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During thelast 30 yearsaglobal network
of stationsequipped withinstrumentsfor
high precison observation of artificia
Earth satellitesand very distant radio
sources has been established. Someof the
satellitesare carrying payloads, for
exampleradar dtimeters, wherethe
applicationrequiresthat theradial
component of the satellite orbit must be
determined to aprecision of fivecmor
better. Another examplewith very high
requirementsfor theorbit precision, is
SAR (Synthetic Aperature Radar)
interferometry that can beused for the
determination of small vertica movements
at the surface of the Earth.

The determination of high precision satellite
orbits require that a set of differential equations must
be established and solved in awell defined reference
system. Actually, two reference systems are needed.
One “fixed” to the Earth’s crust and rotating with the
Earth (the terrestrial reference system), and one
“fixed” to the celestial sphere (the celestial reference
system). The relative orientation between the two
reference systemsis represented by five Earth
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orientation parameters (EOP). The most important
applications of these reference systems are of cause
positioning and navigation both at the surface of the
Earth and in space.

Realization of reference systems

Let us think that one specific point or
reference marker is selected for each station in the
global network. Furthermore, assume that these
points are the vertices of aterrestrial polyhedron. In
the same manner, assume that the directions of very
distant radio sources on the celestial sphere are the
vertices of acelestial polyhedron. Due to tectonic
motion, post-glacial rebound and other geophysical
phenomena, the terrestrial polyhedron will deformin
time. In extreme cases the relative motion of the
vertices can reach up to 20 cm per year. Also the
celestial polyhedron suffer from deformations but
the deformation rate is several orders of magnitude
smaller than for the terrestrial polyhedron and can
therefore be neglected for atimeinterval of afew
decades. Deformation isin practice given by velocity
components of the vertices. Given the coordinates of
the verticeswe have implicitly given the direction
and scale of each of the three axes of areference
frame. Given the velocitieswe haveimplicitly given
how the direction of the axes and their scale changes
with time. Areference frame, either terrestrial or
celestial, isrealized by the specific numbersgivenin
atable of coordinates for the verticesand valid for a
certain reference epoch. In addition we need
velocities for the motion of these verticesin time so
that it is possible to calculate the instantaneous
position at any epoch. The velocities can be
considered as amodel for the motion of the vertices.

The method used for the calculation of
coordinates and vel ocities of the vertices of the
terrestrial polyhedron, and coordinates of the
vertices of the celestial polyhedron, and the EOP
series, is based on the analysis of high precision
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observations towards artificial Earth
satellites and radio sources (space
geodetic observations). The most
important types of space geodetic
observations come from Very Long
Baseline Interferometry (VLBI),
Global Positioning System (GPS), and
Satellite Laser Ranging (SLR).

VLBI isatechnique where
pairs of radio telescopes, with a
typical antenna diameter of 20 meter,
measurethe differencein arrival time
of signalsat X- and S-band
frequencies from very distant radio
sources. The two frequencies are used
for the removal of most of the
influence of the ionosphere on the
signal propagation. The precision of
the best observations is typically 20-
30 picoseconds corresponding to 6-10
mm in range. The number of VLBI
stations is around 30 and the
observations are taken in session of 24
hours where typically 3 to 10 of the
stations participate. The International VLBI Service
for geodesy and astrometry (1VS) organization is
responsible for the overall coordination of the use of
the VLBI network.

GPSisaUS military satellite system
consisting of 24 satellites. There are two types of
GPS observations, the pseudorange observations
with a precision at the dm level or worse, and the
phase observations with a precision at the one-mm
level but with an unknown integer number of
wavelengths. The two frequencies of the GPS
observations are in the L-band. Presently more than
300 high precision globally distributed GPS receivers
are operated on a continuous basis. The International
GPS Service (1GS) organization isresponsible for the
coordination of the global GPS tracking network.

The SLR stations measure the total range from
atransmitting laser at the surface of the Earth to
retroreflectors onboard a satellite and back to the
laser pulse detector at the backplane of atelescope.
The measurement precision ranges from afew mm
for the best stations to some dm for the worst
stations. The number of laser stations is
approximately 30. The International Laser Ranging
Service (ILRS) isresponsiblefor the overall
coordination of the SLR network.

Space geodetic
observationsfrom VLBI,
GPSand SLR play a key
role in the realization of
terrestrial and celestial

reference systems.

Each type of observation is analyzed using
very complicated software systems designed
specifically for that technique. Actually, several
scientific organizations have devel oped their own
software for the analysis of one of the types of
space geodetic observations. The principle behind
any of the software packagesisthe following: The
individual observation iscompared to a
corresponding theoretically cal culated observation
based on amodel accounting for all known effects
including a model for the motion of the station and
the satellite involved in the observation. The total
model isexpressed in terms of model parameterslike
orbital elements, station coordinates and velocities,
radio source coordinates, EOP, gravitational
coefficients, and lots of other secondary parameters.
Correctionsto the apriori values of the model
parameters are estimated so that the difference
between the actual observations and the theoretically
calculated “ observations’ are minimizedin aleast
squares sense. Usually, only a subset of the model
parameters are estimates but in many cases the
number of solve-for parametersisat the level of
1000 or higher. If for example GPS observations are
analyzed approximately 1500 second order
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Fig. 1. Coordinates of the
instantaneous center of
mass of the Earth
relative to the MRF-2000
reference frame.
Calculated by the
GEOSAT Software using
VLBI,GPSand SLR
observations.
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differential equations must be solved numerically. In
any case the analyses require hours of computation
time even on the newest powerful computers.

The observations are usually analyzed in
batches of one day. The result from each day isa
state vector containing the parameter estimates for
that day and a corresponding covariance matrix
giving the precision and correlation of the parameter
estimates. In fact, each daily solution is an individual
realization of the terrestrial and celestial polyhedrons
including consistent estimates of the EOP giving the
relative orientation of the two polyhedrons. A
second software system combines the daily
polyhedrons and EOP's for atime interval of many
yearsto one averageterrestrial polyhedron including
deformation in termsof velocities, one average
celestial polyhedron and a series of EOP’s. The
migration of the instantaneous center of mass of the
Earth including the atmosphere and oceans, felt by
the satellite, is simultaneously determined relative to
the slowly deforming average terrestrial polyhedron.
Severa scientific organizations, including Forsvarets
forskningsinstitutt, produce such analyses. Finally,
the average polyhedrons and corresponding EOP
series of each technique are combinedinto a
technique-independent terrestrial polyhedron and its
deformation with a corresponding EOP series.

This last combination is performed by the
International Earth Rotation Service (IERS) on the
basis of analysis results from a number of
organizationsincluding Forsvarets
forskningsinstitutt. IERS is responsible for the
development and maintenance of terrestrial and
celestial reference frames and the EOP's. Itisclear
that the estimated numbers for the terrestrial and
celestial reference frames depend on the applied
analysismodel. Using adlightly different model will
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give other valuesfor the coordinates and the
velocities. The concept of areference systemis
introduced in order to account for this. Areference
systemis defined asthe reference frame plus the
models applied in the analysisfor the estimation of
the numbers of thereference frametable.

The concept of areference systemisvital
since the model part of the realization tells the user
how the reference system can be applied in practice.
Therefore, if auser wantsto find very precise
coordinates and velocities for his own GPS receiver
inthe IERSrealization of theterrestrial reference
system, he or she must analyze data from this GPS
receiver simultaneously with observations from
some of the GPS receivers used in the realization of
terrestrial reference using the same analysismodel as
was used in the |ERS redlization of the terrestrial
reference frame. The |ERS estimates of the EOP
must furthermore be used in the analysis. Similarly,
if the user wants to determine the orbit of a satellite
inthe | ERSrealization of the celestial reference
frame, he or she needs to include a subset of the
tracking stationsin the IERS terrestrial reference
framerelevant for the tracking technique for that
specific satellite. The analysis model must be the one
applied for the generation of the |[ERS reference
frames. The [ERS model isdescribed inthe IERS
Standards. The IERS Standards are improved at an
interval of some years by the leading experts of each
model component. The next edition is expected at
the end of year 2002.

Present and possiblefuture contributionsfrom
Forsvarets Forskningsingtitutt

Data from independent techniques canin
principle be combined using two different strategies.
The analysis strategy presently being used by the
analysis centersincluding the [ERSisthefollowing:
The different types of observations are processed
separately using analysis software developed
specifically for each technique. Theresults at thearc
level for aspecific technique are combined into a
global technique-dependent solution. Withan a
posteriori combination (APOST) of all technique-
dependent global solutionsamulti-technique global
solution is established.

It has been observed that the internal
consistency of the analysis results within each
individual techniqueistypically amost one order of
magnitude better than the external consistency
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between the different techniques when APOST is
applied. The author has devel oped a more general
strategy where the different types of data are
combined at the observation level with one
consistent model and one consistent strategy. The
resultsat thearc level are combined into aglobal
solution accounting for all correlationswithin each
arc. We call this strategy the a priori combination
(APRI) method.

There are several advantages with the APRI
method: 1) One set of estimates can be determined
for the technique-independent parameters. 2) The
combination of independent and complementary
information from different types of observations will
reduce the parameter correlations and lead to more
accurate results. 3) The proposed method will make
it possible to detect and study possible technique-
dependent systematic errors and biases. 4) The
estimated satellite orbital €lements, radio source
coordinates, and nutation parameters will be realized
inalong-term stable celestia referenceframerealized
primarily by the radio sources. GPS and SLR will
contribute directly in the determination of nutation
and UT1 and not only be used to estimate the rate of
change of these parameters. 5) All estimates of
geodetic and geodynamic parameterswill in principle
begivenin onesinglerealization of the terrestrial
referenceframe. Thisisespecially interesting sincea
terrestrial reference framerealized by VLBI aloneis
almost free of gravity effectswhile reference frames
realized by the satellite techniques certainly are
dependent on gravity effects. 6) It is often seen that
results from the analysis of VLBI datato some
degree suffer from variationsin the VLBI network
geometry. This problem is greatly reduced with the
inclusion of SLR and GPS dataiin the analyses. 7)
The combined analysis of VLBI, GPS, and SLR can
be used to estimate (and validate) the eccentricity
vectors between the different antenna phase centers
within each colocated station.

The GEOSAT software for analysis of any
type of space geodetic observations, and devel oped
by Forsvarets forskningsinstitutt since 1984, is the
only existing software worldwide with the APRI
capability. For that reason Forsvarets
forskningsinstitutt has been apointed as a
Combination Research Center (CRC) for IERS. The
main goals are to study the advantages listed above
and to investigate the potential of the APRI method
as a candidate method to be used by I1ERS for future
realizations of theterrestrial and celestial reference
systems. Forsvarets forskningsinstitutt is also
analysis center and technical development center for

IVSand associate analysis center for ILRS.

The results are very promising as can be seen
from Fig.1, which shows the x-, y-, and z-
coordinates of the Earth’s instantaneous center of
mass rel ative to the I TRF-2000 reference frame and
calculated by the GEOSAT software. A small but
not negligibleinconsistency between the IERS EOP
series and the ITRF-2000 has recently been detected
using GEOSAT. Presently, Forsvarets
forskningsinstitutt are performing analyses to
determine the absol ute position of the phase center
of the transmitter antennas of the individual GPS
satellitesusing acombined VLBI, GPSand SLR
analysis. With GPS data aloneit is only possible to
determine the phase center relative to one of the GPS
satellites and not absolutely which is possible with
the GEOSAT software. The present knowledge of
the phase center position is uncertain to at least one
meter! We hope to estimate the phase center with an
uncertainty of some cm. The consequence of errors
in the location of the phase center is that the meter
realized by GPS will have an error of up to 15 parts
per billion corresponding to an error of amost 10 cm
in the height component of the receiver coordinates.
Thisisimportant for high precision applications of
GPS. FFI has demonstrated that the combined
analysis of VLBI, GPS and SLR data with the APRI
method improves the EOP estimates by up to 100 %
compared to an individual analysis of any of the data
types. For good arcs the EOP’s can be estimated
with a precision of 50 micro arc seconds
corresponding to 1.5 mm at the surface of the Earth.

The GEOSAT software is continuously
improved with implementation of the newest
available model components. We plan to prepare the
GEOSAT software for applications to space probes
in the solar system. One such application is the
Rosetta mission where a space probe will orbit
around asmall comet and where the gravity field of
the comet isto be determined along with the orbits
of the comet and the space probe. Another
possibility is to develop a mini-version and ultra-
effective autonomous version of GEOSAT for orbit
determination and orbit prediction and to be flown
onboard alow Earth orbiter like the proposed
Norwegian NSAT-1 satellite.
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