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INDIRECT DETERMINATION OF THE INVARIANT REFERENCE
POINT (IVP) OF SLR AND VLBI OBSERVING SYSTEMS

Alexander R. WOODS
Geoscience Australia, Australia

Abstract: The integrity and strength of multi-technique tetri@l reference frames such as
ITRF2005 depend on the precisely measured and &semtdocal tie connections between space
geodetic observing systems at co-located obsemsatoAustralia has several geodetic
observatories which together host the full varigitgpace geodetic techniques, including GPS,
GLONASS, DORIS, SLR and VLBI. The observationalerehce point of large geodetic
observing systems, such as SLR and VLBI, are giyénaccessible. Therefore, Geoscience
Australia developed an indirect measurement approasing terrestrial observations, to
precisely determine the invariant reference poiP) of SLR and VLBI telescopes. The
indirect IVP determination technique involves aorimus process of three-dimensional circle-
fitting to the coordinates of targets observedlmndtructure during rotational sequences about
each of the systems’ independent axes (e.g. azimuthelevation). Geoscience Australia
routinely measures millimetre accurate connectiogtsveen survey monuments and geodetic
observing systems at co-located observatories @a&uastralia. The IVP derivation technigue
continues to be refined, looking to account fottfar un-modelled systematic errors.

1. INTRODUCTION

The combination of space geodetic observing syst¢re-located observatories is fundamental
to the realisation of the International TerrestRaference Frame (ITRF) (Sarti, et al., 2004).
Precisely measured and expressed local terresbralections between complementary space
geodetic observing systems, such as GPS, GLONASRI®, SLR and VLBI, provide the link
between co-located techniques. The connectiondk niough a survey commonly referred to as a
local tie survey. Highly accurate local ties hagedme more and more important as the achievable
accuracies of the space geodetic techniques hareved. As well as supporting multi-technique
terrestrial reference frame development, localctanections, at a precision approaching one
millimetre, also enable determination of relativelydependent estimates of measurement
accuracy and the detection and modelling of tectendgpendent biases (Long and Bosworth, 2000).

Damage to telescope structures or any man-madeyesasuch as critical maintenance, can
lead to permanent displacement of the telescopeamée point, which causes discontinuities
in the geodetic time series (Nothnagel et al., J98cordingly, Haas and colleagues (2000)
discuss the importance of continually undertakimzpl tie surveys to precisely determine the
displacement of VLBI reference points caused byairework to telescope foundations and
mechanical parts. These sudden displacements, aral subtle displacements brought about
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over extended periods, should be monitored witheaeisto the surrounding survey network as
precisely as possible through detailed local treesys.

However, in the case of SLR and VLBI observing ey, it is particularly difficult to define
and thus measure a system’s measurement referentg \which is generally inaccessible
and cannot be directly observed. Stakeholder osg#ions have thus developed various direct
and indirect survey techniques in attempts to abtagh precision connections to large
telescope structures at geodetic observatories.

For example, Geoscience Australia has developeddirect measurement approach, using
terrestrial observations to precisely determineitiariant reference point (IVP) of SLR and
VLBI telescopes. In this paper, the IVP of SLR avilBl telescopes is defined as the
intersection of the azimuth axis with the commorppeadicular of the azimuth and elevation
axes (see also Johnston et al., 2004) and is aigrosvhich does not change when the
telescope is rotated (Sarti et al., 2004). Ther@udilVP determination technique involves a
rigorous process of three-dimensional circle-fgtio the coordinates of targets observed on
the structure during rotational sequences about efthe systems’ independent axes (e.qg.
azimuth and elevation). Geoscience Australia relyinmeasures millimetre accurate
connections between survey monuments and geodéSenong systems at co-located
observatories across Australia. These surveys algoport critical site deformation
monitoring and assessment. The Australian indiNBtderivation technique continues to be
refined, in attempts to account for further un-nitede systematic errors such as thermal
deformation and gravitational structural deformatio

2. LOCAL TIE TECHNIQUES

Various different local tie techniques have beeregtigated at co-located sites around the
world (Sarti et al., 2004). Local tie surveys aresincommonly undertaken using a
combination of conventional terrestrial survey t@ghes (e.g., total station, precise levelling)
and space geodetic techniques (e.g., GPS). Orgianisdave developed different techniques
that range from attempts to directly observe t@pscreference points by placing a target at
the approximate physical location of the refergnaiat, to more rigorous indirect observation
techniques that also support determination of aki;yiment and offsets as well as an estimate
of the telescope reference point. The selectioswfey techniques depends on the site,
survey equipment and survey expertise availableyedisas the awareness of surveyors of the
complexity and necessity of accurate telescopedstitnation.

In general, applied local tie survey technique®ine the analysis of results of conventional
geodetic adjustment of one or several targets wedeon the telescope during rotational
sequences. For example, the local tie antennaerefer point determination procedure
adopted by NASA surveyors for VLBA antennae inveolveaking observations from a
network of ground control stations to a target posed at the approximate vertical axis of
rotation, and simultaneous observations to a tamggtmounted on the apex of the antenna
guadripod, as the antenna was rotated in elevétiofour separate azimuth settings (Long
and Bosworth, 2000). A circle-fitting proceduresaapplied to the separate target arcs and
the mean of the circle centres was used to deterthia elevation axis offset. However, this
technique relies primarily on the correct placemehtargets at specific locations on the
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antenna structure, which may not be accessibldlmr antennas and misplacement of targets
may lead to poor repeatability of survey results.

An indirect reference point measurement approach Ib@en developed for the 100m
Effelsberg (Germany) radio telescope, where obsensare made to one eccentric spherical
target mark located adjacent to the inaccessildsdepe reference point (Nothnagel et al.,
1999). Simultaneous observations are taken fromthnee total station standpoints to the
target mark as the telescope is rotated in aziranth elevation. The data processing stage
involves adjusting target coordinate measuremeatstélescope thermal expansion and
gravitational deformation before modelling the babar of the eccentric target mark with
antenna rotation and determining the invariantregfee point through least squares analysis.
The Japanese GSI adopted a similar local tie tgalenior the connection between VLBI and
GPS reference points at geodetic observatorieapan) (Matsuzaka et al., 2004). A precise
local tie was obtained from conventional terressiavey observations made from a network
of ground stations to the centre of a spherical simewhich a target on the telescope traces as
the antenna is rotated through various orientatidfetsuzaka et al).

Sarti and colleagues (2004) detail a particulaitponous and comprehensive method of
estimating the eccentricity vectors and associatedance-covariance matrices between
observing systems at co-located observatories sfoguon reference point determination of
SLR and VLBI telescopes (with or without intersagtiaxes). The method used at Medicina
(Italy) involved observing several targets on takedcope as it was rotated through various
axial rotations and then applying geometrical @otal motion of the telescope) constraints
and symmetry considerations in a three-dimensibemdt squares analytical procedure to
derive the telescope reference point. The horizardardinates and height of the telescope
reference point were computed from planimetric dowtes of the horizontal circle centres
and height of the vertical circle centres. The emaent of targets on the telescope and
processing considerations aimed to account forlesuittt and axes offsets in the telescope,
which may bias IVP estimates. The Medicina localsiurveys were well planned, with dual
observations taken from two total stations set npaonetwork of permanent observation
pillars to targets on the telescope structure. @aaved eccentricities for Medicina were
transformed from the local reference frame to IT&f output in a SINEX file format for
inclusion as an additional set of observationd RA multi-technique adjustment (Sarti et al.).

In parallel to the work of Sarti and colleaguesO@)) Geoscience Australia has developed a
similar technique which is routinely applied at theustralian co-located geodetic
observatories, and is detailed in the followingtimec Comparison of adjustment and
processing technigues for data from Yarragadee t(Alisl and Medicina (ltaly) indicated
overall good agreement of 0.5mm between the twomdeels with minor differences noted
(Dawson et al., 2007).

3. AUSTRALIAN TECHNIQUE

Geoscience Australia is responsible for maintainireglocal tie connections at the co-located
geodetic observatories throughout Australia. Téngsconnections to an accuracy of 1mm
(in the local frame) are routinely observed andude the rigorous determination of the SLR
or VLBI telescope invariant reference point (IVFPhis process involves the derivation of the
independent axes of rotation of the telescope titrau process of three-dimensional circle-
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fitting to the three-dimensional coordinates ofgts observed on the telescope during
rotational sequences.

At each co-located site observations are made &qgmecisely determined ground network,

which is routinely monitored as part of the locid survey to ensure a consistent, stable
terrestrial network from which accurate and ovetedwmined local tie connections can be
made between survey monuments and geodetic obgesyistems. Repeating local tie

surveys every two to three years allows an estirohteue survey accuracy to be quantified,
as well as supporting the monitoring of site defation between survey epochs.

There are various limitations and impediments whidn complicate reference point
determination. Often these are site specific, Batples include:

many telescopes have limited rotational freedonduecang the reliability of axis
determination;

the fixed (or primary axis) and the moving (or sedary axis) axis may not intersect
(and are in some cases many metres apart);

the system’s structural design may constrain WMigbi limiting line of sight
observations to targets and influencing networkgtesand

telescopes are often in high demand with full obestion schedules. Observatory
managers need to understand the importance ofotted fie connections and allow
sufficient amounts of time and support for survieybe completed successfully.

A general description of the observation processlues a series of measurements to targets
positioned on structural components of the telescopder study as it is moved through
several rotational sequences. Generally, the sireids rotated at incremental steps (10-20
degrees, see Figure 1) through its full range ofionoin azimuth orientations while being
held fixed in zenith, and through the full rangezehith orientations while being held fixed in
an azimuth setting.

5 L
Figure 1 - Incremental target observations of atiag telescope.

This procedure is followed in order to monitor &tgyas they scribe a perfectly circular arc, as
a target located on a rigid body rotating about iomiependent axis can be used to express a
circle in 3D space. Observations to the targetsuased to derive the parameters of three-
dimensional circles in space, which can be desdrilyeseven parameters (Figure 2), namely:

Circle centre (three parameters, Y¥m, Zm)
Unit normal vector (three parameterg, m, n,) perpendicular to the circle plane
Circle radius (one parameter, r)



eas\)(\“% 13th FIG Symposium on Deformation Measurement and Analysis
W %65 4th IAG Symposium on Geodesy for Geotechnical and Structural Engineering
\\
e
e

LNEC, LISBON 2008 May 12-15

A
n,(n,,n,,n,

E—
— %% v,2)

X (X Yin» Zn)

Figure 2 - The seven parameters of a circle inespac

It is essentially from the intersection of theseleis that the IVP is determined (see Figure 3).

. &

Figure 3 1VP model.

In the adjustment process, geometrical models i@sgrtarget motion during rotational
sequences about each of the systems’ independest(azimuth and elevation) are applied
and include:

- target paths scribe a perfect circle in 3D spaceduotation about an independent axis;

- normal vectors to each circle plane derived frongets rotated about the same axis are
forced to be parallel (Figure 4);

. circle centres derived from targets rotated abbetdame axis are forced to lie along the
same line in space (Figure 5);

- the unit normal vector perpendicular to the plahthe circle is assigned magnitude one;

. orthogonality (or non-orthogonality) of the elewatiaxis to azimuth axis remains constant
over all realisations of the elevation axis;

- identical targets rotated about a specific reabsadbf an axis will scribe three-dimensional
circles of equal radius (Figure 5);
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. offset distance between the elevation axis and @thinaxis remains constant over all
realisations of the elevation axis;

. distance between three-dimensional circle centoeslf realisations of the elevation axis
are constant over all realisations of the elevadixis; and

- IVP coordinate estimates remain constant over edllisations (combinations) of the
azimuth/elevation axis.

XXz Yog Zng)

)?rnz(xm21 ym2’ Zmz)

iml(xml’ yml’ Zml)

Figure 4 - Multiple circles along an axis, shasenenon normal vector parameters.

nm2 (nxz ’ nyz ’ nz
A

Figure 5 - Multiple circles along multiple axeghere the target circle radius remains
consistent for each orientation.

These conditions are critical to the computationrdbiased IVP coordinates at the millimetre
level for a telescope where the rotational freedsnimited by visibility and/or structural
constraints (Dawson et al., 2007).

The method of IVP determination assumes that duritgtional sequences targets follow a
perfect circular arc in 3D space, there is no deédron of targeted structure during rotational
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sequence, there is no axis wobble error, and thledinterest can be rotated independently
of the other axis (thus one axis can be held fiwddle the other moves through a full
rotational sequence). There are no assumptiongsggttaymmetry about the system reference
point, axis orthogonality, verticality, horizontglior the precise intersection of the axes made
using this IVP estimation technique.

Software developed at Geoscience Australia is usedndertake a rigorous least squares
analysis that utilises all target coordinates, rthariance-covariance information and the
constraints listed above for the derivation of leiggarameters and the computation of the axes
of rotation and their intersection to determinefinal system IVP. During the IVP modelling
and estimation process, additional system parasetar also be derived. Estimates can be
obtained for the azimuth axis deflection from thertical, the orthogonality (or non-
orthogonality) of the azimuth to the elevation axa® the offset distance between the
azimuth and elevation axis. The IVP modelling pragedalso provides an assessment of the
circle fit residuals, listing a measure of the lafe and out-of-plane residuals for each target
at each telescope orientation (see Figure 6). Rakidnalysis and outlier detection can
highlight any slight change in telescope orientatituring the survey. All these parameters
are of particular interest to the telescope opesand technicians.

Figure 6 - Circle fitting residuals; left in-planesiduals; right out-of-plane residuals.

The analysisoftware has the capability to transform (througinslation and rotation only)

the terrestrial network and computed IVP coordinatth the variance-covariance matrix
from a local to a global reference frame, includingeocentric variance-covariance matrix.

Three alignment stations with XYZ earth-centred €sietn coordinates (derived from GPS
processing) are specified as control stations foF tocal to global reference frame
transformation. The final adjustment results, idahg the millimetre level accurate
connections and their associated variance covariaratrix, can then be output in a SINEX

format solution file, suitable for submission toethnternational Earth Rotation Service
(IERS).
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Comparisons between the 2003 and 2007 YarragadddaMd local tie survey results

(Woods and Ruddick, 2007) show average residuads8mim, 0.7mm and 0.6mm in the East,
North and Up components. In particular, the positaf the determined SLR IVP varied

between years by 0.7mm, 1.1mm and 0.3mm in the Hasth and Up directions. The strong

agreement in the IVP position between epochs itiiss the high accuracy achievable with
the indirect IVP determination technique.

4. FORWARD IMPROVEMENTS

Although the documented local tie survey technitpreSLR and VLBI telescope reference
points provides consistent high precision connestibetween observing systems, a number
of potential advancements in survey techniques datd processing have been identified.
These include consideration of methods for alignsugveys to global reference frames
without loss of accuracy and for taking the differeexternal forces that can deform a
telescope structure into account. The most crin€ahese influences are thermal deformation
and structural deformation induced by gravitatiosal. In addition, Sarti and colleagues
(2004) propose further work to improve local tiempections, such as studying the structural
deformation of the sub-reflectors of VLBI telescop@th rotation and verifying the stability
of local ground control networks.

In relation to methods for aligning surveys to gibleference frames, Dawson and colleagues
(2004a) note that the indirect local tie surveyhteque supports terrestrial tie survey
precision of approximately one millimetre (in tleel frame). However, further error due to
the alignment to the ITRF is more difficult to quiyn but is assumed to be of the level of
three millimetres and is dependent on the quabtyértness of the associated GPS analysis
used for alignment to the global frame. Matsuzakd eolleagues (2004) also identify the
alignment of the local tie vector (orientation avettical direction) to the global reference
frame using short (day long) GPS campaigns as th@rnsource of error in the local tie
procedure adopted by the Japanese GSI. This disnusecommends multiple day
observation campaigns and comprehensive GPS asdtyshighly reliable GPS vectors for
the transformation process.

Research was conducted into the gravitationally«ed structural deformation of the Hobart
(Australia) radio telescope with changes in el@rabrientation and the need to model these
effects, as a significant source of inter-techniduas, to improve local tie connections
(Dawson et al, 2004b). The study highlighted thedrteemodel for the effect of gravitational
sag, which was shown to vary the distance betweenadio telescope’s reference point and
receiver by as much as ~2mm. Gravitational sagpoésntial to change the electrical path
through the radio telescope system, impacting geodd Bl parameter estimation. This
study flagged the need for research and developwfemtodels of structural deformation of
large telescopes that are applicable to terrestnialey connections.

In addition, Geoscience Australia is investigatsiguctural thermal expansion modelling
procedures in the IVP determination process. Am@pmate bias of 2mm in the vertical at
the VLBI telescope IVP is estimated for un-modeltbdrmal expansion effects (Dawson
2005). Given the high accuracy requirements of lldiea surveys, VLBI antenna thermal
deformation corrections need also be applied to rdduction of terrestrial survey data.
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Specifically thermal corrections need to be appliedeach individual target observed
throughout the period of the terrestrial survey.

However, correction of terrestrial survey data datenna thermal deformation is somewhat
different from the conventional model approach emyed in VLBI data analysis (e.dERS
2003 Conventions: McCarthy and Petit, 2004), as the thermal coiects dependent upon
which structural elements each target is attachezhtl the correction needs to be expressed
in three dimensions. Adopting the principles & tonventional VLBI data analysis thermal
modelling, Geoscience Australia has developed arthledeformation model for application
to survey data. In this model, the antenna isdeitiinto four separate structural elements,
including the antenna foundation, antenna pillayidrstructure about the primary axis and
rigid structure about the secondary axis. The ardetmermal model accounts for various
parameters, which include temperature dependerificents of expansion for each of the
structural elements, the instrument’s referencepgature, the air temperature profile before
and during the terrestrial survey, target positiqdetermined during classical geodetic
adjustment), and several telescope axis paramgi@evson, 2005). Invariant point
determination is not expected to be improved sigaiftly by the application of thermal
corrections (i.e. as measured by individual/indejgerh survey analysis) except when large
temperature variations occur during survey openatioHowever, survey-to-survey invariant
point coordinate repeatability and accuracy is etgmk to improve as a result of the
application of structural thermal corrections.

5. CONCLUSION

High precision local tie surveys are fundamentahtrealisation of global reference frames.
Various survey techniques have been developed t@irolprecise terrestrial survey
connections between observing systems, with pdati@itention paid to the difficulty of IVP
determination for SLR and VLBI telescopes. Surveyhiggues vary in their complexity
although the most commonly regarded method invohaes adaptation of indirect
determination through a procedure of three-dimevadiccircle fitting and intersection,
followed by rigorous least squares adjustment &edapplication of geometrical constraints.
The field survey procedures and IVP determinatiahnegues have been refined, although
continuing research needs to be directed towardsuating for unmodelled external forces.
Geodetic observatory stakeholders need to be aofahe importance of the precise local tie
surveys and ensure adequate connections are sl&bland maintained. Investigation into
more precise and efficient survey techniques andettiog procedures continues.
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