed at 15:01 JST which was
20 - 30 minutes earlier than the arrival of the tsunami at the Pacific coast.
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Figure 5. Time series variations of the coordinates of VERAMZSW.

Figure 6. Atmosphere pressure change at Mizusawa observed at the Earthquake.
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6. Earth’s Free Oscillation Excited by the Earthquake

A large free oscillation of the Earth was observed by the superconducting gravimeter at Kamioka
mine. Many spheroidal mode oscillations were detected on March 12 (Figure 7). The 0S0 mode
whose period is about 20 minutes decayed slowly and remained more than 2 months after the
earthquake. The amplitude 10−9ms−2 corresponds to one 10 billionth of surface gravity.

Figure 7. Transition of spectrum of gravity change observed from March 12 to May 25 in 2011.
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Oral Program

Monday, 5 March 2012

Session 1: The Next-Generation IVS Network and

VLBI2010 Technology Developments

Chairs: Bill Petrachenko and Hayo Hase

09:00–09:05 Welcome by Mr. Mariano Navas-Gutierrez (Director at CEDEX) and
Jesús Gómez-González (IGN Deputy Director)

09:05–09:10 Local announcements
09:10–09:25 H. Schuh

Welcome address and Chair’s Report
09:25–09:50 H. Kutterer

Establishment of the GGOS and the Importance of the Next-Generation
VLBI System for It (Invited)

09:50–10:15 J. Gómez-González, M. Assis
RAEGE: The Spanish-Portuguese contribution to GGOS (Invited)

10:15–10:30 H. Hase, D. Behrend, C. Ma, B. Petrachenko, H. Schuh, A. Whitney
The Future VLBI2010 Network

10:30–10:45 A. Niell
First broadband results with a VLBI2010 system

10:45–11:15 Coffee break

11:15–11:30 J.A. López Fernández, J. Gómez-González, C. Albo Castano
The RAEGE VLBI2010 Radiotelescope

11:30–11:45 Y. Fukuzaki, M. Ishihara, J. Kuroda, S. Kurihara, K. Kokado, R. Kawa-
bata
New Project for constructing VLBI2010 Antenna in Japan

11:45–12:00 P.E. Opseth
Outreach activities in the endeavor for financing an upgrade of the
Geodetic Observatory in Ny-Ålesund

12:00–12:15 J. Sun, T. Nilsson, J. Böhm, H. Schuh
New observing strategies with twin telescopes for geodetic VLBI

12:15–12:30 J. Leek, T. Artz, A. Nothnagel
Prospects of IVS-Intensive Sessions with Twin-Telescopes

12:30–12:45 B. Petrachenko
VLBI2010: Progress and Challenges
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12:45–13:00 C. Beaudoin, A. Niell, B. Corey, M. Poirier, B. Whittier
VLBI2010 and the Westford station - the path forward

13:00–14:30 Lunch break

14:30–14:45 F. Tercero, J.A. López Fernández, J.A. López-Pérez
S/X/Ka coaxial feed for the tri-band receiver for RAEGE antennas

14:45–15:00 J.A. López-Pérez, F. Tercero, J.M. Serna, J.A. López Fernández
A tri-band cryogenic receiver for the RAEGE project antennas

15:00–15:15 K. Takefuji, T. Kondo, M. Sekido, R. Ichikawa, S. Kurihara, K. Kokado,
R. Kawabata
Study of RF direct sampling technique for geodetic VLBI

15:15–15:30 G. Tuccari
DBBC3 – A full digital implementation of the VLBI2010 backend

15:30–15:45 C. Ruszczyk, R. McWhirter, A. Niell, A. Whitney, G. Crew, S. Doele-
man, C. Beaudoin, J. Romney, W. Brisken, H. Ben Frei, P. Metzner, M.
Luce
VLBI2010 using the RDBE and Mark 5C

15:45–16:00 A. Whitney, R. Cappallo, D. Lapsley
Mark 6 Next-Generation VLBI Data System

16:00–16:15 R. Cappallo
Correlation and Post-processing for VLBI2010

16:15–16:45 Coffee break

Session 2: Correlators, Stations and Operations Centers

Chair: David Hall and Rüdiger Haas

16:45–17:10 K. Kokado, S. Kurihara, R. Kawabata, K. Nozawa
Recent Activities of Tsukuba Correlator/Analysis Center (Invited)

17:10–17:25 A. Bertarini, W. Alef, A. Müskens, H. Rottmann
Bonn Correlator Status Report

17:25–17:40 S. Bernhart, A. Müskens
e-transfer at the Bonn correlator

17:40–18:05 U. Schreiber
Improving VLBI Station Performance (Invited)

18:05–18:20 M. Ettl, A. Neidhardt, M. Mühlbauer, W. Alef, E. Himwich, C. Beau-
doin, C. Plötz, J. Lovell
e-RemoteCtrl: Concepts for VLBI station control as part of NEXPReS

18:20–18:35 H. Takiguchi, T. Natusch, Sergei Gulyaev
Warkworth geodetic station as a potential GGOS core site in New
Zealand
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Tuesday, 6 March 2012

09:00–09:15 S. Yi, Y. Moon, S. Kim, J. Lee, H. Ju, H. Oh, T. Kondo, T. Kim
Korea Geodetic VLBI station

09:15–09:30 A. Santamaŕıa-Gómez, S. Garćıa-Espada, R. Haas, J. López-Ramasco
Estimation of the invariant reference point: first steps at Yebes

09:30–09:45 R. Ichikawa, A. Ishii, H. Takiguchi, M. Kimura, M. Sekido, K. Takefuji,
H. Ujihara, T. Hobiger, Y. Hanado, Y. Koyama, T. Kondo, S. Kurihara,
K. Kokado, R. Kawabata, K. Nozawa, Y. Mukai, J. Kuroda, M. Ishihara,
S. Matsuzaka
MARBLE (Multiple Antenna Radio-interferometry for Baseline Length
Evaluation): Development of a compact VLBI system for calibrating
GNSS and electronic distance measurement devices

09:45–10:00 J. Lovell, J. McCallum, S. Shabala, J. Dickey, C. Watson, O. Titov
The AuScope VLBI Array

10:00–10:15 F. Shu, W. Zheng, X. Zhang, B. Xia, M. Wang, Y. Aili
Geodetic VLBI observations for the CMONOC project

10:15–10:30 E. Skurikhina, A. Finkelstein, A. Ipatov, S. Smolentsev, I. Surkis, A.
Melnikov, V. Zimovsky, A. Salnikov, I. Gayazov, L. Fedotov, I. Rahimov,
A. Dyakov, R. Sergeev, S. Kurdubov, D. Ivanov, V. Mardishkin
EOP Determination using the Russian Domestic VLBI Network
“Quasar”

10:30–10:45 D. Boboltz, W. Brisken, K. Kingham, K. Johnston, D. Hall, N. Geiger,
A. Fey
A New VLBI Intensive Series Using the Mauna Kea and Pie Town Sta-
tions of the VLBA

10:45–11:15 Coffee break

11:15–11:30 C. Garćıa-Miró, S.P. Rogstad, R. Navarro, J.E. Clark, C.J. Na
VLBI Data Acquisition Terminal modernization at the Deep Space Net-
work

11:30–11:45 B. Männel , M. Rothacher
Co-location of VLBI with other techniques in space: a simulation study

11:45–12:00 I. Schmelds, N. Jekabsons, V. Avotins, J. Kaminskis
Plans for geo-VLBI in parallel to astro-VLBI observations at the VIRAC,
Latvia

12:00–12:15 L. Liu, J. Li
Simulation Analysis of Positioning for probes in Chinese CE-3 mission

Session 3: Advances in Software Development, Analysis

Strategies and Data Structure

Chair: Sébastien Lambert
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12:15–12:40 J. Gipson
Report of IVS Working 4: Proposed VLBI Data Format (Invited)

12:40–13:05 D. Gambis, J.Y. Richard
Combination of Astro-Geodetic Techniques at the Normal Equation
Level (Invited)

13:05–14:30 Lunch break

14:30–14:45 S. Bachmann, M. Lösler
IVS combination center at BKG: Recent Activities

14:45–15:00 C. Herrera, H. Hase, O. Zapata, F. Pedreros
Remote Control and Monitoring of VLBI Experiments by Smartphones

15:00–15:15 A. Neidhardt, M. Ettl
Ideas for a cooperative software development for future GGOS stations

15:15–15:30 S. Bolotin, K. Baver, J. Gipson, D. Gordon, D. MacMillan
The First Release of nuSolve

15:30–15:45 K. Le Bail, J. Juhl, J. Gipson, D. MacMillan
Improving VLBI Processing by using Homogeneous Data for Pressure
and Temperature

15:45–16:00 M. Madzak, V. Nafisi, J. Böhm, H. Schuh
Universal Time from VLBI Intensives with ray-traced delays

16:00–16:15 A. Romero-Wolf, C. Jacobs
Effects of Clock Correlated Noise on the Analysis of Space Geodetic
Data

16:15–16:30 Y. Kwak, T. Kondo, T. Gotoh, J. Amagai, H. Takiguchi, M. Sekido, L.
Plank, R. Ichikawa, J. Cho, T. Kim, T. Sasao
Baseline analysis of 24-hour GPS-VLBI Hybrid observation

16:30–18:30 Poster session and refreshments

Wednesday, 7 March 2012

09:00–09:15 L. Plank, J. Böhm, M. Madzak, C. Tierno Ros, H. Schuh
Processing SELENE Differential VLBI Data

09:15–09:30 J. Lee, B. Sohn, T. Jung, S. Lee, L. Petrov
The status of K-band Korean VLBI Network geodesy

Session 4: Results in Geodesy, Astrometry and Geophysics

and Their Interpretation

Chairs: Zinovy Malkin, Thomas Artz, Johannes Böhm
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09:30–09:45 J. Böhm, Z. Malkin, S. Lambert, C. Ma
Challenges and perspectives for celestial and terrestrial reference frame
determination

09:45–10:00 M. Seitz, P. Steigenberger, T. Artz
Consistent computation of ITRF and ICRF from homogeneously pro-
cessed observation data

10:00–10:15 M. Bloßfeld, M. Seitz
The role of VLBI in the weekly inter-technique combination

10:15–10:30 S. Shabala, J. Lovell, O. Titov, J. MacCallum, C. Watson, J. Dickey
Network and quasar structure effects on the VLBI reference frame

10:30–10:45 G. Bourda, A. Collioud, P. Charlot, R. Porcas, S. Garrington
Towards an accurate alignment of the VLBI frame and the future Gaia
optical frame: global VLBI imaging observations of a sample of candi-
date sources for this alignment

10:45–11:15 Coffee break

11:15–11:30 C.S. Jacobs, J.E. Clark, C. Garćıa-Miró, S. Horiuchi, A. Romero-Wolf,
L. Snedeker, I. Sotuela
The Celestial Reference Frame at X/Ka-band (8.4/32 GHz)

11:30–11:45 I. Sotuela, W. Majid, C. Garćıa-Miró, S. Horiuchi, C. Jacobs
Dual Frequency VLBI Monitoring of a Large Sample of Compact Ex-
tragalactic Sources at 8 and 32 GHz

11:45–12:00 S. Horiuchi, C. Jacobs, C. Phillips, I. Sotuela, C. Garćıa-Miró
32 GHz Celestial Reference Frame Survey for Dec less than −45 deg

12:00–12:15 B. Zhang, M. Reid, K. Menten, X. Zheng
Radio Astrometry of Red Supergiant VY CMa

12:15–12:30 M. Xu, G. Wang, M. Zhao
Direct estimation of the Solar acceleration using geodetic/astrometric
VLBI observations

12:30–12:45 L. Combrinck
A comparison of General Relativity Theory evaluations using VLBI and
SLR; will GGOS improve these results?

12:45–13:00 Z. Malkin
Celestial pole offset: from initial analysis to end user

13:00–19:30 Lunch break and trip to Yebes

21:00–23:30 Conference dinner at Restaurant Samarkanda
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Thursday, 8 March 2012

09:00–09:15 T. Nilsson, J. Böhm, M. Schindelegger, H. Schuh
High frequency Earth rotation parameters estimated from the CONT
campaigns

09:15–09:30 M. Uunila, A. Nothnagel, J. Leek
Influence of source constellations on UT1 derived from IVS INT1 sessions

09:30–09:45 H. Spicakova, J. Böhm, S. Böhm, H. Schuh
Solid Earth tide parameters from VLBI measurements and FCN analysis

09:45–10:10 V. Dehant, S. Lambert, L. Koot, A. Trinh, M. Folgueira
Recent advances in applications of geodetic VLBI to geophysics (Invited)

10:10–10:25 J. Wahlbom, R. Haas, T. Ning, G. Elgered
Assessing the quality of WVR data from Onsala during the CONT11
geodetic VLBI campaign

10:25–10:40 H. Kierulf, O. Omang
Past and present-day ice mass variation on Svalbard revealed by super-
conducting gravimeter, GPS and VLBI measurements

10:40–11:10 Coffee break

11:10–11:25 R. Haas, C. Rieck, P. Jarlemark
VLBI and GNSS frequency link stabilities during CONT campaigns

11:25–11:40 B. Campbell, A. Szomoru
Real-time e-VLBI in the EVN and software correlation developments at
JIVE

Session 5: VLBI Analysis and Results from the Recent

Megaquakes in Japan and Chile

Chair: Ryuichi Ichikawa

11:40–12:05 R. Gross
The Rotational and Gravitational Signature of Recent Great Earth-
quakes (Invited)

12:05–12:30 S. Kurihara, K. Kokado, J. Kuroda, M. Ishihara, R. Kawabata
The impact of the 2011 off the Pacific coast of Tohoku Earthquake on
Tsukuba 32-m VLBI station (Invited)

12:30–13:45 D. MacMillan, S. Kurihara, D. Behrend
Effects of the 2011 Tohoku Earthquake on VLBI geodetic measurements

12:45–13:00 N. Kareinen, M. Uunila
Determination of Tsukuba VLBI station post-Tohoku earthquake coor-
dinates using VieVS
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Closing

13:00–13:10 H. Schuh
Closing remarks

13:10 Adjourn GM
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Haas, Rüdiger : p. 186, Organization, Correlation, and First Results of CONT11
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Plötz, Christian: p. 38, Two Weeks of Continuous Remote Attendance during CONT11
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