1998 ANALYSIS

CENTER WORKSHOP

“
D)

DARMSTADT,
FEBRUARY 9-11, 1998

International GPS Service

P

Association Internationale de Géodésie
Union Géodésique et Géophysique ESA/ ESOC
Internationale Darmstadt
International Association of Geodesy Germany
International Union of Geodesy and
Geophysics
Edited by
J. M. Dow {ESA)
* J . Kouba (NRCan)
’:@: T. Springer (AlUB)

X

The Federation of Astronomical and
Geophysical Data Analysis Services




The research described in this publication was sponsored by many agencies who actively
participate in the International GPS Service. The Proceedings of the Workshop were prepared
and published by the European Space Centre of the European Space Agency.



FOREWORD

The 1998 Analysis Centre Workshop of the International GPS Service for Geodynamics (IGS)
held in Darmstadt, Germany from 9 to 11 February 1998 followed a series of workshops
dedicated to IGS Analysis Centre issues (1993 in Ottawa, 1994 in Pasadena, 1995 in Potsdam,
1996 in Silver Spring, 1997 in Pasadena; |GS workshops with a more general scope aso took
place in Bern in 1993 and Paris in 1994).

Discussions between representatives of the Analysis Centres present at IGS Governing Board
meetings and Retreat held in San Francisco and Napa Valley in early December 1997 led to the
identification of four major topics for the upcoming workshop, which were summarised as

follows in the invitation to participate which was sent to some 70 persons from the IGS and user
communities:

Topic 1: The IGS Analysis Products and Consistency of the Combination Solutions

The basic 1GS analysis products (orbits, earth orientation parameters, clocks) are of very high
quality, and should in general be more accurate and reliable than the solutions obtained by the
individual analysis centres (ACs). This session will focus on the current combination process,
reporting and feedback, along with possible enhancements in precision, consistency, robustness
and results presentation. Furthermore, it should address a need (if any) for additional (global)
productsin order to meet current and future needs of IGS users.

Topic 2: Orbit Prediction and Rapid Products

The IGS is facing ever increasing demands for more precise and more rapid (real-time!)
products. The computation of the rapid orbits and especially the orbit predictions, which are
available in real-time, therefore are becoming more important and deserve special attention.
This session will focus on ways of improving the quality of the rapid and predicted orbits. The
current AC methods of generating the rapid products will be reviewed. The main objective will
be the improvement of the (orbit) models and the reduction of turn-around time.

Topic 3: IGS Reference Frame Realization and Contributions to ITRF

The stability of the underlying reference frame defined by the global GPS network has been
degrading due to the decrease in quality and availability of some stations of the previously
selected group of 13 ITRF stations. More ITRF stations and a new approach to solving this
problem is urgently required. The future IGS reference frame realisation should be precise,
robust and based on the GNAAC station combinations (G-SINEXes). Furthermore, the IGS
reference frame realization should ensure a high product consistency in particular for
orbits/ EOP and the station coordinate (G-SINEX and P-SINEX) combinations. The new ITRF96
should be discussed in this session.

Topic 4:IGS products for Troposphere and lonosphere
Global tropospheric and ionospheric information can enhance precision and/or efficiency of
various GPS and VLBI solutions (including LEO applications). Additionally it is also required

for (global) calibration of ground and satellite based atmospheric (i.e. troposphericlionospheric)
determination by GPS. A combined /GS solution for tropospheric zenith biases already shows




considerable promise. The IGS global ground network is also allowing progress to be made in
development of regional and global ionospheric maps. Of particular interest is the assimilation
of such maps into global models which may be based on atmospheric physics and/or on
alternative sources of measurement data. The main objective will be to define an operational
|GS ionospheric product (or products).

Fifty-one active participants representing institutions in more than a dozen different countries
(USA, Canada, Australia, France, UK, Switzerland, Italy, Spain, Norway, Denmark, Belgium,
The Netherlands and Germany) contributed through presentation of papers, posters and intensive
discussion to the workshop. The Proceedings which are documented in the present volume
contain, in addition to introductory material (including the IGS Chairman’s Report and the
Summary Recommendations of the Workshop), a total of 25 full papers, 4 abstracts and 7 poster
summary papers, covering in particular all workshop contributions relating to the 4 major topics.

I would like to thank all participants for their active involvement in the workshop, and to the
speakers and poster presenters who, by the quality of their contributions during the workshop
itself and rapid preparation of their manuscripts afterwards, once again demonstrated the
amazing motivation of those involved in the IGS. The “Position Papers’ relating to the key
topics mentioned above were prepared in a short time and distributed to all participants in
advance of the workshop. The authors (T. Springer, J. Zumberge, J. Kouba; T. Martin-Mur, T.
Springer, Y. Bar-Sever; J. Kouba, J. Ray, M. Watkins; G. Gendt; J. Feltens, S. Schaer), working
together by e-mail, made a fundamental contribution to the preparation and to the successful
outcome of the workshop.

Thanks are due to the members of the Local Organizing Committee (Siegmar Pallaschke,
Roberta Mugellesi Dow and Hiltrud Grunewald) for smooth organisation of the workshop
logistics, the reception and visit to the satellite control facilities at ESOC, and the workshop
dinner at Jagschloss Kranichstein.

The Scientific Programme Committee for the 1998 1GS Analysis Centre Workshop consisted
of myself (as representative of the host institution), Jan Kouba (as IGS Analysis Centre
Coordinator from 1994 to 1998) and Tim Springer (as future IGS AC Coordinator). Although
we three also appear as editors, | would like to dedicate these proceedings to Jan Kouba with
thanks for his massive contribution to the IGS analysis efforts since the beginning of the IGS,
a contribution which will be difficult to match and will certainly not end with his retirement
from Natural Resources Canada.

John M. Dow

ESA/ European Space Operations Centre
Darmstadt

April 1998
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EXECUTIVE SUMMARY"

G. Beutler

The 1998 IGS Analysis Center Workshop took place 9-11 February 1998 in Darrnstadt. In
addition, a business meeting of the IGS Governing Board was scheduled for Sunday, February
8, a wrap-up meeting of the Governing Board together with the convenors of the AC Workshop
and the authors of the position papers concluded the Darmstadt IGS events. As usual | try to
summarize the essential events of the Board meetings and of the workshop.

Governing Board Meetings (February 8 and 11)

IGEX-98

Pascal Willis, chair of the CSTG Subcommission on “Precise Satellite Microwave Systems”’,
presented the draft call for participation for the “International GLONASS Experiment (IGEX)"
to the IGS Governing Board. In essence it is proposed to organize a three months GLONASS
test campaign by the end of 1998. The Experiment is organized by CSTG, it is sponsored by
the IGS, the ION, and the IERS. The call for participation was prepared by the IGEX steering
committee consisting of Pascal Willis (IGN, chair), Gerhard Beutler (AIUB), Werner Gurtner
(AIUB), Guenther Hein (UFAF), Ruth Neilan (JPL), and Jim Slater (NIMA).

The draft call for participation consists of two parts, a description of the experiment and the
actual call for participation. The IGS involvement is indeed essential: Major parts of the IGS
infrastructure (network, data links, data centers) will be used. It is furthermore expected that
some of the IGS Analysis Centers will answer the IGS Call for Participation.

The Steering Committee of the IGEX-98 is fostering participation in the 1998 International
GLONASS Experiment IGEX-98 in the following areas:

- IGEX-98 Coordinating Center
- IGEX-98 Observing Sites

- IGEX-98 Data Centers

- IGEX-98 Anaysis Centers

- IGEX-98 Evaluation Center(s)

All GLONASS satellites are equipped with arrays of LASER reflectors allowing the SLR
community to range easily (!) to the GLONASS satellites. It was thus decided to closely
coordinate the IGEX-98 with the SLR

SubCommission of CSTG (Werner Gurtner from the IGEX-98 steering committee is the “liaison
officer” to the SLR Subcommission). The participation of the SLR community is essential for
validating the results and for the development of radiation pressure models for the GLONASS
satellites.

The receiver situation is of concern to the IGS Board members. In principle one would like to
use uniquely geodetic-type dual frequency combined GPS/GLONASS equipment (similarly as
it was done for the 1992 IGS Test Campaign). In order to have access to a greater number of

‘Reprint of 1GS Mail No. 1806, 17 February 1998.




receivers the steering committee decided to be more flexible: In sequence of preference, the
following receiver types may be used in IGEX-98:

Combined dual-frequency GPS/GLONASS receivers
Dual-frequency GLONASS receivers

Combined single-frequency (L) GPS/GLONASS receivers
Single-frequency GLONASS receivers

Recelvers must be collocated with or tied to sites that have well-determined | TRF coordinates.
|GS sites are preferable. The ITRF coordinates should have an accuracy of 1-5 cm.

Not only the receiver situation, but also the satellite situation has to be considered as a crucial
issue. Today, there are only 14 operational GLONASS satellites available, Launches of
GLONASS satellites have been announced, however. There is not much that the steering
committee can do to improve satellite availability (!). Should the number of operational
GLONASS satellites fall under a critical level, the IGEX-98 would of course have to be
postponed.

The schedule for IGEX-98 is as follows:

February 1998 Distribution of IGEX-98 Call for Participation
through mail e-mail services of the sponsoring

agencies.
May Proposals due
June Evaluation of proposal by the Steering Committee

Review/approval of the schedule
Designation of the Oversight Committee (including Chair)
Campaign Planning Meeting
September 20 Campaign begins
December 20 Campaign ends
early 1999 IGEX-98 Evaluation Workshop (possibly combined with the 1999 IGS
Analysis Center Workshop)

The IGS Governing Board discussed the proposal in detail. It was finally decided that the Call
for Participation should be sent out in February 1998 after a few modifications. The
modifications underline the experimental (as opposed to operation oriented) character of
IGEX-98. The chairman thanked Pascal Willis and the IGEX-98 steering committee for their
planning work.

| GS Densification

At the eighth IGS Governing Board meeting in San Francisco (December 1998) it was decided
to take the necessary steps to terminate the Pilot Phase of the Densification Project as soon as
possible, but not before all discrepancies, errors, etc., in the understanding of station coordinates
(and velocities) were removed (IGS Mail Message 1763). This condition could not yet be met.
The IGS Central Bureau, together with the IGS Infrastructure Committee are still working on
that issue. The basis is the list of discrepancies published regularly by the Analysis Coordinator.

It is the policy of the IGS Governing Board to come up with a unique IGS product of
coordinates and station velocities. As all three GNAACS are willing to continue with their
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activities one has the problem that a unique series of coordinates has to be formed using the
resulting SINEX files of the three SINEX files. Norman Beck, Chief of Active Control System,
Natural Resources Canada (NRCan), kindly offered in a letter dated January 19, 1998 to produce
the SINEX GNAAC combination, based on the three GNAAC solutions by University of
Newcastle, JPL and MIT, The IGS Governing Board unanimously accepted this offer and asked
the chairman to thank NRCan for providing this service to the IGS community. NRCan will start
providing this combination as soon as possible (probably in March 1998).

As a side issue Norman Beck asked the chairman to explore the IGS Governing Boards views
concerning an EUREF-like activity for North America. The discussion revealed that the Board
and the GNAACS represented at the business meeting would in fact favour such a development.
The EUREF solution, coordinated by Carine Bruyninx, is (amongst other) most useful to
eliminate all station-related problems. Also, it makes sure that the solution is actually providing
the reference frame for the continent, which is accepted and used by the European topography
and geodetic services, The chairman was asked to write a letter to the existing and potential
RNAACs in North America encouraging this level of cooperation.

"Densification of the ITRF using GPS’ will be again on the agenda of the
ninth IGS Governing Board Meeting, to be held end of May 1998 in Boston. |
hope (and assume) that the Board will be in a position to decide about the
operationa phase of the densification issue.

1997 IGS Annual Report

Ruth Neilan and Jm Zumberge came up with a new format for the 1997 IGS Annual Report.
They propose to produce the report in two parts (corresponding to 2 volumes). Part 1 would
contain, so to speak, the top level information (CB report, IGS Analysis Center Coordinator
report, report about current projects, etc.), Part 2 would contain the Analysis Center reports, the
station reports, etc. Part 1 would be edited by the Central Bureau in asimilar way as it was done
with the 1996 Annual Report. Part 2 would be published based on * camera ready manuscripts’.
In order to reduce the size of the Annual Report, page limits will be given to the authors. Both
reports will be made available also in electronic form.

The proposal aims at reducing the costs of the Annual Reports and at having the Annual Report
available much earlier.

After extensive discussions and after positive feedback from the Analysis Centers the Board
accepted the proposal. The authors of the 1997 Annual Report will be notified concerning the
expected contributions in the near future. The Annual report -- if possible both parts, but
certainly Part 1 should be available in July 1998.

GPS Modernization Process and IGS Involvement

Ruth Neilan informed the Board that she was asked to chair a working group of the “US GPS
Interagency Advisory Council (GIAC)" jointly setup by the U.S. Department of Defence (DoD)
and the Department of Transportation (DoT). Ruth Neilan views this assignment as an important
interface between the international scientific community represented in the IGS and operators
of the GPS.

The IGS Governing Board in turn viewed this as a very positive development and encouraged
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the Central Bureau to play a very active role in this working group. The hope was expressed that
views of the IGS community on issues like the “second civil frequency” or on the attempt to
assign the frequency range 1559-1567 MHz to Mobile Satellite Services (MSS) (latest attempt
made at the the WRC-97 in Geneva) could more easily be made known. The CB was in
particular asked to coordinate efforts in such matters with other organizations like, e.g., the ION.

|GS Retreat, December 1998

At the seventh IGS Governing Board Meeting in Rio de Janeiro it was decided to organize an
“1GS Retreat” in December 1997 with the IGS Governing Board Members and a very limited
group of IGS Associates with the goal to come up with a plan for the future development of the
IGS which then should be discussed by the entire IGS community and the Board (IGS Mail
Message No 16S3).

About haf of the time of the Sunday business meeting of the IGS Governing Board was devoted
to the discussion of the “recommendations and action items’ of the IGS Governing Board retreat
in Napa Valley, December 12-14, 1997. The report was prepared by Ivan |. Mueller, who was
also the program chair of the retreat. It was clear that the report could only be discussed

at the business meeting; decisions on this matter will be taken at the next official IGS Governing
Board Meeting (28 May 1998 in Boston). The complete report containing al recommendations
and action items may be retrieved by ftp (see attachment). Let me point out that comments on
the action items and recommendations are welcome!: no decisions have been taken so far, the
process may still be influenced till the end of May.

The report contains fourteen recommendations and thirteen action items emerging from them.
Let me comment a few of these recommendations and action items.

Recommendation 1 proposes to change the name “ International GPS Service for Geodynamics"
to “International GPS Service’. The acronym "IGS" remains the same. The Board is in favour
of this recommendation.

Recommendation 2 asks the “IGS to produce combined, internally consistent, global products”.
Product will include in future orbit parameters, station coordinates and velocities, earth rotation
parameters, GPS clock corrections, |GS time scale, tropospheric zenith delays, and ionosphere
models. Consistency of all products is the central issue, which was aso discussed at the
workshop (see below). The IGS/BIPM Project addresses the time-related issues.

Recommendation 5 asks that “the global 1GS Network should be enhanced in the overall sense’.
Animportant (actually THE important) action item related to this recommendation is to appoint
a Network Manager or Coordinator, within or outside the CB.

Recommendation 7 asks for a review of the definition of the terms “I1GS Anaysis Center”,
“Associate Analysis Center” at the Analysis Center Workshop in Darrnstadit.

Recommendation 8 recommends that Working Groups be appointed for “troposphere products’,
“ionosphere products’, for "ITRF densification", and possibly for others. The working groups
should have clear charters and structures.

Recommendations 9 to 12 are related to the IGS Central Bureau. 1t is in particular recommended
that the tasks of the CB (as described in the Terms of Reference) are regularly reviewed, that
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future tasks are clearly defined. Moreover, requirements concerning the minimum number of
persons working for the CB were stated.

Recommendation 14 asks the Governing Board to consider forming a committee, with external
participation, with the task to prepare the IGS Long Range and Strategic Plan.

The above selection of recommendations and action items emerging from the |GS Retreat 1997
is of course a personal one. Everybody is encouraged to retrieve the complete report.

The Governing Board considers the “recommendations and action items’ of the IGS Governing
Board retreat in Napa Valley, December 12-14, 1997 as prepared by Ivan I. Mueller as an

extremely useful document defining the development of the IGS at least till the end of the
millenium (!). The Board thanked Ivan I. Mueller for his excellent work.

1998 IGS Analysis Center Workshop (9-11 February, 1998)

4 topics (see below) were dealt with in detail at the 1998 1GS Analysis Center Workshop. The
first presentation within each topic was a position paper, topic 4 even was dealt with in two
position papers. AU of the position papers were available over the internet prior to the workshop
(ftp-address: see attachment). The final versions of the position papers will be available no later
than March 15, 1998 under the same ftp-address. These remarks underline how well the
workshop was prepared by the prograrnme committee, consisting of John Dow, Jan Kouba, and
Tim Springer.

The workshop was formally opened on Monday, February 9 at 9 am. with a welcome address
by Carlo Mazza, Head of Ground Systems Engineering Department of ESA, with an introduction
by John Dow, and an overview of previous |GS workshops by Gerhard Beutler.

Topic 1. The IGS Analysis Products and Consistency of the Combination Solutions
(Session Chair: Jan Kouba, Markus Rothacher)

The position paper entitled “the IGS Analysis Products and the Consistency of the Combined
Solutions” written by T.A. Springer, J.F. Zumberge, and J. Kouba reviewed the quality,
consistency, and reliability of current 1GS analysis products (orbits, Earth orientation
parameters, station coordinates, and clocks). The paper focused on current procedures to derive
these products, on reporting and feedback. Seven recommendations were given at the end of the
paper. All of them were accepted, some will ask for significant work by the IGS Analysis
Centers in the near future, As the proceedings of the workshop (containing all position papers
and resolutions) should be available rather soon, and as people interested in the resolutions may
retrieve preliminary versions of the position papers under the ftp address mentioned, we may
confine ourselves to highlight only a few of these resolutions.

First of al it is recommended that the IGS ACS include ephemerides for ALL operational
satellites in the daily SP3-files, and that these ephemerides are characterized by MEANINGFUL
accuracy codes. No format changes are necessary for this step, most of the analysis centers
aready provide such accuracy information. It was also discussed, however, that the user
community of IGS products must be made aware of these accuracy codes, and that this
community should be strongly encouraged to make use of these codes. This aspect might be
more important in future, when more orbit information of “modest quality” will available (due
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to this resolution).

Precise single point positioning developed by Zumberge et al. is used extensively today.
Consistency of orbit and clink information is crucial for this technique, The required consistency
level (of millimeters) is much easier to achieve if the same software package is used to produce
the global products (orbits and clocks) AND the coordinates using the single point positioning
technique. It was/is most encouraging to see that already today, thanks to an essential upgrading
of the combination technique, the consistency level for the combined 1GS products is not far
away from the best possible consistency level that may be reached (using one and the same
software). It seems feasible that sub-centimeter point-positioning using | GS products should be
possible in the very near future.

Other recommendations dealt with the “densification project”. It was recommended that
deadlines in compliance with other deadlines in the IGS are used, that EOP information is
included by all analysis centers in the GNAAC solutions, and that al discrepancies/errors in the
RINEX files are removed.

Also, the minimal requirements (performance-wise) to become an IGS Analysis Center were
reviewed (and probably clearly defined for the first time). As this recommendation was
extensively discussed and modified at the workshop, it is advisable to wait for the final version
of this position paper.

There were other interesting contributions in the first session. Jim Zumberge presented a
technique at JPL to produce in an efficient way high-rate GPS clocks, Wolfgang Soehne from
GFZ presented the GFZ procedures developed for the same purpose. Jim Ray gave a short status
report of the IGS/BIPM project: the call for participation was issued in January, the next phase
will consist of evaluating the proposals received in spring 1998.

Topic 2: Orbit Prediction and Rapid Products (Session Chair: Tim Springer, John Dow)

Tomas Martin Mur (ESA), Tim Springer (CODE) and Yoaz Bar Sever (JPL) reviewed the
procedures for “Orbit Prediction and Rapid Products’ in the position paper for topic 2. With the
increasing demand for close to real-time products this issue becomes more and more important.
It came out very clearly that data availability is THE critical issue. Global coverage isfar more
important than the number of stations (provided a minimum number of about 30 stations is
available).

The paper also reviewed the prediction techniques used by individual IGS Analysis Centers and
in the combination. Usually, IGS predictions are much better than broadcast orbits (the former,
when compared to the IGS final orbits are of about 30-50 accuracy (extrapolation over 2 days),
the latter are of 2-3 meter accuracy). There are exceptions, however, which are not always
predictable. Two measures may improve the reliability of IGS predicted orbits: (@) reduction
of the delay of data availability (see primary recommendation below), (b) reduction of the
number of “unknown” parameters for prediction process.

New orbit models developed by Yoaz Bar-Sever at JPL and by Tim Springer at CODE are
promising in area (b). Only improved data transmission may help in area (a): Therefore, the frost
arid probably the primary recommendation of the position paper asks the operational and global
data centers to give highest priority to the delivery of stations outside Europe and North America
(1. This does not mean, of course, that data from Europe and North America are not important;
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but due to the usualy excellent infrastructure ftp retrieval guarantees quick availability of a
sufficiently high number of stations (data outside these areas often have to be retrieved by the
operational centers by telephone or other links).

All in al seven recommendations were given in the position paper for Topic 2. The first three
addressed data availability (including more frequent than daily data download), the third
recommends extensive tests of the two new radiation pressure models (which are made available
by CODE and JPL) by all IGS ACS. The other three resolutions dealt with EOP series to be used
with the predictions, studies to improve the accuracy codes for prediction, and the use of the
NANU messages to reduce the number of blunders. An important issue, the change of the
deadline for the IGS Analysis Centers to deliver the rapid orbits/copsto 4 p.m. U.T. by January
1, 1999 (from 9 p.m. U.T.), was extensively discussed at the workshop. A recommendation
related to that topic will be contained in the final version of position paper 2.

The position paper was followed by technical papers related to topic 2: Tim Springer presented
his “latest and greatest” radiation pressure model and compared it to the model developed by
Bar-Sever. Jim Zumberge addressed the problem of identifying mismodeled satellites in GPS
predicted orbits. A presentation by M. Romay-Merino dealt with considerations concerning
real-time orbit computation for navigation using orbit predictions of the GPS, GLONASS, etc.,
in the context of GNSS. A contribution by P. Silvestrin described the GRAS (GPS/GLONASS)
receiver being developed by ESA for support of atmospheric sounding and other applications.

Topic 3: IGS Reference Frame Realization and Contribution to ITRF (Session Chair: Mike
Watkins, Gerhard Beutler)

The position paper by J. Kouba, J. Ray and M.M. Watkins addressed "IGS Reference Frame
Realization” within/by the IGS. It was stated in particular that the current set of 13 ITRF94
stations and the current |GS approach to realize the ITRF are no longer appropriate. A new set
of about fifty reference frame stations (based essentialy on an IGS history of station coordinates
AND the new ITRF96 as made available through the IERS) are about to replace the “old” set of
13 stations. It is expected that this measure will “dramatically” improve the IGS rapid EOPs.
Thisin turn will improve the Bulletin A values of the IERS.

The paper also compares in detail the ITRF96 station positions and velocities with the purely
IGS derived quantities for the selected fifty stations (and subsets of it). The agreement is
excellent, indeed. It is therefore natural that recommendation 1 demands the IGS to adopt
ITRF96 as early as March 1, 1998.

Other recommendations deal with technical aspects of producing the SINEX solutions, like, e.g.,
the inclusion of EOPs. Last but not least, it is recommended that a “super’’ combination of
G-SINEXes for station coordinates, velocities and EOPS is researched and initiated on behalf of
the IGS. The participants of the workshop were very much pleased to learn that NRCan would
take on this new combination task (compare report about GB Meeting, topic "densification").

Very interesting and informative presentations concerning the establishment of ITRF96 followed
the position paper. It became quite clear that the IGS is an important contributor to the ITRF.
The histograms dealing with coordinate accuracies are interesting, as well. It might be
worthwhile to look into the technique specific aspects: it seems in particular that the distribution
of SLR-derived height errors supports the conclusion that, due to the unproblematic modeling
of the troposphere in SLR, the SLR determined heights may significantly contribute to the height
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datum of the ITRF96.

Markus Rothacher et al. summarized their attempts to extract short-period nutation terms from
CODE/IGS eop series. Apparently, for periods up to about 20 days, the results obtained by GPS
are of equal or better quality than those obtained by VLBI. The work was motivated by the
simple idea that “there is no reason NOT to solve for nutation drifts, if one is solving for
led-values’ ! It is expected that the results can be significantly improved, if a more appropriate
orbit model (radiation pressure model) is adopted.

Geoff Blewitt et al. proposed to extract “fiducial-free Euler vectors’ from the GNAAC
Polyhedron time series. The method presented allows it very well to separate “normal” plate
motion (represented through the Euler vectors, resp. their first derivatives) from “abnormal”
(e.g., subsidence) or “apparent” (e.g., induced through antenna changes . ..) motion. It might be
worthwhile to explore the interest within the IGS and the IERS community for such vectors as
aregular IGS product.

Topic 4: 1GS Products for Troposphere and lonosphere (Session Chair: Gerd
Gendt, Mark Schenewerk)

Troposphere

The position paper “IGS Combination of Tropospheric Estimates - Experiences from Pilot
Project” was presented by Gerd Gendt from the GFZ Anaysis Center, GFZ was gaining
experience since more than one year of comparing and combining troposphere estimates for
about 100 sites of the IGS Global Network stemming from individual 1GS Analysis Centers.

Despite the fact that rather different processing options were used by the Analysis Centers
(different levels of differencing, different binning, different cut-off angles) the consistency level
reached isin general quite good. There was general agreement that the combined series of total
zenith path delays for the entire IGS network are of interest for climatological studies. Gerd
Gendt recommends furthermore that the troposphere combination product should become an
official IGS product, that the weekly summary reports are made publicly available (in the IGS
report series), and that the product distribution is performed using the ftp server of GFZ.

The IGS troposphere product would be of much greater value, if a significant number of
permanent, accurate, reliable surface meteorology measurements series would be available. This
is a station specific issue to be addressed by the Central Bureau, the Infrastructure Committee
and the future Network Coordinator.

Gerd Gendt’s recommendations were unanimously accepted, We are thus looking forward to see
the announcement through 1GS-mail that official |GS troposphere products are available.
Matthias Becker and Georg Weber from BKG Frankfurt (former IfAG) presented a study to use
the German permanent GPS network (GREF) to extract regional troposphere information on a
routine basis. The results are promising and should be seen as an attempt to make optimum use
of a permanent network.

Yoaz Bar-Sever discussed troposphere gradient estimates performed at the JPL Analysis Center.
He concludes that gradient estimates are significant and tend to improve station coordinate
repeatability. The drawback has to be seen in the considerably increased number of parameters.
Comparisons of monthly mean values for the JPL gradient parameters with those of the CODE
Analysis Center show a good agreement. More work has to be done in this area.
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lonosphere

The position paper “IGS Products for the lonosphere” was given by Joachim Feltens (ESA) and
Stefan Schaer (CODE). They reviewed the ionosphere related activities within the IGS in
previous years and they came up with alist of ten potential participating institutions in a future
“1GS ionosphere service”. Based on an e-mail inquiry they furthermore gave an overview of
analysis methods and models used by the institutions mentioned. An important part of the
presentation dealt with the definition of afuture IGS ionosphere product. They recommend that
all IGS ionosphere products

- must be based on the IONEX format,

. should refer to atwo-dimensional grid in a (single layer) shell,
should refer to the same shell height,
. should use identical reference epochs for subsequent ionosphere models,

that one, maybe two, time resolutions have to be agreed on, and
that naming conventions for ionosphere model files have to be defined.

The authors and the interested institutions are convinced that the development of an IGS
ionosphere product makes sense and that a continuous series of 1GS products should be produced
at least over one full 11 years cycle of solar activity. It is of particular importance that the IGS
models are covering the next period of maximum of solar activity (years 2001-2003). The key
recommendation was to establish a pilot phase for such an IGS ionosphere service as soon as
possible.

It was most encouraging that the expertsin the field of ionosphere physics, in particular Drs. N.
Jakowski (DLR Neustrelitz), R. Leitinger (TU Graz), and R. Warnant (Roya Observatory of
Belgium, Brussels), and L. Wanninger (TU Dresden) were attending the workshop to give their
input for the development of an IGS product. Their presentations showed that many activities
in the ionosphere community are regional in nature -- and that there are good reasons for this.
It became clear that the IGS (at least in a first phase) should stay out of regional ionosphere
modeling, but should rather focus on global aspects. One had to conclude from the discussions
that there is a great interest of the ionosphere community in a continuous series of global 1GS
ionosphere models.

That the modeling capabilities were significantly improved over the last few years emerged from
two technical presentations given by Stefan Schaer and by Joachim Feltens. The former
presentation showed (among other) that the parameters of the CODE models maybe successfully
predicted, the latter presentation was also addressing mathematical aspects using a so-called
“Chapman profile approach”.

In the discussion portion of the session and in the wrap-up meeting at the end of the workshop
the following procedure was proposed:

Joachim Feltens and Stefan Schaer, in close cooperation with the existing “1GS
ionosphere club”, should come up with
a proposal for global 1GS ionosphere products (including the specification of parameters,
formats, etc.)
a clear proposa how to proceed (test phase, pilot phase, etc.)
a proposal for the structure of the working group (what positions have to be created (e.g.,
IGS (Associate) lonosphere Analysis Centers, lonosphere Combination Center,
Validation Center),

. alist of members for the future IGS lonosphere Working Group.
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These specifications should be included in the final version of their position paper.

John Dow and Gerhard Beutler should
- draft a general “charter” for setting up Working Groups within the IGS and
circulate this draft within the Governing Board,

- develop in close cooperation with the “ionosphere club” the charter for the
ionosphere working group and circulate this draft within the “ionosphere group”
(which probably is the nucleus for the working group).

Assuming that the structure of the ionosphere working group is acceptable to all parties
interested in IGS ionosphere monitoring, the ionosphere working group should be
established by the IGS Governing Board by the end of May 1998 in Boston.

This procedure was unanimously accepted by the IGS Governing Board and the session
convenors at the wrap-up meeting on Wednesday, February 11. It should thus be possible to start
an I1GS pilot ionosphere service in the near future.

The workshop was concluded with a session addressing topics other than those treated in the
previous four sessions. Let us mention in particular presentations by T. Martin-Mur and C.
Garcia-Martinez (absolute and relative orbit determination using spaceborne GPS receiver), Y.
Bar-Sever (low elevation tracking of TurboRogue receivers, site specific antenna phase center
calibrations), H. Habrich (processing of GLONASS and combined GLONASS/GPS
observations), and by Ruth Neilan (GPS modernization effort in the US).

Hospitality experienced in Darmstadt

As one may conclude from the above report, the Darmstadt IGS event really was a WORK shop.
That the IGS Analysis Centers forma very dynamic group of enthusiasts became also clear at
the reception on Monday evening and at the dinner at Jagdschloss Kranichstein. Despite its name
there was no hunting before the dinner, one even had the option of a vegetarian menue (and this
in aJagdschloss -- “0 tempera, 0o mores’!).

The Analysis Centers took the opportunity to thank Jan Kouba for his personal engagement and
his great performance as IGS Anaysis Coordinator. A Swiss railway clock presented to him will
undoubtedly help him to understand the subtleties of the IGS/BIPM project. The clock is also
complicated enough (it has at least two buttons and may be used in at least two different ways,
e.g., asapocket clock or as a clock on his desk) to represent a challenge for histechnical skills.
Jan will continue to serve as IGS Analysis Center Coordinator till the end of 1998. As the next
IGS AC Workshop will take place only in 1999, the Darmstadt workshop was presumably the
last workshop with Jan Kouba “in command” as AC coordinator.

The chairman also took the opportunity at the dinner to express the gratitude of all workshop
participants to the local organizers from ESA, in particular John Dow, his wife Roberta, Siegmar
Pallaschke, Rolf Muench, and Hiltrud Grunewald for their perfect organization of the 1998 IGS
events in Darmstadt,

Gerhard Beutler
Chair, IGS Governing Board
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SUMMARY RECOMMENDATIONS OF THE DARMSTADT
WORKSHOP

Position Paper 1. The IGS Analysis Products and Consistency of the Combination
Solutions

1. Inclusion of all satellites, which were used in the data analysis, with meaningful accuracy
codes in the orbit products from all individual ACS. Use of these accuracy codes, or accuracy
measures from the long-arc analysis, to identify and consequently downweight “bad” satellites
in the orbit combination. In addition the IGS should increase the user awareness of the

availability and importance of the accuracy codes in the SP3 files (see also Recommendation
4).

2. Enhancement of clock products. All ACS which submit clocks must also submit clock
estimates from a, yet to be determined, subset of “core time stations’! All ACS are urged to
submit clock estimates. Furthermore the ACS are encouraged to increase the sampling rate of the
satellite clock products to 30 seconds. A format for station and satellite clocks, also suited for
30 seconds satellite clocks, will have to be defined.

3. Improved and automatic feedback to Data Centers (DC) and station managers in case there
are discrepancies between RINEX files and station logs, data problems and unexpected problems
(jJumps) in the station coordinate solutions.

4. Create a central place (WWW) for feedback and information about the IGS products and their
use.

5. Definition of minimal requirements for becoming an IGS AC. Any AC must produce all core
products, i.e. orbits, EOPs, and SINEX, both on time and with sufficient (high) quality. The
IGS terms of reference will be changed accordingly,

6. Additional accuracy digit for the IERS/IGS EOP file format. New format to be defined before
June 28, 1998 by Jan Kouba in cooperation with Dennis McCarthy.

Position Paper 2: Orbit Prediction and Rapid Products

1, Ask the Operational, Regional and Global Data Centers to give the highest priority to the
prompt retrieval and distribution of data from sites outside Europe and North America.

2. Ask the Operational, Regional and Global Data Centers to investigate and implement ways
of reducing data retrieval and distribution delays.

3. Ask the Operational, Regional and Global Data Centers to study and implement more
frequent down-loading of the data.

4. Ask those Analysis Centers that are evaluating more precise radiation pressure models to

make them publicly available, and encourage all Analysis Centers to implement and use them
when they have been validated.
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5. Ask the IERS Rapid Service and the Analysis Centers to investigate and propose ways to
obtain predicted cops (pole and UT1) for use in the calculation of 1GS predicted orbits.

6. Ask the Analysis Centers and the AC Coordinator to study, monitor, and, if possible, improve
the fitness of the accuracy codes for the predicted orbits.

7. Ask the Analysis Centers to investigate the ways and the consequences of reducing the
turn-around time for rapid and predicted products.

8. Review data and rapid product delivery times at July 1 and October 1 in order to evaluate the
change of the deadline for rapid products to no later than 16:00 UTC by January 31999.

Position Paper 3: IGS Reference Frame realisation and Contributions to ITRF

In order to increase the IGS product consistency and to prepare ground for adaptation of the new
approach of ITRF realizations, the following recommendations were accepted by the workshop
participants:

1. That IGS adopts ITRF96 as early as March 1, 1998 to replace the currently ailing and
problematic IGS realization of ITRF94, which currently is based only on less than 13 ITRF
stations.

2. As an interim measure and to facilitate an immediate I TRF realization improvement it is
recommended that the selection of the new ITRF96 station positions and velocities for a large
subset of the RF station is finalized at this workshop. This newly selected ITRF96 set of the 47
globally distributed IGS stations is to be used for ITRF96 redlization in all 1GS products
beginning as early as March 1, 1998. IGS redlization of ITRF is then accomplished by the above
ITTRF96 station coordinates/vel ocities together with the current official igs.snx, which contains
antenna offset and height information in the SINEX format.

3. That all weekly submitted AC SINEX solutions (A-SINEXes) contain the EOP of the current
week and that the submitted AC orbits/clocks (sp3) and EOP (erp) files are consistent with the
above A-SINEX solutions. Thisis essential not only for the increased IGS product consistency
but also for the future (improved) ITRF realization and IGS products. It is recommended that
thisis implemented and ensured by all ACS by June 28, 1998.

4. That the GNAAC combinations retain (and adjust) the submitted AC EOP information of the
current week in their G- SINEX combined products, along with the usual station position
solutions. It is recommended to be implemented by June 28, 1998.

5. The SINEX extensions as outlined in the Appendix IV, alowing the minimum datum and
transformation parameter constraints to be coded in the SINEX format, are accepted and used
by IGS on or before March 1, 1998. Furthermore, that |GS submits the SINEX extension for
acceptance to Prof. Tom Herring of CSTG, who is currently responsible for the SINEX format.
This will provide a means and encouragement to ACS and other 1GS users to use (minimum)
datum constraints, as well as it alow an efficient and safe monitoring of geocenter and scale
changes (e.g. Ray, 1997). It is further recommended that only the AC Final products, which are
based on minimum or no datum constraints, be accepted for the IGS Final
orbit/clock/EOP/station combinations after June 28, 1998.
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6. That a (super) combination of G-SINEXes for station coordinates and EOP is researched and
initiated on behalf of IGS. This EOP (G-SINEX combination) cumulative solution would replace
the current 1IGS EOP combination and it would lead to an official SINEX station solution
product (both for global as well as the polyhedron stations). The polyhedron SINEX solutions
could be produced by back substitution when P-SINEXes are made available to produce the IGS
P-SINEX products (station positions/velocities only). The implementation goal should also be
by June 28, with the official IGS SINEX (G and P) products on or before January 3, 1999 !

Position Paper 4a: 1GS Products for the Troposphere

1. The pilot phase for the IGS Combined Tropospheric Estimates will be finished and the
combined zenith path delay (ZPD) estimates will become an official product. The conversion
into precipitable water vapor will be postponed until a sufficient number of surface met packages
is available. At the moment it is to the customer to convert the ZPD by relying both on the
existing RINEX met files as well as on interpolation within global or regional meteorological
fields. The product will be archived at the global Data Centers.

2. All network operators will be encouraged to enforce the installation of met packages.

3. The Anaysis Centers should strive to constrain the RF stations during the computation of the
tropospheric estimates to reduce the biases in the ZPD estimates as much as possible.

4. All Analysis Centers provide TRO-SINEX files which are compatible to the weekly SINEX
file, i.e. the daily station coordinates of the TRO-SINEX files should refer to the site description
blocks given in the weekly SINEX file.

5. IGS will strive to get water vapor estimates from collocated water vapor radiometer and
VLBI. During a calibration campaign all Analysis Centers will be asked to include those sites
in their analysis for investigation of the biases in the ZPD estimates.

6. For each SINEX file the shortened version *.ssc without all matrices should be archieved too.
The ssc-files should be formed at the Data Centers unless the ACS already submit both *.snx and
* ssc. This way also * .ssc versions for al the old SINEX files can be formed.

Paper 4b: IGS Products for the Ionosphere

1. Initialy, the IGS should focus on two kinds of products:
(8 TEC mapsin grid form and
(b) differential code biases (DCBs).

2. 1GS TEC maps are global maps. Only global maps will be compared and perhaps combined,
This policy may be reviewed after one year of pilot operations.

3. All TEC maps must be delivered to the IGS in the IONEX format [Schaer et al., 1998]. TEC
maps delivered to the IGS thus are “snapshots’ of the electron density referring to a
particular epoch and to an earth-fixed reference frame.

4. Global TEC maps from each contributing Analysis Center are given the name cccGddd0.yyl,
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where ccc is a 3-figure acronym for the AC (in uppercase), “G” says that this file contains
global maps, ddd is the day of the year, “O” indicates a daily file, yy specifies the

2-digit year, and the last letter “1” stands for “ionosphere maps’. Example: CODGO0410.98|
(or CODG0410.98I1.Z). These files are { compressed} and sent to the IGS Global Data Centers
and are available to the interested user. Access Fortran routines are also made available.

5. The daily IONEX file, as produced by an IGS Analysis Center, should have a 2-hour
resolution referring to the epochs 01, 03, . . . . 23 hours UT. RMS files corresponding to the
2-hourly TEC maps maybe included in the IONEX files. TEC/RMS maps refer to a
two-dimensional grid in asingle layer, The height of the single layer should be 450 km
adopting a base radius of 6371 km. The latitude ranges from 87.5 to -87.5 degrees in steps
of-2.5 degrees; the longitude ranges from -180 to 180 degrees in steps of 5 degrees.
TEC/RMS values have to be given in units of 0.1 TECU.

6. Daily sets of differential code biases (DCBs) for the GPS satellites are recommended to

be included in IONEX files. The exchange of satellite-specific DCBS is IONBX-supported, too.
Note that the DCB reference maybe chosen arbitrarily and can be taken into account in the
combination procedure.

22




id
algo
areq

brmu

davl’

drao
fair
fort
gode
gol2
graz
uam
ark
hob2
i rkt
ker
ki t
kokb
kosg
kour
kwijl
lhas
macl
mad?2
mali
masl|
mat e
mdo 1
nlib
nyal
ohi g
onsa
pert
pi el
pot s
sant
shao
thul
tid2
t rom
tskb
vill
wes?2
wtzr
yarl|
yell

wen

Annex

|GS Fiducials for ITRF Reference Frame Control, ITRF96
47 stations, Darmstadt AC workshop, Topic 3, Rec. #2
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RECOMMENDATIONS AND ACTION ITEMS
IGS Governing Board Retreat
Napa Valley, December 12-14,1997

Ivan L Mueller

One of the conclusions of the Retreat has been that the IGS Terms of Reference (January 1996
version), with some “fine tuning”, still reflects the current needs. For this reason and also to
provide a framework for the Retreat’s Recommendations (Rs) and Action Items (As) relevant
portions of the terms are reproduced below, between dotted lines, with the Rs and As inserted
at the appropriate locations.

In order to keep the Retreat as conducive for open discussion as possible formal Minutes were
not kept. A Rshort handS/informal record suitable to jag the memories of the participants is
available from the Central Bureau.

The Recommendations/Action Items and the explanatory text as presented below are based on
the final summary discussion of the Retreat Coordinators on December 14, 1998, on
correspondence and conversations after the Retreat.

INTERNATIONAL GPS SERVICE FOR GEODYNAMICS
TERMS OF REFERENCE

The term “Geodynamics’ in the name of IGS, at its inception, was meant to indicate that the
primary users of the service are scientists involved in geodynamics, specifically using GPS for
determining and/or monitoring positions on the surface of the Earth with the highest accuracy.
Since other types of users (especialy from the atmospheric and oceanic science communities)
are appearing on the horizon the suggestion was made to eliminate the term “Geodynamics’
from the title of 1GS.

R 1: The name of the Service be the “International GPS Service”.

Al: Governing Board (GB) needs to consider R1 and vote.

The primary objective of the IGS is to provide a service to support, through GPS data
products, geodetic and geophysical research activities. Cognizant of the immense growth
in GPS applications the secondary objective of the IGS isto support a broad spectrum of
operational activities performed by governmental or selected commercial organizations.
The Service also develops the necessary standards/specifications and encourages
international adherence to its conventions.
IGS collects, archives and distributes GPS observation data sets of sufficient accuracy to
satisfy the objectives of a wide range of applications and experimentation. These data sets
are used by the IGS to generate the following data products:

high accuracy GPS satellite ephemerides

earth rotation parameters
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coor dinates and velocities of the IGS tracking stations
GPS satellite and tracking station clock information
ionospheric information

tropospheric information.

The accuracies of these products are sufficient to support current scientific objectives
including:
. realization of global accessibility to and the improvement of the International

Terrestrial Reference Frame (ITRF)

monitoring deformations of the solid earth

monitoring earth rotation

monitoring variations in the liquid earth (sea level, ice-sheets, etc.)

scientific satellite orbit determinations

ionosphere monitoring

climatological research, eventually weather prediction.

In the past the IGS combined products used primarily have been those related to the IGS
Reference Frames, both terrestrial and inertial, recommended for GPS users. These are the
station coordinates with their variations in time (defining the terrestrial frame) and the orbits of
GPS satellites (defining the inertial frame), and the transformation parameters relating the two
(the earth-rotation parameters). There have been some questions as to the internal consistencies
of the above products.

Due to user requirements for using the GPS signals in various efficient modes and/or leading
to more accurate results, it appears necessary for IGS to produce combined, timely and
consistent additional products, specifically GPS clock corrections, possibly an IGS time scale,
tropospheric zenith biases and global and possibly regional ionosphere models.These, together
with the reference frames (al based on the IERS Conventions, 1996), constitute the IGS
Reference System assuring consistency for all GPS users of positioning in all modes.

Although non-positioning GPS user requirements are not clear at thistime, it appears that there
is (or will be in the near future) an increasing demand for rapid (real-time) and more accurate
GPS orbits as well as the satellites in the IGS framework (primarily the GLONASS and LEO
satellites).

R2: IGS is to produce combined, internally consistent, global products based on GPS
observations as follows (several of these to afair extent are already accomplished):

a) station coordinates and velocities (incl.IGS SINEX products)

b) orbital parameters

c) earth rotation parameters

d) GPS clock corrections

e) IGS time scale

f) tropospheric zenith delays

g) ionosphere models

A2.1: The Analysis Center Workshop in Darmstadt should address the issues a) - d) and
f) and g) and make recommendations.

A2.2 The recently established IGS-BIPM Pilot Project should address issue €) as already
decided by the GB.
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. R3: IGS should continue producing accurate orbits based on rapid and/or high rate data,
investigate new requirements (e.g., for real timemeteorology forecasting a twenty-station
network providing 30s data down loaded every 6-12 hours is suggested. For LEO see
A4.2 below) and suggest and implement improvements in availability (IGR) and
precision (IGP).

A3: The Analysis Center Workshop in Darmstadt should address this issue and make
recommendations.

R4: 1GS should support the tracking of GLONASS and LEO satellites.

A4.1: The GB should support tracking of GLONASS satellites by actively promoting
within IGS the International GLONASS Experiment (IGEX), currently scheduled

Sep. -Dee., 1998, pending on the discussion on GLONASS at the GB business meeting
in Darmstadt.

A4.2: The LEO Working Group should continue its work (in collaboration with various
groups involved in the use of LEOS for atmospheric science). Specific recommendations
are to be made on the appropriate number of tracking stations and sampling rate (1 -5s?)
and on the feasibility of 1GS processing of occultation and/or other flight data.

The IGS accomplishes its mission through the following components:
. networks of tracking stations

data centers

Analysis and Associate Analysis Centers

Analysis Coordinator

Central Bureau

Governing Board.

NETWORKS OF TRACKING STATIONS

IGS Stations provide continuous tracking using high accuracy receivers and have data
transmission facilities allowing for a rapid (at least daily) data transmission to the data
centers (see below). The stations have to meet requirements which are specified in a
separate document. The tracking data of IGS stations are regularly and continuously
analyzed by at least oneIGS Analysis Center or | GS Associate Analysis Center . ...

IGS Stations which are analyzed by at least three IGS Analysis Centersfor the purpose of
orbit generation, where at least one of the Analysis Centers lies on a different continent
than the station considered, are in addition called 1GS Global Stations.

All 1GS stations are qualified as reference stations for regional GPS analyses. The
ensemble of the IGS stations forms the |GS network (polyhedron).

The IGS global network needs an overall enhancement. The IGS Infrastructure Committee is
involved "considering issues related to the existing network e.g., instrumentation,
monumentation, reporting, performance, data communication and flow, quality control,
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archiving, site and RINEX standards. Plans for a coordinated systematic effort to
expand/densify the network to the proposed (about 200 stations) Polyhedron is still lacking, On
the other hand, the regional densification efforts are progressing, and limits are to be set up as
to the inclusion of the regional stations into the IGS Polyhedron (being pro-active at the same
time). Use of the network for climatology would also require the installation of high stability
accurate barometers.

R5: The global 1GS Network should be enhanced in the overall sense.

Ab.1: The IGS Infrastructure Committee is to continue its work and

report to the GB at its next regular meeting in Boston.

Ab.2: The GB should consider appointing a Network Manager/ Coordinator, within or
outside the CB, to coordinate a systematic effort to complete the IGS Polyhedron. The
responsibility would include the formulation of network standards and checking
performance.

0 A5.3: The CB/GB should make a systematic and concerted effort to request stations to
install high stability/accuracy barometers (the alternative of using routinely produced
atmospheric pressure grids should be explored, although their availability in near real
time might be a challenge).

AS5.4: The GB should consider organizing an IGS Network Workshop to have an open
discussion on network/station issues and to develop a direct interaction between the GB
and the stations, upon which rest all 1GS activities.

DATA CENTERS

The data centers required fall into three categories: Operational, Regional, and Global
Data Centers. . ..

The Global Data Centers are the main interfaces to the Analysis Centers and the outside
user community. Their primary tasks include the following:
. receivelretrieve, archive and provide on line access to tracking data received from
the Operational/Regional Data Centers
provide on-line access to ancillary information, such as site information, occupation
histories, etc.,
receivelretrieve, archive and provide on-line access to | GS products received from
the Analysis Centers
backup and secure IGS data and products.

It was noted that, with the exception of CDDIS (which is doing an admirable job), not all Global
Data Centers are producing regularly their Access Reports, In view of the importance of keeping
track of the users of 1GS productsit is recommended that such reports be published on aregular
basis.

R6: It is recommended that all Global Data Centers publish Access Reports on a monthly
basis.

A6: The CB is to contact the relevant Global Data Centers and encourage them to
comply with R6.
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ANALYSIS CENTERS

The analysis centers fall into two categories: Analysis Centers and Associate Analysis
Centers.

The Analysis Centersreceive and processtracking data from one or more data centersfor
the purpose of producing IGS products. The Analysis Centers are committed to produce
daily products, without interruption, and at a specified time lag to meet IGS requirements.
The products are delivered to the Global Data Centers and to the [ERS (as per bilateral
agreements), and to other bodies, using designated standards.

The Analysis Centers provide as a minimum, ephemeris information and earth rotation
parameters on a weekly basis, as well as other products, such as coordinates, on a
guarterly basis. The Analysis Centersforward their productsto the Global Data Centers.

Associate Analysis Centers are organizations that produce unique products, e.g.,
ionospheric information or Fiducial Station coordinates and velocities within a certain
geographic region. Organizations with the desire of becoming Analysis Centers may also
be designated as Associate Analysis Centers by the Governing Board until they are ready
for full scale operation.

. R7: Depending on the outcome of the Analysis Center Workshop in Darmstadt the above
descriptions of the Analysis and Associate Analysis Centers should be reviewed. The GB
decisions in San Francisco/Napa Valley re. the GNAACs/RNAACs, may also have an
effect.

AT: The AC Coordinator together with the Chair of the Densification Project recommend
the necessary changes to the Terms of Reference as per R7, if necessary.

ANALYSIS COORDINATOR
The Analysis Centers are assisted by the Analysis Coor dinator.

The responsibility of the Analysis Coordinator is to monitor the Analysis Centers activities
to ensure that the IGS objectives are carried out. Specific expectations include quality
control, performance evaluation, and continued development of appropriate analysis
standards. The Analysis Coordinator is also responsible for the appropriate combination
of the Analysis Centers productsinto a single set of products. Asa minimum a single |GS
ephemeris for each GPS satellite isto be produced. In addition, IERS will produce ITRF
station coordinates/velocities and earth rotation parameters to be used with the IGS orbits.

The Analysis Coordinator is to fully interact with the Central Bureau and the IERS.
Generally the responsibilities for the Analysis Coordinator shall rotate between the
Analysis Centers with appointments and terms specified by the Governing Board.

In view of R2 above, the present Analysis Coordinator’s role will be significantly expanded and
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it is unlikely that a single person (ororganization) will be able to handle the responsibilities
related to al the different combined global products now contemplated. There is also a question
of coordinating the regional densification projects (connected to the Polyhedron) in some central
way. One of the responsibilities here would also be the education of users on how to use IGS
products.

0 R8: It is recommended that Working Groups be appointed for Tropospheric Products,
for lonospheric Products, for ITRF Densification and possibly others (pending on the
recommendations of the Analysis Center Workshop in Darmstadt). The Analysis Center
Coordinator should bean ex-officio member of al Working Groups. The alternative of
appointing individual “Coordinators’ for each application (instead of the Working
Groups) may also be considered.

A8.1: Based on the recommendations of the Darmstadt Analysis Workshop, the GB
should appoint new Working Groups or Coordinators as per R8 and clarify their
relationship/interaction (reporting requirements, etc.) with the CB and the GB.

A8.2: The concept of Working Groups or additional Coordinators, together with their
responsibilities and reporting/interaction requirements should be incorporated in the
Terms of Reference.

CENTRAL BUREAU

The Central Bureau (CB) isresponsible for the general management of the IGS consistent
with the directives and policies set by the Governing Board. The primary functions of the
CB are to facilitate communications, coordinate |GS activities, establish and promote
compliance to IGS network standards, monitor network operations and quality assurance
of data, maintain documentation, and organize reports, meetings and workshops, and
insure the compatibility of IGS and IERS by continuous interfacing with the IERS. To
accomplish these tasks the CB fully interacts with the independent Analysis Coordinator
described above.

Although the Chairperson of the Governing Board is the official representative of the IGS
at external organizations, the CB, consonant with the directives established by the
Governing Board, isresponsible for the day-to-day liaison with such organizations. . . .

The CB coordinates and publishes all documents required for the satisfactory planning
and operation of the Service, including standards/specifications regarding the
performance, functionality and configuration requirements of all elements of the Service
including user interface functions.

The CB operates the communication center for the 1GS. It maintains a hierarchy of
documents and reports, both hard copy and electronic, including network information,
standards, newsletters, electronic bulletin board, directories, summaries of 1GS
performance and products, and an Annual Report,

In summary, the Central Bureau performs primarily a long term coordination and
communication role to ensure that IGS participants contribute to the Service in a
consistent and

continuous manner and adhere to 1GS standards.
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The Central Bureau has performed well, especially in the areas of coordinating the network and
communication. However, partly due to the rapid expansion of IGS over the past several years,
other CB tasks described in the Terms of Reference either had to be farmed out to
persons(usually volunteers) outside the CB, contracted to other organizations (e.g., UNAVCO)
or neglected.

In addition to the rapid expansion of IGS, the other major difficulty the CB is facing when trying
to fulfill its responsibilities is primarily structural/ organizational in nature. Although it is
difficult to assess the situation from the outside, it seems evident that partly due to the fact that
probably no single person has full time responsibility within the CB, every oneis “spread too
thin” and fragmented. The Director of the CB has at |east three jobs and it appears that only one
person reports to her (the liaison to UNAVCO). The UNAVCO contract to help with the
network involves one staff position spread out over six persons. Others working for the CB,
instead of reporting to the Director, in fact report to one of JPLUS Group Supervisors, who
inturn reports to certain Section/Division heads, not directly in charge of the Director of the CB.
It appears that such a structure (although maybe efficient for other purposes), combined with the
fragmentation of individual responsibilities, lead to difficulties in meeting JPLUS original
commitment to IGS and in some cases even to conflicts of interests within JPL.

R9: It is recommended that the tasks of the CB as described in the Terms of Reference
be reviewed and the future tasks of the CB clearly defined, with the Rleft-overS
responsibilities appropriately assigned to organizations or individuals outside the CB,
which will closely interact with the CB.

R10: It isrecommended that the host organization of the CB review and streamline the
CB organization, with fragmentation reduced to a minimum and lines of reporting and
responsibilities clearly defined.

R 11: It is aso recommended that at least two persons should be given full time
responsibility within the CB. One of these should be the Director, the other may be the
Network Coordinator (see A5.2 above).

R 12: It is recommended that, provided that the recommendation for the additional
Coordinators are adopted (see R8 above), their interaction with the CB be clearly
defined.

A9: The Director of the CB should discuss R9- 11 with the appropriate officials of the
host organization and present a plan to eliminate the above difficulties to the GB and the
progress at its next regular meeting in Boston.

A 10: The GB should appoint a small sub-committee to work with the Director of the CB
to accomplish R9 and R12.

Al 1: The Central Bureau section of the Terms of Reference will have to be modified
after the fact.
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GOVERNING BOARD

The Governing Board (GB) consists of fifteen members. They are distributed as follows:
Elected by 1GS Associates (see below):

Analysis Centers representatives 3

Data centers representative 1

Networks' representatives 2
Elected by the Governing Board upon recommendations from
the Central Bureau, for the next term:

Representatives of Analysis,

Data Centers or Networks 2

Members at large 2
Appointed members:

Director of the Central Bureau 1

Representative of the IERS 1
IGS representative to the IERS 1
TAG/FAGS representative 1
President of IAG Sect. 11
or Com.VIII (CSTG 1
Total 15

The appointed members are considered ex officio and are not subject to institutional
restrictions. The other ten persons must be members of different organizations and are
nominated for each position by the IGS components they represent as listed above (six
persons) , or by the Central Bureau (four persons) for a staggered four year term
renewable once. The GB membership should be properly balanced with regard to
supporting organizations as well as

to geography.

The election for each position is by the number of nominations received from the relevant
IGS component, i.e., from the networks (for this purpose organizations operating two or
more Global Stations are considered a network), from the Analysis Centers and from the
Data Centers. In case of atie, the election is by the members of the Governing Board and
the IGS Associate Members (see below) by a simple majority of votes received. The election
will be conducted by a nominating committee of three members, the chair of which will be
appointed by the Chair of the IGS Governing Board...

The IAG / FAGS representative is appointed by the IAG Bureau (or by FAGS) for a
maximum of two four-year terms...

The secretariat of the GB is provided by the Central Bureau...

The experience of the past several years indicate that the nomination procedure for both groups
of elected GB members, i.e., those nominated by the IGS Associates and those by the CB may
be improved to assure wider participation in the nomination process. In addition, it has been
suggested to include all (or most) Coordinators in the deliberations of the GB. The appointed
representation of IAG and FAGS on the GB needs clarification as well.
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Al 2. The GB should appoint a sub-committee to review the current
nomination/appointment procedures for GB membership and to recommend
improvements by the end of 199S.

Additional Recommendations/Action ltems;

A13: Periodic performance review requirement for each 1GS component be
incorporated in the Terms of Reference. The GB isto set up procedures for such regular
reviews (how often and how?) and for the follow up of the recommendations (whether
positive or negative).

0 R13: The GB should consider forming an Advisory Committee for Commercialization
of IGS products. The Committee should include representatives of organizations
experienced in such ventures, e.g., WMO, UCAR/NCAR, IRIS, ESA (its business arm).

R14: The GB should consider forming a committee, with externa participation, with the

task to prepare the IGS Long Range and Strategic Plan. Reporting should be at the IAG
General Assembly in 1999.

(January 31, 1998)
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Topic 1. The IGS Analysis Products and Consistency of
the Combination Solutions
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ThelGS Analysis Products and the Consistency of the
Combined Solutions

T.A. Springer, J.F.Zumberge, J. Kouba

Abstract

The basic IGS analysis products (orbits, Earth orientation parameters, station coordinates,
and clocks) are of very high quality, and should in general be more reliable and at least
as accurate (if not more so) than the solutions obtained by the individual analysis centers
(ACs). This position paper focuses on the current combination procedures, reporting and
feedback. Possible enhancements in precision, consistency, robustness, presentation and
feedback of the results are discussed. Furthermore, it addresses a need for additional
products in order to meet the needs of IGS users.

Introduction

Many different combination activities are going on within the 1GS. Ideally every AC
would provide just one single file each day containing all estimated parameters, including
orbit, Earth orientation parameters (EOPs), clocks, coordinates, and troposphere estimates
together with their full covariance matrix. These solutions could than be rigorously
combined in one single combination scheme! Of course this is not feasible for many
reasons at this time; one obvious reason being the different models which are used. Another
is that results from different ACS are not likely to be independent, since they are based on
datasets which are largely common.

Therefore different combination activities were initiated by the IGS over the last years.
The orbit combination, the first and most well known IGS combination, has played a major
part in the improvement of the IGS products and has been the key to the overall success
of the IGS. Based on its success other combinations have been initiated including the
EOP, clock, and station coordinate combinations by the GNAACS (in the framework of the
densification project), and the troposphere combinations by Gerd Gendt at GFZ. Currently
others are planned like combination of station clock estimates, (in the framework of the
time-transfer project), and ionosphere estimates.

Due to the diversity of the combination activities and consequently the different methods
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used, the consistency between all these IGS combined products is not (automatically)
guaranteed. The complete decoupling of the orbit- and coordinate-combinations can lead
to some problems. The resulting IGS-coordinates, which essentially represent the 1GS
reference frame, are not necessarily compatible with the IGS-orbits and EOPs. Furthermore
the feedback to the AC’'s and other users of IGS products, coming from the different
combinations, has very different levels of quality and usefulness. Some reports are
very good and extensive whereas others give practically no information. The different
combinations and resulting products also make it very difficult for “outsiders’ to get and
keep a good overview of the IGS activities and developments. It is even hard for those
within the IGS to keep track of all activities and to find the necessary information!

In this position paper we critically review all different combination activities which are
currently performed within the IGS. We review the:

. combination procedures which are currently used,
. consistency of the products within a combination (e.g. orbits, EOPs, and clocks),

. consistency of the products between different combinations (e.g. orbits, EOPS, clocks,
and Sinex),

. feedback from the different combinations, and

« ways of improving any of the above.

One other aspect of the IGS which is discussed here will be the quality control of the
data from al the IGS stations! Although the observational data in the Rinex format is one
of the most important IGS products, if not the most important, the IGS has not been very
successful in setting up and maintaining a standard for 1GS stations.

IGS Combination Activities

Currently the following combination activities are performed within the IGS:

« Combinations by the IGS Analysis Center Coordinator for the Final, Rapid and
Predicted results:

-- Orbit combination
-- EOP combination (polar motion, polar motion rates, UT, LOD)
-- Satellite Clock combination

. Station Coordinate combination
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-- JPL, Michael Heflin,
-- MIT, Tom Herring,
-- NCL, Phil Davies, and

« Troposphere Combination at GFZ, Gerd Gendt.

As mentioned before ideally every AC would provide just one single product file each
day containing all currently available products. Because this is not possible for obvious
reasons we have the different IGS combinations listed above. This means that the resulting
combined IGS products are not necessarily consistent at the required level of accuracy.

Another issue which we have to address is the extent to which the products of the
individual ACS are internally consistent. For instance some ACS provide satellite clock
estimates although they use double difference observations for their orbit estimates. We
have to know and understand to what extend the orbits, EOPS and clocks of these ACS
are consistent. Other possible inconsistencies exist, for instance high rotations sometimes
observed in the orbit combinations indicate that for some ACS the orbit and pole estimates
are inconsistent.

So besides the consistency of the IGS combined products we should also ook for possible
inconsistencies within the individual AC products. All inconsistencies, if any, should be
detected and corrected, or reduced to an acceptable level, as soon as possible.

Review of ACC Combination

The IGS orbit combination was originally developed in 1993, [Beutler et al., 1995]. Since
then many improvements and additions have been made by the Analysis Center Coordinator
(ACC) and his colleagues at NRCan, [Kouba, 1995; Kouba and Mireault, 1996]. However,
the basic method of the combination, the L1 -norm, was not changed.

It is our impression that the IGS final orbits, EOPS and clocks are of very high quality
and are in general more accurate and reliable than the solutions obtained by the individual
ACS. Nevertheless, there are possibly a few improvements which can be made. First of
al the consistency between the combined orbits and the combined clocks can, and should,
be improved, especially with respect to those users who want to perform precise point
positioning [Zumberge et al., 1997a]. A second improvement maybe found, as envisioned
during the initial development in 1993, in the use of a priori weights for the individual
satellites.
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Consistency between the IGS orbits and clocks

The quality of the satellite clock estimates provided by the ACS has improved dramatically
over the 1996--1997 timeframe. Thanks to the increased accuracy of the AC satellite
clocks and the growing number of people interested in using precise point positioning
(using precise orbits and satellite clocks) it became clear that the IGS orbits and clocks
were inconsistent at the 200 mm level. To improve the consistency between the combined
IGS orbits and the combined IGS clocks two changes were made recently to the clock
combination agorithm.

The two new features are:

. an improved clock weighting scheme, using the clock estimates from one AC
as reference instead of the satellites without Selective Availability (SA, only 1
remaining), and

. correcting the AC clocks, before the combination, based on the difference in the
radial component between the AC orbit and the IGS combined orbit.

Different ACS use different reference clocks. Therefore the AC clocks have to be aligned
before the combination to correct for the differences between the different reference clocks.
For this purpose the satellites without SA were used, because their clocks can be accurately
modeled fitting only an offset and a drift. At the same time the RMS of this fit was used
for the clock weighting. Because only one satellite remains without SA the alignment
has become unreliable. Therefore the alignment was changed by using one of the ACS as
reference. The selected reference AC is aligned to GPS time, based on the broadcast clocks,
using all satellites. All other centers are then to this reference AC.

Providing the orbits and the clocks of the individual ACS ax-e consistent then orbit
differences between the ACS should show up in the clocks as well. In a first order
approximation only the radial differences are important. Therefore an attempt to improve
the consistency between the orbit and clocks, by correcting the AC clocks based on
the radial AC orbit differences, was made and coded almost 3 years ago! It was only
implemented recently due to other more urgent combination improvements/enhancements
and because 3 years ago no improvement was found!

One way to evaluate the IGS clock/orbit product is to use it in precise point positioning
[Zumberge et al., 1997a] to analyze data from a single receiver. We have selected nine
sites (Figure 1) and the 6-week period beginning November 16, 1997 to perform such an
evaluation. The sites were selected to give reasonable global coverage. To ensure that the
results using the JPL product wouldn’t look artificially good, it was decided to exclude
sites that were used by JPL for its IGS contribution during the test period.
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Figure 1. Sites used. The numbers indicate the observed daily repeatability for site
coordinates in the North, East, and Vertical dimensions, using the latest clock
combination technique, for the period December 7-- December 27, 1997.

The SP3 product contains both orbits and clock information for each satellite, once
every 15 minutes. SA results in large and rapid fluctuations in the GPS clock correction.
Thus only data that are on the even quarter hour in a daily Rinex file can be modeled
to the sub-centimeter level for phase and half-meter for pseudorange, given a precise
orbit/clock product. For each day and site, the data are used to estimate site coordinates,
with satellite parameters -- orbits and clocks -- held fixed at their values in the SP3 file. For
eclipsing satellites, the yaw angle was fixed at its value as estimated in JPL’s contribution
to the IGS. One could alternatively use the nominal yaw rates and obtain similar results.
Gipsy/Oasis-ll was used for all processing. On a given day, only satellites that are in both
SP3 product files were kept. The JPL product contains only satellites which JPL considered
usable, so this criterion attempts to exclude poorly modeled satellites.

Shown in Table 1 is the median of the daily repeatabilities of site coordinates as a
function of orbit product and time window (the numbers indicate only fluctuations, and
do not include any average offset). The product labelled * ‘1GSO” used the original clock
combinations, For the product labelled * ‘1GS 1"’ the improved weighting scheme was used
and for the’ *“NEW” product the radial corrections were applied in addition to the improved
weighting scheme. For reference the results using the JPL orbits and clocks using the
same timespan and sites are also given. Note that the solutions* ‘IGSO” and * ‘IGS 1’ are
based on the official IGS products for those timeframes whereas the the “NEW” product
represents the now operational (current state of the art) IGS clock combination (active since
GPS-week 0938, day O for IGS and GPS-week 0940, day 1 for IGR).

With the latest implementations regarding the IGS satellite clock combination we find
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Table 1. Median daily repeatabilities as a function of time and orbit/clock product. The
table contains the median value of the nine sites. A change in the clock weighting
scheme was implemented on Dec 7, and a proposed improvement using radial
variations in contributed orbits was also evaluated (NEW). The JPL results, using
the same timeframes and sites, are shown for comparison.

Product period ‘North (mm) East (mm) Vertical (mm)
IGSO  Nov 16-- Dec 06 11 17 24
IGSL  Dec 07-- Dec 27 8 10 16
NEW Dec 07-- Dec 27 6 8 14
JPL Nov 16-- Dec 06 4 4 7
JPL Dee 07-- Dee 27 4 6 8

typical daily repeatabilities of 10 mm horizontal and 14 mm vertical for stationary site
coordinates. These are approximately afactor of two better than before these improvements
were implemented and are approaching the individual AC consistency. This is quite an
achievement in view of the very inhomogeneous input for the clock combination: not all
ACS submit clocks, the quality of the clocks are very different and one AC provides clocks
only every 30 minutes. However, the results using JPL’s SP3 product indicate that there is
still some additional room for improvement for the IGS product.

One feature of the results that is not well understood are significant variation among
sites in the repeatabilities, which are indicated in Figure 1. An extreme case is Auckland,
New Zealand, where the repeatabilities are approximately a factor of two larger than the
median (this is not observed when the JPL product is used). Further enhancements maybe
necessary to reduce these significant site-to-site variations.

One possibility to further improve the consistency of the combined IGS clocks may be
found in the alignment of the AC clocks. Currently the alignment of the AC clocks is
achieved by estimating one offset and drift per AC with respect to a chosen reference AC.
In order to do proper clock alignment amongst ACS, i.e. to remove the effects of a single
reference station, we need AC station clock solutions (e.g. aso at 15 min sampling), or at
least a subset of consistent AC station clock solutions. The station clock solutions are also
essential to the time transfer pilot project [Ray, 1998]. Furthermore an important quality
control could be realized by analyses of the stable hydrogen maser clock subnet of stations.

Note that there are some significant hurdles in the clock combination. The quality of
the individual AC clock solutions are very different. Only three ACS (EMR, GFZ, and
JPL) provide satellite clocks based on processing undifferenced phase (and code) data. Of
these, GFZ has a sampling rate of only 30-minutes with respect to the nominal 15-minutes
sampling. This may cause problems in the combination, something which will have to
be studied. Note that for the rapid products the USNO AC also provides satellite clock
estimates based on processing undifferenced phase (and code) data.
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The clock estimates of two other ACS (CODE and ESA) are based on (phase-) smoothed
code observations and may be noisier than the true “phase-clocks’. This may have some
negative influence on the combined IGS clocks as well. It should also be investigated to
what extent the clocks of these ACS are consistent with their other products, because for
both ACS the primary products (orbit, EOP and coordinates) are based on double difference
processing!

Clearly it would be very advantageous if all ACS would provide satellite and station clock
estimates at least as frequently as every 15-minutes. Preferably the clocks should be of
similar quality, comparable to the quality of the orbits.

Use of a priori satellite weights

One limiting factor in the orbit combination scheme is the fact that there is no (a priori)
information about the quality of the individual satellites! Although the orbit exchange
format (SP3) alows for the inclusion of (meaningful) accuracy codes for each individual
satellite this option is not used by many ACS. In the combination scheme this information
is only used, when available, a posteriori to compute the weighted RMS.

During the original development of the orbit combination software, using the L2-norm
(least squares instead of the L.1-norm) it was envisioned that at some stage a priori weights
would be used for each satellite and possibly also for the ACS [Springer and Beutler, 1993].
Because satellite specific weights were not readily available in 1993 it was decided to
switch to the L1 -norm, a much more robust estimator than the L2-norm, to be less sensitive
to bad satellites and therefore make the use of satellite specific weights obsolete.

However, looking at recent orbit combination reports several ACS exclude supposedly
“bad” satellites from their orbit solutions. In many cases the bad satellites, however, were
used in the actual data analysis and only removed from the final (SP3) product. The reason
behind this is to ensure that users do not by mistake use these bad satellites. If al ACS
would remove all, and the same, bad satellites there would be no problem except that we
would lose (based on recent combinations) about 2 satellites each day! Because not all
|GS users are interested in the highest precision this would be disadvantageous for several
users. It is our conclusion that also “bad” satellites are to be considered IGS products, and
therefore should be included in all AC submissions.

Another reason for thisis that the omission of bad satellites in some, but not all, of the AC
solutions could distort the combination. To avoid any distortions from missing satellites
the combination, and its statistics, should be based on the common satellites only! The
satellites submitted by only a few ACS can be combined a posterior using the estimated
transformation parameters and weights.
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Of course the inclusion of bad satellites in the combination could, despite the robustness
of the L1 -norm, distort the combination. It would therefore be sensible to start using
a priori satellite weights. The weights would, ideally, be based on the accuracy codes
found in the SP3-header. However they could also be based on the 7-day arc fit which is
performed in the orbit combination, In this way the bad satellites can easily be detected and
downweighted in the combination. In any case the IGS should put more emphasis on the
availability and the usefulness of the accuracy codes in the orbit files and request the ACS
to submit solutions for all satellites, with the possible exception of satellite manoeuvres
and exceptionally large modeling problems.

Review of GNAAC Combination

The combination methods of the three different GNAACs are described in detail in the IGS
Annual Reports. The coordinate combination, based on the weekly SINEX files, has one
very large advantage over the orbit combination. It has access to the full covariance matrix
of the coordinate estimates. Therefore the combination method is both easier and more
accurate than the orbit combination where we have no statistical information whatsoever.

It has been shown in severa publications, [Davies and Blewitt, 1997] that the GNAAC
combinations are better than most if not all AC solutions. We therefore conclude that
the GNAAC combinations are in very good shape and can not significantly be improved.
However, there are some persisting problems with site names, site ties, antenna types etc.
etc. which have to be sorted out once and for all soon. Because these inconsistencies are a
more generic IGS problem they are discussed in a later section.

The only “problem” with the GNAAC activities is that there is not yet an official IGS
product! Thereis no official IGS combined solution and therefore no IGS reference frame.
This is confusing for many of the IGS users and also quite illogical. Essentially we need
onl y one GNAAC but redundancy may be useful. Therefore the easiest, and politically
correct, decision would be that a combined IGS solution is based on a combination of the
three GNAAC combinations, the “super” combination.

One planned addition to the Sinex submissions is the inclusion of the EOP parameters.
This will facilitate and improve the IGS EOP combination. This improved combined 1GS
EOP can then be used in the orbit combination. In this way the IGS combined orbit will be
consistent with the IGS reference frame, [Kouba et al., 1998]. However, this requires that
the GNAAC combinations are done prior to the (final) orbit combination, e.g. before or on
the second Wednesday (1 O days) after the end of the GPS-week.
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Review of Troposphere Combination

For several months the tropospheric zenith delay estimates of most ACS, as provided in
the (pseudo-)Sinex format, have been combined [Gendt, 1998]. For this combination it
is essential that the differences in the zenith delays, caused by differences in the station
coordinates, are corrected prior to the combination. Thisis very similar to the correction of
the satellite clocks based on the radial orbit differences. Clearly a consistent IGS coordinate
(and velocity) set, the IGS reference frame, is helpful, if not essential, for the troposphere
combination. The individual AC troposphere solutions can then be made consistent with
this official IGS reference frame prior to their combination. In this way the troposphere
estimates would be related to the “true” and constant reference frame.

One aspect that should be mentioned here is that in small networks there is a large
advantage if a global station isincluded together with its estimated tropospheric delay. In a
small network (few 100 km) it is difficult to estimated the absolute tropospheric delay. The
inclusion of one “global” station with its previously determined tropospheric delay held
fixed while adjusting the troposphere delays of al other stations solves this problem. This
may be very important for future meteorological investigations. Here similar consistency
problems, as encountered in the case of precise point positioning between the orbit and the
clocks, may be encountered between the IGS combined tropospheric zenith delays and the
|GS combined station coordinates.

One additional problem in the troposphere combination is the use of different mapping
functions by the different ACS. The effect different mapping functions have on the zenith
delay estimates should be studied. It should also be investigated how an IGS user can
use the combined zenith delay, e.g. which mapping function he should use. Analogous to
how the clocks are adjusted based on different reference clocks the zenith delay estimates
should be corrected, calibrated, to account for the usage of different mapping functions.
Other complicating factors are the estimation of tropospheric gradients and the antenna
phase center variations.

Finally it is very likely that future troposphere estimates will include tropospheric

gradients; at this time gradients are aready routinely estimated at CODE and JPL. The
current tropospheric Sinex format does not allow for the inclusion of tropospheric gradients.

Consistency between the Combinations

It is essential that all submitted AC products be either consistent, or sufficient info is
included (e.g. EOP) that they can be made consistent before IGS combinations. This
applies to all products, i.e. orbit, EOP, clock, Sinex, and troposphere.

Therefore the inclusion of the EOP parametersin the AC Sinex submissions and GNAAC
combinations is absolutely essential in order to make the IGS orbits, EOPS and clocks
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consistent with the 1GS reference frame [Kouba et al., 1998]. All ACS therefore must
included EOPS in their Sinex solutions as soon as possible. A nice benefit from this will
be the (much) improved quality of the combined IGS EOP because it will be done using
the full covariance matrix.

Review of feedback

In general all the results and combinations produced in the framework of the IGS are unique
in the (scientific) world. However, there is always room for improvement! Therefore here
it istried to identify in what way all the information from the different 1GS activities can
be improved, enhanced, streamlined, and so on.

Because the troposphere combination is in its pilot phase it is not considered here.
However, we would like to state that it already looks to be in good shape and the reports
should soon become official and distributed using the IGSREPORT e-mail system.

In our opinion there is one central problem with respect to the feedback. The information
is coming from very different sources and in very different formats. Therefore it is suggested
that all interesting results are gathered and made available at a central place. The information
should be made available both numerically and graphically, and automatically updated. The
most like] y way of providing this kind of service is by using the World-Wide-Web (WWW).
Essentially all kind of routinely produced information should be made available. Besides
feedback and results from all different combinations the site should aso provide docu-
ments describing the 1GS, its products and how to access and use the different IGS products.

Some items which this WWW (feedback) site could contain are:

. time series of the transformation parameters coming from the orbit combination,
. time series of station positions,

. time series of network/station performance,

. access to the EOP plots and statistics as provided by USNO,

. documents describing different facets of the 1GS,

« documents describing access to the IGS products,

« documents describing usage of IGS products,

. and many many more.
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Some of these features are already available at the IGS Central Bureau (CB), and others
have been proposed by CODE when it assumes the role of Analysis Center Coordinator
(ACC). We expect cooperation and coordination between the CB and ACC to provide
improved feedback.

ACC Final and Rapid Combination Feedback

The feedback as provided by the (final) 1GS orbit combination is one of the most valuable
within the IGS. It is clear that it provides excellent information. One point which can be
improved is the navigation solution. Currently smoothed code observations are used which
are not really capable of showing the quality of the orbits and clocks. Therefore it should
be enhanced by using the carrier phase measurements. In this way it will automatically
provide feedback about the consistency between the orbits and the clocks.

The feedback from the rapid orbit combination is also quite good, although the long arc
test is not included here because, the rapid combination is done on a daily rather than a
weekly basis. Therefore the feedback about the rapid orbits, of the individual ACS, maybe
improved by performing a weekly comparison in the same way as is being done for the
final orbits, In this weekly comparison the long arc test would then be included. One other
positive effect of thisisthat it will give the rapid orbits more visibility and thus create some
more awareness about the availability of these products.

The predicted orbit combination provides good feedback for all participants. However,
if the combined IGS predicted orbit would be included in the proposed weekly rapid
comparison, in the same way as the rapid orbit is included in the final combination, then
the visibility and awareness of the prediction products and efforts is a'so guaranteed.

One upcoming problem for the rapid and predicted orbit is the change of time-zone which
will take place when the ACC activities change from EMR to CODE (sometime in 1998).
The deadline for the rapid products will have to be adjusted to allow the combination to
be performed during “normal” office hours. Assuming that the rapid combination should
be performed before 19:00 MET (e.g. 17:00 or 18:00 UTC depending on daylight saving
time), this would mean a effective deadline around 16:00 hours UTC! In view of the
increasing demands for real-time products (especialy troposphere) this would be a (small)
step in the right direction. It should be investigated if an earlier deadline is feasible (12:00
hours UTC?).

GNAAC Combination Feedback

The feedback of the individual GNAACS is very different. Thanks to the fact of having
three different GNAACS the total feedback is sufficient. The recent addition, by the MIT

47




GNAAUC, of providing station coordinates residual file is valued highly. Nevertheless there
are some problems with the GNAAC combinations.

Most important y, and most disturbing, are the problems with station names, receiver
and antenna types, and antenna heights and phase center variations. These are well
known IGS problems which are not caused by the GNAACS. These station inconsistencies
encountered in the GNAAC activities underline the bad situation of the IGS globa network.
Furthermore, the persistence of these problems, despite the GNAAC combinations, shows
that the GNAACS are not very well embedded in the IGS structure. This situation should
be much improved before any form of 1GS reference frame realization can based on the
GNAAC results. Hopefully the “super combination” will help to close the gap between
the GNAACS, the ACS, the stations, and the data centers.

One other confusing part of the GNAAC feedback is the time at which the different
GNAAC combinations are performed. The delay is usually much larger than that of
the orbit combination an on several occasions a GNAAC center has provided severa
weeks at one time. For successful and timely realization of the IGS reference frame the
GNAAC combinations will have to be performed both more regularly and more timely.
The proposed implementation of the EOPS in Sinex and the use of the combined EOP in
the orbit combination implies that the deadline for all GNAAC combinations will be 10
days after the end of the GPS-week. This will solve this problem.

Feedback to Data Centers and Station Managers

The IGS has not been very successful in controlling the quality of the stations, their data,
their Rinex files and the resulting coordinate estimates despite several different checks
which are being performed routinely, including:

e JPL network reports,
e CDDIS Rinex checking,

IGSCB station log and Rinex checking.

CODE Rinex checking,

several GNAAC checks, and
coordinate residuals from the MIT GNAAC.

Little action is taken based on all the available information. All different information pieces
should be gathered at a central place (IGSCB, DCS, or ACC) and erroneous stations should
be informed of their errors and their datafiles flagged by the IGS automatically.
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The (still unexplained !!) problems with the station of Madrid, throughout 1997, showed
that the way station problems are currently handled within the IGS is completely insufficient,
Many IGS customers used the station as fiducial for their local network which resulted
in severe problems (due to the several cm apparent shift of the station). Also the list of
discrepancies in antenna heights, antenna types between station logs and Rinex files, and
consequently bet ween ACS and GNAACS, is (still) amost endless.

Despite all the checks being performed the situation has not really improved over the last
two years. Therefore it is time to specify some (strict) guidelines on what the minimal re-
guirements are to become and to remain an |GS station. In our opinion the absolute minimal
requirement is the availability of a complete station log file at the IGSCB and Rinex files
which contain information corresponding to the station log. The IGS should aim to provide
only data from official 1GS stations. This should take effect as soon as possible but no later
than July 1998. Data from non-IGS sites may be made available but it should be clearly
flagged by either putting the data in a separate directory at the DCs or by (re)naming the file.

The Rinex “file sequence number” maybe abused for flagging files in the following way:

o« XXXXO01 0.9802 -- normal name for an IGS station
o« XXXX0017.980_7 -- for an non-IGS station

Flagging non-IGS files in addition to improved and automatic feedback to the Data
Centers (DC) and station managers is the only way to improve the current (bad) situation
of the global network, It is the key to ensure and maintain a high quality global network!
The details on how exactly to define a non-conforming station need to be worked out,

Future Products

It is very difficult to predict the future and especially the future of the IGS which is still
developing rapidly. Nevertheless, we can reasonably anticipate some future demands and,
consequently, products.

Combined troposphere and ionosphere estimates will possibly become officia IGS
products. A combined troposphere solution is already being generated routinely and may
soon become official. For the ionosphere the situation is less clear but already an exchange
format has been defined JONEX) and at |east one AC (CODE) already routine] y produces
ionosphere “maps’. So the generation of combined ionosphere solutions could be started
very soon if enough participants are found. One “problem” with the ionosphere is that it
is not a (by-)product of the normal processing algorithms, which use the ionosphere-free
linear combination of the two carrier phase observations.
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One large future “customer” of IGS products will be the Low Earth orbiter (LEO)
missions. At the moment it seems that at a large amount, if not all, of the LEO data will
be processed using precise point positioning. For most of the LEO missions it will be
mandatory to have satellite clock estimates with a higher rate than the current 15 minutes.
For the meteorological LEO missions (e.g. tomography) it will be mandatory to have
access to satellite clock estimates with a 30 second sampling rate (assuming precise point
positioning is used). If higher sampling rates are required than also a subset of the ground
network stations will have to sample the observations at a higher rate. This poses no real
problems because there is aready a large number of sites with higher sampling rates. Only
the data are not made available as official 1GS data.

Finally, as discussed during the 1996 1GS AC workshop, there should be a “short”
SINEX file format; a SINEX file without the covariance matrix. This would enable users
to study time series of station coordinate solutions more easily. It might be wise to generate
only a short SINEX file from the official 1GS reference frame solution rather then gener-
ating short SINEX filesfor all available SINEX files, which could very easily confuse the
|GS users!

Summarizing we foresee the following future IGS products:

. Troposphere and Ionosphere
« 30 sec satellite clocks
« 15 min station clocks

« Short Sinex file, only for the official 1GS “super combination”

One other product might be estimates of the Earth’s Center of Mass, which could be
included in the Sinex files. These estimates may also be useful for the orbit combination.

Furthermore the upcoming GLONASS test campaign (end of 1998) should be mentioned.

Although not organized by the IGS, it may lead to some new products like, GLONASS
orbits, the time difference between GLONASS and UTC and others.

Other, more distant, products may include:
. Earth’s center of mass estimates (included in Si nex)

« EOPS with ahigher time resolution (hourly?) to verify and possibly improve sub-daily
polar motion models.
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« Estimation of nutation drifts. This has similar problems as the estimation of LOD
(UTC drifts).

. Station coordinate solutions with a higher time resolution (hourly?) to verify and
possibly improve Earth tide models.

« GLONASS products.

. and probably many many more!

Generation of accurate high rate Satellite clocks

One drawback to the clock portion of the IGS combined orbit/clock product is that precise
clock solutions are available only once every 15 minutes. Unlike the orbits, which vary
smoothly with time, one cannot interpolate precise GPS clocks that are computed only four
times an hour (due to SA). Thus only low rate data --4 measurements per hour -- can be
analyzed with the precise point positioning technique. To apply this technique to upcoming
missions with low-Earth-orbiting (LEO) satellites carrying GPS receivers, one will need
nearly continuous knowledge of the GPS clocks. They must be determined frequently
enough, therefore, that interpolation is feasible.

Zumberge et al. [ 1997b] describe a computationally efficient method for determining
precise GPS clocks at the full rate of the ground network; the JPL AC computes such
solutions operationally. The method exploits the globally distributed subset of the IGS
network which has precise frequency references. The JPL high-rate solutions, and potential
similar ones from other ACS, could be used to augment the existing IGS combined clock
solution in asimple way.

Recommendations

Recommendation 1: Inclusion of all satellites, which were used in the data analysis,
with meaningful accuracy codes in the orbit products from al individual ACS, Use
of these accuracy codes, or accuracy measures from the long-arc analysis, to identify
and consequent y downweight’ ‘bad” satellites in the orbit combination. In addition
the IGS should increase the user awar eness of the availability and importance of the
accuracy codes in the SP3 files (see also Recommendation 4).

Recommendation 2: Enhancement of clock products. All ACS which submit clocks
must also submit clock estimates from a, yet to be determined, subset of’ ‘core time
stations’ ! All ACS are urged to submit clock estimates. Furthermore the ACS are
encouraged to increase the sampling rate of the satellite clock products to 30
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seconds. A format for station and satellite clocks, also suited for 30 seconds satellite
clocks, will have to be defined.

Recommendation 3: Improved and automatic feedback to Data Centers (DC) and
station managers in case there are discrepancies between Rinex files and station logs,
data problems and unexpected problems (jumps) in the station coordinate solutions.

Recommendation 4: Create a central place (WWW) for feedback and information
about the IGS products and their use.

Recommendation 5: Definition of minimal requirements for becoming an IGS AC.
Any AC must produce all core products, i.e. orbits, EOPS, and Sinex, both on
time and with sufficient (high) quality. The IGS terms of reference will be changed
accordingly.

Recommendation 6: Additional accuracy digit for the IERS/IGS EOP file format. New
format to be defined before June 28, 1998 by Jan Kouba in cooperation with Dennis
McCarthy.

add 1: To achieve the highest consistency of the orbit and clock combination it is
mandatory that all ACS provide estimates for all satellites which were used in the
analysis. Only manoeuvring satellites and very bad satellites (modelling problems
larger than 1 meter) which * ‘darnage’ the solution may be removed. Bad satellites
should be flagged by inclusion of meaningful accuracy codes in the orbit files. This
will allow a priori weighting of the satellites in the orbit combination which should
improve the combination and its consistency. At the same time the users of the IGS
products can, and should, use these accuracy codes to weight or remove bad satellites.
The IGS should put some effort into increasing the user awareness of the availability
and importance of the accuracy codes in the SP3 files. It should also be investigated
if the commercial GPS softwares (can) use the SP3 accuracy codes. To avoid any
distortions from missing satellites, in some of the AC solutions, the combination, and
its statistics, should be based on the common satellites only!

add 2: “Core clock stations’ are necessary to improve the AC clock alignment. Jan
Kouba, Jim Ray will work out a list of clock stations by June 28, 1998. A higher
clock sampling rate is necessary, or at least very advantageous, for several future
missions but also for the precise point positioning users. Hopefully some of the ACS
can provide 30 sec satellite clock and 15 min station clock estimates by June 28,
1998. Consequently a format for the clock products (TIMEX?) should be available
by June 28 as well. The IGS GB will write a letter to all ACS requesting them to
submit clock estimates.

add 3: Stations which are performing poorly or have incorrect/inconsistent documentation
should be identified in a timely fashion. A file containing a list of such stations as
a function of time, should be maintained and accessible by anonymous ftp from the
Central Bureau, In addition the DCS should flag the Rinex data files. It is hoped

52




the fiist step in the data “flagging” can be started by June 28, 1998. In the first
step data from stations giving inconsistent information in the station logs and Rinex
headers should be flagged. Ideally the flagged stations will not be used by the IGS
ACS but at least they should not show up in the official IGS products. Further
refinement and feedback will have to be controlled by the IGSCB and/or a future
Network Coordinator. A necessary requirement here is a clear definition of on an
* 'IGS-station”.

add 4: To enable a better overview of al 1GS activities, products, combinations, and
feedback a central WWW-site should be developed. This (feedback) site should
contain descriptions of all the IGS activities. It should also contain documentation on
how to use the IGS products, The information can either be at this site or provided
using “links’. (This recommendation was part of the CODE ACC proposal)

add 5: At present there are no (clear) guidelines about what an IGS AC is required
to do nor how to become one. Therefore a list with the minimal requirements to
be and to become an IGS AC should be generated. The minimal requirements are
the generation of Orbits, EOPS, Coordinates with sufficient accuracy. Estimation of
satellite (and station) clocks and tropospheric estimates are highly recommended.
Furthermore a long-term commitment is necessary.
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EFFICIENT ESTIMATION OF PRECISE HIGH-RATE GPS
CLOCKS

J. F. Zumberge, F. H. Webb, M. M. Watkins
Jet Propulsion Laboratory, California Institute of Technology
Pasadena, CA 91109 USA

SUMMARY

Using carrier phase and pseudorange data from a small network of globally
distributed GPS receivers with precise time references, we are able to esti-
mate GPS clock parameters every 30 see, with sub-decimeter accuracy, in a
computationally efficient manner. Over time and the Earth’s surface, there
are usually five or more satellites above 15 deg elevation angle with well de-
termined clock solutions, although occasionally some isolated locations view
fewer than four. The accuracy obtained is a factor of 100 to 1000 times
better than that of clocks in the broadcast navigation message, and allows
post-processing of high-rate single-receiver kinematic GPS data with few-
cm-level precision when used in conjunction with precise GPS orbits. The
clock estimates can be interpolated to arbitrary times, with an additional
error due to Selective Availability (SA) clock dithering, of approximately
7 cm rms. The interpolation error could be reduced to about 2 cm if 15-sec
data were analyzed instead of 30-sec data. The amplitude of the daily clock
variability y is typically 24 m for satellites affected by SA. Temporal variations
are well modeled by an auto correlation function p(d) = exp(—d?/27?) with
7 106 sec.
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cation in Navigation. The research described here was carried out by the Jet
Propulsion Laboratory, California Institute of Technology, under a contract
with the National Aeronautics and Space Administration.

55




PRECISE HIGH-RATE SATELLITE CLOCKS AT GFZ

Wolfgang Sohne
GeoForschungsZentrum Potsdam,
Telegrafenberg A 17, D-14473 Potsdam, Germany

INTRODUCTION

Within the routine IGS rapid and final analysis the raw GPS data is in general sampled to
a lower data rate to reduce noticeable the amount of data and the computation time. At
GFZ a sampling rate of 6 minutes was used up to now, since early 1998 it is changed to 5
minutes.

However for some applications like Precise Point Positioning or estimating the orbits of
the so-called Low Earth Orbiters (Kang et al., 1995, Foeckersperger et al., 1997) it may
be useful or necessary to determine the orbits and the clocks of the GPS satellites with the
higher rate of the original data given in the RINEX files, i.e. 30 seconds. Wheress it is
relatively easy to determine the satellites orbit position by means of interpolation within
the orbit position file which is obtained by integration this method is not applicable to the
satellite clock due to its non-smooth behaviour as a result of Selective Availability.

A straightforward way of estimation is the full treatment of the 30 second data within the
|GS processing scheme instead of the computation with the sampled data. This procedure
is not suitable due to the huge amount of computation time which would be necessary for
processing 30 second data. So a more practical way was found by using the results of the
IGS final computation as an input into the estimation process with the higher data rate.

FIXED AMBIGUITIES APPROACH

After the IGS final processing the GPS satellite orbits are available with a high accuracy
of few cm (Gendt et al., 1997). Therefore they can be introduced as known parameters.
The satellite positions are taken from the SP3 file and can be fixed during further
adjustments. On the other hand all ambiguities within the sampled 6 minute data are
found and estimated within the IGS adjustment as well as all bad data and outliers are
identified and written into the so-called LOG files. With this information the raw high-
rate RINEX data files are reduced to those parts for which the ambiguities are valid, New
data before or after is neglected. As aresult of such pre-processing new ambiguities may
not be found within the high rate data. Beyond this the GPS data between the 6 minute
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epochs is separately inspected for bad records. Figure 1 shows the principle of this
modified IGS-like analysis. For further reduction of the computation time the number of
stations should be reduced to the minimum necessary to estimate the highest number of
satellite clocks. On the other hand a good coverage must be maintained, especial] y on the
southern hemisphere. In some cases it is better to include stations with worse clocks into
consideration to avoid problems with gaps over problematic regions. These clocks are
provided with very low weights during the analysis.

Because the number of stations used in the high-rate clock analysis in genera will be
smaller than the number of stations used in the IGS final analysis the starting time of the
ambiguities is not identical to the starting time of the origina scene. Therefore the
ambiguities have to be shifted to the correct new epochs to avoid the problem that new
ambiguities were automatically found by the program. With a number of about 20 stations
which in general is sufficient for a good coverage the time of the estimation process
including the time for the pre-processing part can sufficiently be reduced compared to the
routine IGS analysis.

SP3 orbit ;ﬁ;‘g‘;;:s data-to-use | | data-to-delete | | RINEX data
(6 min) (6 min) (6 min) (30 sec)
A 4 \ 4 \I/
reduction of RINEX data by:
. Station selection
e known usable and non-usable data sections
e data cleaning between 6 min epochs

v v
modified IGS calculation with:

o fixed orbits

o fixed ambiguities

e reduced station number

e reduced data amount

« Max. 2 iterations

@ nly outliers to detect

1
station and satellite clocks
(30 See)

Fig. 1. Scheme of 30 second clock estimation with fixed ambiguities
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FIXED STATION CLOCKS APPROACH

A second approach is based on the introduction of fixed station clocks besides the fixed
orbits (Jefferson et al., 1997, Zumberge, 1998). Only stations with smooth and stable
clocks are taken into account, This is tested by forming the differences to the mean of the
nearest neighbors which have to be very small (few tenth of a nanosecond). After this
selection the station clocks are interpolated to the necessary data rate of 30 seconds. This
approach can be performed with a very small number of stations.

The advantage of the approach is the greatly reduced computation time due to the small
number of stations and, of course, if only few iterations are necessary. The problem is that
only few IGS stations with very stable clocks are available (~ 12-14) which, in addition,
are not well distributed.

RESULTS

Results of differences between the various approaches are shown in Table 1. The first
column of Table 1 shows the internal consistency of the two GFZ products, i.e. the IGS
final clock solution against the 30 second solution with fixed ambiguities and fixed orbit.
It can be seen that with the beginning of 1998 the fit became very small. This can be
explained by a change within the IGS final computation which removed an inconsistency
at the end of the final analysis.

The rms values concerning the solutions with fixed station clocks are slightly higher but
mainly below 0.5 ns. One reason for the differences in the last column between the two
30 second clock solutions with fixed station clocks may be the different number of
stations used: whereas JPL took 8 stations (Jefferson et al., 1997) the GFZ solution
included all selected stations (11 - 12).

Tab. 1: rms values of differences between different satellite clock solutions, in

nanoseconds
Day of | GFZ-SP3 <-> | GFZ-SP3 <-> | GFZ-SP3<->JPL | JPL with fixed
year GFz with fixed | GFZ with fixed | with fixed station | station clocks <->
ambiguities station clocks clocks GFZ with fixed
station clocks
97355 0.28 0.58 0.45 0.44
97356 0.26 0.83 0.46 0.65
97357 0.23 2.00 0.36 2.27
97358 0.27 0.49 0.45 0.35
98001 U.U4 0.40 0.42 0.46
98002 0.02 0.45 0.46 0.39
98003 0.02 0.35 0.58 0.36
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Besides the accuracy the number of the estimated 30 second satellite clocks is of
particular interest, It clearly depends on the number of stations and on their distribution.
For aroutine IGS final estimation with about 50 stations usually 1-2 % of satellite clocks
can not be estimated. If a number of about 20 equally distributed stations is used within
the ambiguity fixed approach between 5 and 7 % of the clocks are not determinable.
Within the fixed station clocks solution only 12-14 stations are usually available. In this
case the number of lost satellite clocks is much higher: between 10 and 25 %. However
these missing clocks are not equally distributed: usually great gaps are located over the
South America and the pacific region whereas there are nearly no gaps over North
America and Europe.

The Figures 2a and 2b show in detail the differences between the JPL and the GFZ
satellite clocks for a single day. Figure 2a shows the full differences whereas Figure 2b is
corrected for a linear trend. This trend can be explained as follows: Within the estimation
process the satellite clocks are reduced to a specified reference clock. This clock is
usually one of the very stable station clocks. But this connection leads to an offset and to
a drift compared to GPS time because of the behaviour of the reference clock. Therefore
beginning with GPS week 921 the clock solution at GFZ is corrected for these offset and
trend. The offset correction is performed by calculating an average over all satellites. The
drift correction is evaluated by an average over all stable station clocks; within this step
possible resets or jumps of the reference clock are also detected and corrected, missing
epochs of the reference clock are now bridged over by using other stable clocks.
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Fig. 2a: Differences between JPL and GFZ 30 second satellite clocks
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Fig. 2b: Differences between JPL and GFZ 30 second satellite clocks after trend
correction

The Figures 3a and 3b show the improvement of the IGS final clocks of GFZ as a result
of the changes starting with GPS week 921 for both offset and trend. Before week 921 the
trend is nearly constant in the range of 90 nanoseconds per day whereas after the changes
it isin the order of the accuracy of other Analysis Centers, e.g. CODE. In Figure 3a the
gradual drift and the reset of the reference station clock before week 921 can clearly be
seen in the GFZ offset.

The remaining differences in Figure 2b can be explained by the differences within the
fixed orbits of the two variants. These differences mainly appear at the day boundaries
where the GFZ orbit estimation still allows small jumps within the three day orbit
combination process. A second explanation is the different handling of the ambiguities
which are real values at GFZ whereas they were fixed to integer at JPL.
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Fig. 3a: Offset of GFZ and COD IGS final clocks compared to GPS time, taken from
IGS summary (logarithmic presentation)
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Fig. 3b: Drift of GFZ and COD IGS final clocks compared to GPS time, taken from IGS

summary (logarithmic presentation)
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HIGH-RATE STATION CLOCKS

One advantage of the fixed ambiguities approach is the smultaneous estimation of high-
rate station clocks. Figure 4 shows the differences between the estimated 30 second
station clocks and the inter polated clocks which are used as input in the fixed station
clocks approach. The differences are exemplary shown for two stations, one of them
(Onsala) with a very stable station clock.

40°

20l ™ OsA — USUD_

Difference [0.01 ns]

-30-
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Time [day]
Fig. 4: Differences between adjusted an linear interpolated high-rate station clocks

It can be seen that for Onsala a linear interpolation is sufficient to keep well within a 0.1
nanosecond limit whereas for Usuda (which isonly an example for some other stations
with quite stable station clocks) a polynomial interpolation is necessary to use them as
input in the fixed station clocks approach. On the other hand with the fixed ambiguities
approach it is possible to estimate the high-rate station clocks with the same accuracy
(clearly below 0.5 nanoseconds) as the satellite clocks.
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THE IGS/BIPM TIME TRANSFER PROJECT

JR. Ray
Earth Orientation Dept., U.S. Naval Observatory
Washington, DC 20392 USA

INTRODUCTION

The “IGS/BIPM Pilot Project to Study Accurate Time and Frequency Comparisons using
GPS Phase and Code Measurements’ was authorized in December 1997 jointly by the
International GPS Service for Geodynamics (IGS) and the Bureau International des Poids
et Mesures (B IPM). A general Call for Participation was issued shortly afterwards with
responses requested by 15 March 1998. The respondents will form a working group co-
chaired by C. Thomas, BIPM, and J. Ray, U.S. Naval Observatory (USNO).

A number of groups have been working for several years to develop the capability of
using geodetic GPS techniques for accurate time transfer. A variety of convincing
demonstrations has already been performed showing the potential for determining clock
differences at the level of a few hundred picosecond. The current state of maturity of
both the global tracking network and data analysis techniques now alows practical
applications to be considered. The central goal of this Pilot Project is to investigate and
develop operational strategies to exploit GPS measurements for improved availability of
accurate time and frequency comparisons worldwide. This will become especialy
significant for maintaining the international UTC timescale as a new generation of
frequency standards emerges with accuracies of 10" or better.

AREAS OF PARTICIPATION

It is expected that the Pilot Project will benefit from activities in a range of areas,
including those listed below. Investigators have been invited to participate in one or more
of these areas, or to indicate others.

Deployment of GPS receivers

In addition to the GPS receivers aready installed as part of the IGS global tracking
network, other receivers at laboratories having accurate time standards are sought. These
should be high-quality geodetic receivers capable of recording and rapidly transmitting
dual-frequency pseudorange and carrier phase observations. The station configuration and
data distribution should conform to IGS standards and appropriate documentation must
be filed with the IGS Central Bureau. General instructions for adding a new station to
the IGS network are available at

http: //igscb.jpl.nasa.gov/igscb/resource /newstation.txt .

A log file should be completed and sent to the IGS Central Bureau for each 1GS station.
For this Project, due consideration should be given to electronic stability, environmental
control, and other factors which might affect the timing results. Upgrading of existing
tracking stations for better timing performance is also encouraged, Deployment of dual-
frequency GLONASS receivers, especially collocated at 1GS sites, would provide an
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additional data source of interest.
GPS data analysis

Strategies for analyzing GPS phase and pseudorange observations must be developed,
consistent with other 1GS products, to allow the routine, accurate characterization of time
standards at a large number of independent GPS receiver sites and onboard the GPS
satellites. This work will be done in close cooperation with the IGS Analysis Center
Coordinator. It is expected that regular reports will be issued by participating analysis
centers, analogous to those distributed by the 1GS for other activities, and filed in the IGS
Electronic Reports series.

The precise relationship between the analysis activities that are needed for this Pilot
Project and those required for the official products of the IGS is not entirely clear at this
point. Certainly, the Project should build and rely upon the existing 1GS structure. There
may, however, exist a need for clock analysis and related products beyond the charter of
the IGS. Also, some changes in the current analysis procedures of the IGS may be
advantageous for enhanced timing performance. For these reasons it is essential that the
Analysis Coordinator be actively involved.

Analysis of instrumental delays

In order to relate clock estimates derived from GPS data analysis to externa timing
standards it is necessary to understand the instrumental electronic delays introduced by
the associated hardware, Studies are sought to characterize the short-term and long-term
sensitivities to environmental changes and to develop suitable calibration methods.
Differences for the L1 and L2 frequencies must be considered. Studies of both GPS
ground sites as well as the GPS satellites are sought.

Time transfer comparisons

Simultaneous, independent time and frequency comparison data are needed to compare
with the GPS-derived estimates. Collaborations are sought with groups performing time
transfer experiments using a variety of techniques. Close cooperation is expected with
the Consultative Committee for Time and Frequency (CCTF) of the Comité International
des Poids et Mesures (CIPM).

OBJECTIVES

To accomplish the overall goal of improved global accessibility to accurate time and
frequency using GPS, several specific objectives can be set.

Accurate and consistent satellite clocks

Satellite clock estimates are among the “core” products of the 1GS (Kouba et al., 1998).
The IGS combined solutions for satellite clocks are distributed together with the 1GS
combined orbits in the sp3 product files. It is essential that the clock information be as
accurate as possible and also that it be fully consistent with the other IGS products.
Kouba et al. (1998) describe the importance of global consistency to ensure that the point
positioning technique (Zumberge et al., 1997) can be applied without degradation.
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A type of point positioning likely to become increasingly important is for tracking low
Earth-orbiting satellites equipped with onboard GPS receivers, For this application the
15-minute tabulation interval of the sp3 orbit files is not adequate because the SA
corruption of the broadcast clocks does not allow accurate interpolation over intervals
longer than about 30 s (Zumberge et al., 1998a). For this and other applications, the IGS
ACS have been asked to provide satellite clock products with 30-s sampling rates and the
IGS will probably begin producing a corresponding combined product (Springer et al.,
1998). Methods for efficiently computing high-rate satellite clocks have been presented
by Zumberge et al. (1998b) and Soehne et al. (1998). A new exchange format will be
needed to permit easy distribution of the new high-rate results.

Accurate and consistent station clocks

Presently, the IGS does not produce clock information for the GPS ground stations
although doing so is mentioned in the IGS Terms of Reference. There is a clear interest
in the user community for this information. Apart from time transfer uses, it could be
used to characterize and monitor the performance of station frequency standards. Clock
solutions from stations equipped with very stable frequency standards (especially H-
masers) are needed to apply the method of Zumberge €? al. (1998a) to estimate high-rate
satellite clocks. For this purpose, station clock determinations at intervals of about 5
minutes can be accurately interpolated to the 30-s intervals needed to solve for the
satellite clocks provided that the ground stations are referenced to stable clocks.

For time transfer applications, such as envisioned for this Pilot Project, accurate
anal ysis results for the station clocks are mandatory. As with high-rate satellite clocks,
a suitable exchange format must be developed. Regular summary reports to describe the
analysis results characterizing satellite and station clocks will be encouraged. These
should be publicly distributed in the IGS Electronic Reports series. Some IGS ACS,
particularly JPL and EMR, aready include valuable clock information in the weekly
analysis summary reports that accompany their Final product submissions.

From geodetic analyses of the GPS data, the effective “clock” of each station is
determined for the ionosphere-corrected L3 phase center of the antenna displaced by the
electronic delay to the point in the receiver where the time tags are assigned to the phase
measurements. These clock determinations are relative measurements in the sense that
usually a single station is chosen as a time reference and not adjusted. From the
viewpoint of geodetic applications, the precise reference point of the analysis clocks is
irrelevant. As a result, manufacturers of geodetic receivers have generally not taken care
to provide easy or accurate access to the time reference points. However, for timing
applications, such as time transfer comparisons with other techniques, the precise location
of the clock reference and accurate access to it are essential. Consequently, the
investigation of instrumental path delays and access points is critical to the success of the
Pilot Project.

Even if one imagines a shift in the timing paradigm so that the GPS receivers are
eventually regarded as a part of the outer “electronics package” of stable frequency
standards, it is nonetheless vital to establish accurate access to the clock reference points.
The effects of environmental influences will be even more important in that case and
must be minimized. Doing so will require new approaches for isolating GPS receiver
equipment, such as efforts by Ovemey et al. (1997).
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Accurate and stable reference timescale

Ultimately, it is necessary that all clock information, for satellites and stations, be
referenced to a common, consistent timescale. Individual sets of results from different
ACS generally refer to different reference clocks. Thus, in the IGS combination process,
the AC submissions must be realigned, This is currently done by choosing one
submission as a reference solution, realigning its satellite clock estimates to GPS time
based on the broadcast clocks for all the satellites (using only daily offset and rate terms),
and then realigning all the other AC submissions to the reference solution (Springer et al.,
1998). Corrections are applied to each solution set to account for radial orbit differences
compared to the IGS combined orbits. The IGS combined satellite clock estimates are
then formed from the weighted average of the realigned, corrected submissions.

It has been suggested that the clock realignment and combination process would be
improved if a common set of “fiducial” station clocks were used in all analyes and
included in the IGS submissions (Springer et al., 1998). Naturally, only stations equipped
with very stable frequency standards (preferably geometrically well distributed) should
be considered as candidate fiducials. Recommendations for this station set will likely be
made during 1998.

Likewise, it is questionable whether GPS time is an appropriate choice for the
underlying IGS timescale. The ideal choice should be accurate, accessible, and stable
over al relevant time intervals (namely, 30s and longer). GPS time is readily accessible
but not with an accuracy comparable to other 1GS products due to SA effects. Nor is
GPS time particularly stable. The clocks of the GPS constellation are monitored from
US NO and this information is provided to GPS operations with the goal of maintaining
GPS time within 28 ns (RMS) of UTC(USNO), allowing for accumulated leap second
differences. In practice, the two timescales have been kept within about 6.5 ns (modulo
1 s) over the last two years (for 24-hour averages). However, the GPS time steering
algorithm has a “bang-bang” character resulting in a saw-tooth variation with &;ypical
cycle of about 25 days. This is equivalent to a frequency error greater than 10 over
days to weeks, which changes periodically in an abrupt, nearly step-like fashion.

Almost certainly, an internal ensemble of the frequency standards used in the IGS
network can be formed which would possess better stability than GPS time (Young et al .,
1996). There are currently about 27 IGS stations using H-masers, and about 40 with
Cesium or Rubidium standards. Addition of new IGS sites located at primary timing
laboratories would only improve this situation. A purely internal IGS timescale would
probably not be stable against long-term drifts so some linkage to external laboratory
timescales is required. Indeed, traceability to UTC(BIPM) is most desirable. In principle,
this could be accomplished using the instrumental calibration data mentioned above,
especialy for the fiducial clock sites. It will be technically difficult, however, to achieve
comparable accuracies for the calibration measurements to the few hundred picosecond
level possible for the data analysis clocks. This will be one of the greatest challenges for
this Pilot Project.

An alternative approach to provide externa linkage that can be readily implemented
uses monitor data for the GPS constellation that are collected and compared at the timing
labs. USNO collects such data using pseudorange timing observations and makes the
results publicly available. Using the observed offsets of GPS time relative to
UTC(USNO), the corresponding IGS clock estimates can be related to UTC(USNO).
Because of the effects of SA such comparisons would only be useful to remove long-tern
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differences. This is probably sufficient, at least for an initial realization. Other timing
laboratories would be encouraged to provide similar monitor data for a more robust tie
to UTC(BIPM). A potential problem with this approach is possible biases between the

effective clocks transmitted by the satellites as measured from the pseudorange and carrier
phase observable.

Challenges for an IGS timescale

Apart from the issues discussed above concerning calibration and external referencing for
an IGS timescale, there are other practical questions that must be resolved. In particular,
it may be difficult to form and maintain a timescale within the 1GS product delivery
schedule. This is likely to be especially true for the Rapid products even though that is
probably also where the greatest user interest lies. Fundamentally, this does not seem
overwhelming athough it will require entirely new and highly automated |GS processes.

Other practical concerns are minimizing discontinuities at day boundaries, dealing with
clock discontinuities and drop-outs in the ensembling process, and finding an appropriate
robust ensembling algorithm. These subjects, together with those mentioned above,
should be studied during this Pilot Project.

SCHEDULE

It is anticipated that the schedule of activities will be flexible, as dictated by technical
progress. However, for planning purposes the following milestones are envisioned:

01 Jan. 1998 -- Call for Participation distributed
15 Mar. 1998 -- responses to Call for Participation due
01 Apr. 1998 -- establishment of Pilot Project Working Group
01 Jun. 1998 -- target for publication of first analysis report
Dec. 1998 -- interim report to the IGS Governing Board
Spring 1999  -- report to Consultative Committee for Time and
Frequency
Dec. 1999 -- final report to the IGS Governing Board and BIPM

By the year 2000, those aspects of this Pilot Project which are suitable for integration
into the operational activities and official products of the IGS or BIPM should be
underway. To the extent that some functions may not be suitable for the existing
structure of the IGS, a new coordinator for this might be appropriate.

INFORMATION EXCHANGE

An e-mail exploder list has been assembled to allow a free exchange of ideas among Pilot
Project participants. In addition, a Web site has been created at the URL

http: //maia.usno. Navy .mil/gpst.html

with information about IGS stations and frequency standards, a bibliography of
background publications, a list of the participants, and an archive of e-mail.
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Topic 2: Orbit Prediction and Rapid Products

71
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ABSTRACT

The IGS is facing ever increasing demands for more precise and more rapid (real-time!)
products. The computation of the rapid orbits and especially the orbit predictions, which are
available in real-time, therefore are becoming more important and deserve special attention,
This position paper reviews the methods of generating the rapid and predicted products and
proposes ways to improve the prediction accuracy and to reduce the turn-around time.

INTRODUCTION

The use of GPS techniques for near real time data processing requires fast availability of
relatively precise GPS products. New fields of application require availability of GPS orbits
with high precision and at short delay after the observations are taken. An example of thisis
the developing field of operational meteorology using GPS. The GPS derived precipitable
water vapor (PWYV) measurements have to be processed within hours after the observation so
they can be used for weather forecast. In order to get the best observability of PWR precise
predicted orbits have to be available.

The IGS have been producing orbits and cops with a 24 hour delay and predictions for the
next day since 1996. These products are obtained as a combination of the results of a number
of Analysis Centers and are currently available before 22:00 UTC (rapid products) and before
23:00 UTC (orbit prediction for the following day).
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The factors that limit the accuracy of the rapid and predicted products are the availability of
asufficient set of tracking data and the accuracy of the orbit prediction models.

The IGS community has been working to speed the delivery of the measurement data, but
we have not yet achieved a satisfactory status, because many stations are still late and thisis
normally the case for stations outside Europe and North America. Faster or more frequent
delivery of the data could aso alow for more frequent (sub-daily) delivery of precise and
rapid products.

Progress has been made in the accuracy of orbit prediction models, with investigations on
new radiation pressure models being presented in this session, but we still have problems for
some satellites and some improvement is possible. It is also very important for users of

predicted orbits to have a good estimate of their accuracy so they can de-weight or exclude
those satellites that can not be well predicted.

DATA AVAILABILITY AND REDUCTION OF THE TURN-AROUND TIME

There are two aspects in the reduction of the turn-around time, measurement data and data
processing. Data from a sufficient number of well distributed stations should be available
before the rapid orbits can be computed. The current deadline for data to be used in rapid
orbitsis 05:00 UTC, but most ACS start computing their orbits later due to the lack data from
stations in the southern hemisphere. In order to obtain a good rapid orbit the criticality is not
only the number of stations but their distribution. We have studied the availability of data at
CDDIS, as listed in the reports of CDDIS GPS tracking data holdings, and for the purpose of
this study we have grouped the stations in six regions. The selection is of course arbitrary, the
stations in the border between two regions could belong to one or the other region, but it is
useful in order to analyze the arrival of the data. The regions that we have selected are:

- AS: Central and Eastern Asia

- EU: Europe, Asia Minor and the Canary Islands
- IN: Indian Ocean rim and islands

- NA: North America and Greenland

- PA: South Pacific, Micronesia and Polynesia

- SA: Caribbean and South America

These regions are shown in Figure 1.
We have checked the number of stations available at the following times:

- Within two hours of tracking. This is time enough for data retrieval at the operational data
center, reformatting, and transmission to the global data center.

- Within five hours of tracking. Thisis the theoretical Rapid Orbit deadline.
- Within twelve hours of tracking. This represents atypical AC Rapid Orbit deadline.
- Within forty-eight hours of tracking. Thisis the theoretical Final Orbit deadline.
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GPS TRACKING NETWORK
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Fig. 1. Grouping of stationsin order to study availability

The number of stations that were available at CDDIS for the period from Nov. 29th 1997 to
Jan. 27th 1998 are shown in Table 1. The two values that are shown are the minimum and
maximum number of stations that were available at that time. Detailed plots for the studied
period are in Figures 2 to 5.

There are days for which no station is available at 12:00 UTC for some of the less covered
regions (PA, SA). Thismeansthat the rapid orbits ar e calculated without taking in account
any observations from a substantial part of the satellite orbits. This also affects the predicted
orbitsthat will be obtained based on the rapid orbits. The ideal would be to have a minimum
of 4 stations available from each of the regions at the time of the calculation of the rapid
orbits. The maximum number of stations available at the different times also tells the
capability of the system when everything goes well and for +5 hours a minimum of 6 stations
are available from each of the regions when the data retrieval and transfer is at its best.

One of the waysto reduce the delay in the availability of data and to increase the probability
of data being available would be to perform incremental downloads during the day. The data
could be retrieved by the Operational Data Centers every 6 or 8 hours, processed and sent to
the Global Data Centers where it would be available to the ACS. The current RINEX file
naming convention can accommodate multiple files per day. It could be agreed that the
statdoy0.yyo file name would correspond to a a whole day and that statdoyi.yyo with i>1
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Table 1. Number of stations available at CDDIS for the last two months

Delay after 00:00 UTC

Region <2h <5h <12h <48h
NA 2-18 11-41 20-50 25-54
EU 3-12 5-16 8-22 16-26
IN 0-3 2-9 4-11 5-12
AS 0-5 0-6 2-7 4-13
SA 0-3 0-8 1-11 3-13
PA 0-2 0-8 1-12 1-13
All 12-34 29-79 45-103 57-126

corresponds to a fraction of the day. Fractional files could be stored in a different directory
accessible to the ACS and then combined in a whole day file for final archiving. Incremental
delivery would insure that some data would be available for rapid orbits even if there were
communication problems right after 00:00 UTC. It would also allow for more frequent
computation of rapid and predicted orbits. Reduction of the turn-around time leads to
improved predictions because the predicted orbit is less “old” and therefore better. At the
moment we have a 24 hour delay of the predictions, but this could easily be reduced to 12
hours .

ORBIT MODELS

The most characteristic features of the orbit models that are used by the ACS for rapid and
predicted orbits are listed in Table 2. Special emphasis is given to the description of radiation
pressure models, stochastic accelerations and the handling of eclipsing satellites. One of the
points that are handled differently by every center is the prediction of cops. To make the
orbits more consistent the IGS could produce a set of predicted Earth orientation parameters,
based on the rapid cops and that could be used for generating and using orbit predictions.

As can be seen in the Figure 6 the IGS rapid orbits are very close to the final orbitsand it is
believed that the best way to improve them would be through the increase in the amount of
data that is available to the Analysis Centers, more data from remote regions and more recent
data. Data from the same day could be used to improved the rapid orbits, if an incremental
delivery system for the data from the |GS stations is implemented.

The situation for the predicted orbitsis not so good, see Figure 7, even when the comparison
wrrns with the rapid orbits sometimes goes down to under 50 cm, other times it is much
worse. In Figures 8 to 11 it can also be seen the rms for individual satellites, both for the
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Table 2. Rapid and predicted processing at the Analysis Centers

CODE EMR ESA GFZ JPL NGS S10 USNO
RAPID ORBITS
Sarted at (hours) +8to +12 +13 +14 +11 8 to +1 46.5 +15.5 5
Duration ( hour s) 3.5 3.0 4.0 2.5 10.0 4.0 3.0 100
ROCK 4)T yes yes yes yes yes yes yes
CCOE orbit nodel  ye-s - yes
stochastic Dvs along track - 3comp. @t 3conp.

per rev eclipse exit at 1200
stochastic acel yes - X+Z
cycle per rev. ace. - radial (o) -
est. orb. par. per arc 645 6+3 6+2+2 6+2 6+2 6+2 6+9 6+2
est. orb. par. per rev. 1 3 312
est. orb. par. per step 3 2
yaw rate estinated yes yes - yes
PREDICTIONS N A N A
IGR days fitted - 4 dorl 3orl 4
ACR days fitted 3 (1) ! (1) 2
cops CODE  IGRBullA | (R GFz JPL S10
ROCK4 T yes yes yes
CODE orbit model all al | - all ax, aye all
cycle per rev. ace. - all  (c+9) - -
est. orb. par. 6+9 6+9 6+2+6 6+9 6+2+4 6+9
standard aat . rms of fit rms of fit e =9 ? e of fit over| ap
bad fit sat. rms of it rms of fit ae=13 100 cm  rms of fit overlap
eclipsing sat. rms of fit rmof fit =16 200 cm s of fit over| ap
maneuvering sat. - excl uded -

predicted orbits and for the broadcast orbits and for non-eclipsing and eclipsing satellites. It
can be seen that there are problematic satellites (PRN#23) and that the rrns for eclipsing
satellites is higher that for others. In general the predicted orbits are much better than the
broadcast orbits but this is not always true.
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Table 3. Effect of different perturbations on the GPS satellites over 24 hours

Magnitude (m)
Perturbation

Radial Along Cross Total
Earth oblateness 1335 12902 6101 14334
Moon (gravitation) 191 1317 361 1379
Sun (gravitation) 83 649 145 670
C2,2), 5(2,2) 32 175 9 178
Solar Radiation Pressure 29 87 3 92
C(n,m), S(n,m) (n,m=3..8) 6 46 4 46

Orbit models could be improved to improve the prediction accuracy for those satellites that
are not problematic and especially to improve the prediction of eclipsing satellites.

The largest non gravitational effect on the GPS satellite orbits is the Solar radiation pressure
(RPR). Table 3 shows the effect that different perturbations have on the GPS satellites. The
values in Table 3 were computed by integrating a given set of osculating Keplerian elements
over a time period of one day (24 hours) with the respective parameters turned on or off.
Given is the RMS of the orbit differences over the full 24 hour arc-length over all satellites
(using the full satellite constellation of 1-1- 1998).As can be seen the size of the perturbation
caused by the Solar radiation pressure is only exceeded by the effects of the Earth oblateness,
the gravitational effects from Sun and Moon and the lower harmonics (C(2,2) and S(2,2)) of
the Earth gravity field. Clearly an accurate Solar radiation pressure model is as important as
an accurate gravity model of the Earth.

The basis of the RPR-models currently used was furnished by Rockwell International, the
spacecraft contractor for Blocks | and Il [Fliegel et al., 1992]. The computer programs that
embody this model became known for Block | as ROCK4, [Fliegel et a., 1985] and for Block
Il asROCK42, [Fliegel and Gallini, 1989] although they are also known as the Porter models.
The ROCK models are expressed in the satellite fixed coordinate system. This system has its
origin in the center of mass of the satellite. Its Z-axis points in the direction to the center of
mass of the Earth, and therefore along the satellite antennas. The X-axis is positive toward the
half plane that contains the Sun and the Y-axis completes a right-handed system and points
along one of the solar panel beams. For high precision geodetic work it is advised to estimate
a scale term and a force in the Y-direction, the Y-bias, in addition to the ROCK model. The
ROCK model therefore only serves as a-priori information. Both the scale term and the Y-
bias are parameters which are supposed to vary slowly in time. Although the cause of the Y-
bias is unknown its effect on the orbit is very significant. The claimed accuracy of the ROCK
models is about 3%. Taking the nominal value of 1 -10"'m/s for the solar radiation pressure
and the claimed accuracy of 3% of the T20 model the expected error is approximately
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3.107"m/s . Furthermore the size Of the Y-bias, which is not included in the ROCK models, is
about 1 -10°m/s . The effect of both error sources is about 3 meters (RMS over 24-hours). Of
course we have to keep in mind here that the ROCK models were developed for orbit
estimation using pseudo-range datal With pseudo ranges the orbit estimates have an accuracy
of about 1 meter. For this type of accuracy the ROCK model is adequate to serve as a-priori
model provided the scale term and the Y -bias are estimated,

Clearly for IGS type of accuracies, e.g. centimeter type orbit accuracies, the ROCK-models
are inadequate, even when the scale and Y -bias are estimated. This is also obvious from the
additional orbit parameters which most of the IGS ACS are estimating, be it deterministic
and/or stochastic parameters. However, additional orbit parameters may weaken the GPS
solutions significantly, especially the LOD estimates. Therefore it should be studied if an
improved RPR-model can be found. Possibly it can be derived from the available 1GS
products and experiences. When developing a new RPR-model there are two questions which
should be asked:

. How accurate/reliable can a new RPR-model be derived?
-which parameters should be estirnated/modeled
-how accurate can these parameters be estimated
... fromreal GPS data
... from precise orbits

-how accurate can we model these parameters (to what extend are the selected parame-
ters correlated).

« What may be expected from a new (improved) RPR-model:

Improved (orbit) estimates. With a good RPR-model less orbit parameterswill haveto
be estimated, or the estimated parameters may be (more) constrained, e.g. stochastic
pulses. Thismay be especially useful for the rapid orbits.

Morereliable orbit predictions. If less parameters are used for the orbit predictions they
will become more reliable. This, however, depends on the type of parameters. Constant
accelerations are much more “dangerous’ than periodic (e.g. once per revolution)
accelerations. Nevertheless good a-priori knowledge of the value of the RPR-
pararneters will help in identifying “bad” predictions.

Better orbit predictions This will be difficult because, a better RPR-model will not
directly lead to better predictions. For the predictions usually the precise orbits are used
as pseudo observations. This means that the “observations’ are 3-dimensional positions
which are a very strong observation type; much stronger than the double difference
phase observations normally used. This implies that a relatively large number of
parameters can be estimated without too much problem. However, if the RPR-model
improves the rapid orbits then also the predictions will become better. The quality of

the orbit predictions depends quite strongly on the quality of the rapid orbits.
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Table 4. Orbit fit (7-day) and orbit extrapolation (2-day) using
different RPR models. Only scale (or Do) and Y-bias estimated

Fit Prediction
RPR MODEL Fz(';\:'n? M e?ér?g cm':\:ln?
No Model 75 133 159
T20 76 134 161
T20 Scaled 72 119 151
JPL Scaled 10 45 58
CODE 6 17 31
CODE-9 5 17 22

The CODE and JPL IGS analysis centers have successfully developed new and improved
RPR-models over the last years, [Bar-Sever 1997, Springer et a. 1997]. Table 4 list the
results of atest using the different available RPR-models. It shows the RMS of fit using seven
days of precise orbits. The orbit resulting from the 7-day fit was extrapolated for 48-hours.
The last 24-hours of this extrapolation were compared with the “true” orbit. The CODE I1GS
Final products (orbit and EOPs) were used. In all cases only the scale term (or a constant
acceleration in the direction sun-satellite) and the Y-bias were estimated. Only for the
solution labelled CODE-9 more RPR-parameters (9) were estimated. This solution is given as
reference to show the best obtainable predicted orbit for the selected test.

Table 4 shows that including the ROCK-model as a-priori RPR-model does hardly give any
improvement, both in fit and in prediction. Although it was clear for a long time that the
ROCK-models are not very accurate, thisis a still surprise! Very clearly both the CODE and
JPL RPR-models perform much better than the ROCK-model. The results also show that
indeed it is very difficult to get better orbit predictions. However, the reduction of the number
of parameters (from 9 to 2) without significant loss of accuracy should make the prediction
more reliable. More important will be to study the effect on the orbit estimates. If the RPR-
models help to improve the (rapid) orbit estimates then also the predictions will be improved.

QUALITY ASSURANCE

The inter-comparison of rapid orbits provides for an accurate assessment of the quality of the
IGS rapid orbits. That is not the case for predicted orbits, where the different ACS are using
basically the same information to generate the predictions. There are ways to decide which
satellites are less predictable, like checking the fit rrns for the four days and considering
whether they are in the eclipse season or a maneuver is going to be performed. Thisis avery
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important matter because users of the predicted orbits should use them in combination with
the accuracy exponents that define the prediction error in order to get the best estimate of
their derived products.

L ets assume that we have a parameter that we want to estimate based on the values of other
variables and the estimation error for the parameter linearly depends on the error or the values
of the variables. The estimates of the variables have an accuracy estimate attached and also a
true accuracy. The accuracy estimate is used to weight the variables (that are used as
observations) in the estimation of the parameter. For simplicity lets assume that the all
variables provide the same observability for the parameter, and lets suppose that thisis unity.
The least-squares error for the parameter will be:

&f’

L2

: ®
ol

It can be observed that the error itself would be the same if al the accuracy estimates would
be multiplied by a constant. That is not the case for the estimate of the accuracy of the
paramete. Assuming that the values of the variables are not correlated:

(;‘xz = ._l._ (2)

L
L

We can also compute the actual accuracy of the parameter:

€, =

1)

The optimal set of weights (accuracy estimates of the variables) will be the one that would
minimize the actual accuracy of the parameter. The values of the accuracy estimate that result
are;

C;,- = K * oi (4)
As an example the IGS predicted orbits for day 0942/0 produced the following values:

rms = 137.8cm
wrms = 49.0cm
WIS opiimar = 20.1cm
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A more than twofold improvement in accuracy for the users of the orbits could have been
achieved by setting the accuracy exponents to the (at the time of the combination unknown)
optimal values!

It can be shown that the critical factor for the degradation of the accuracy is to set a low
value for the accuracy exponent of a satellite that has not been predicted accurately. To
mistakenly tag a good satellite as bad has a much smaller impact.

RECOMMENDATIONS

1, Ask the Operational, Regional and Global Data Centers to give the highest priority to the
prompt retrieval and distribution of data from sites outside Europe and North America.

2. Ask the Operational, Regional and Global Data Centers to investigate and implement ways
of reducing the data retrieval and distribution delays.

3. Ask the Operational, Regional and Global Data Centersto study and implement more
frequent down-loading of the data.

4. Ask those Analysis Centers that are evaluating more precise radiation pressure models to
make them publicly available, and encourage all Analysis Centers to implement and use them
when they have been validated.

5. Ask the IERS Rapid Service and the Analysis Centers to investigate and propose ways to
obtain predicted cops (pole and UT1 ) for use in the calculation of IGS predicted orbits.

6. Ask the Analysis Centers and the AC Coordinator to study, monitor, and, if possible,
improve the fitness of the accuracy codes for the predicted orbits.

7. Ask the Analysis Centers to investigate the ways and the consequences of reducing the
turn-around time for rapid and predicted products.

8. Review data and rapid product delivery times at July 1 and October 1 in order to evaluate
the change of the deadline for rapid products to no later than 16:00 UTC by January 31998.
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A new Solar Radiation Pressure M odel
for the GPS Satdllites

T.A. Springer, G. Beutler, M. Rothacher
Astronomical Institute, University of Bern
Sidlerstrasse 5, CH-3012 Bern, Switzerland

Abstract

The largest error source in GPS orbit modeling is due to the effect of the solar radiation
pressure. Over the last few years many improvements were made in modeling the orbits of
GPS satellites within the IGS. However, most improvements were achieved by increasing
the number of estimated orbit and/or solar radiation pressure parameters. This increase in the
number of estimated satellite parameters weakens the solutions of all estimated parameters.
Due to correlations the additional parameters may cause biases in other estimated quantities
like, e.g., the length of day.

In this paper a recently developed solar radiation pressure model for the GPS satellites is
presented. This model is based on experiences and results acquired at the Center of Orbit
Determination in Europe (CODE) Analysis Center during its IGS activities since June 1992.
The new model outperforms the existing ROCK models by almost an order of magnitude. It
also allows areduction of the number of orbit parameters that have to be estimated!

I ntroduction

The largest non-gravitational effect on the GPS satellite orbits is the solar radiation pressure
(RPR). To underline this, Table 1 shows the effect of different perturbations on the GPS
orbits. The results in Table 1 are based on integrating a given set of osculating Keplerian
elements over a time period of one day (24 hours) with the respective perturbations turned
on or off. Table 1 gives the RMS of the differences between the resulting two orbits, one with
the perturbation turned on and one with the perturbation turned off. The RMS was computed
using the full 24-hour arc length and all satellites (using the full satellite constellation
of January 1, 1998). It can be seen that the size of the perturbation caused by the solar
radiation pressure is only exceeded by the effects of the Earth oblateness, the gravitational
attraction by Sun and Moon, and the lower harmonics (C(2,2) and §(2,2)) of the Earth’s
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Table 1. Effect of different Perturbations on the GPS satellites over 24 hours

Perturbation ’ Magnitude (m)

Radial Along Cross Total
Earth oblateness 1335 12902 6101 14334
Moon (gravitation) 191 1317 361 1379
Sun (gravitation) 83 649 145 670
C(2,2), S(2,2) 32 175 9 178
Solar Radiation Pressure 29 87 3 92
C(n,m), S(n,m) (n,m=3..8) 6 4 6 4 4 6

gravity field. The results clearly show that an accurate solar radiation pressure model for
the GPS satellites is as important as an accurate gravity model of the Earth.

The basis of the RPR models currently used was furnished by Rockwell International, the
spacecraft contractor for the Block |, II and Ila satellites [Fliegel et al., 1992]. The computer
programs that embody this model became known as ROCK4 for Block 1[Fliegel et al.,
1985], and ROCK42 for Block II and Ila satellites [Fliegel and Gallini, 1989]. They are
also known as “the Porter models’. The ROCK models are expressed in the satellite-fixed
coordinate system. This system hasits origin in the center of mass of the satellite. Its Z-axis
points in the direction of the center of mass of the Earth, and therefore along the satellite
antennas. The X-axis is positive toward the half plane that contains the Sun and the Y -axis
completes a right-handed system and points along one of the solar panel beams.

For high precision geodetic work it is necessary to estimate a scale term and aforce in the
Y -direction, the Y-bias, in addition to using the ROCK model. The ROCK model, therefore,
only serves as a priori information. Both, the scale term and the Y-bias, are parameters
which are supposed to vary slowly in time. Although the cause for the Y-bias is unknown,
its effect on the orbit is significant. The claimed accuracy of the ROCK models is about 3%.
Taking the nominal value of 1. 10="m/s? for the solar radiation pressure acceleration of
a GPS satellite and the claimed accuracy of 3% for the T20 model, the expected error in
acceleration is approximately 3. 10~9m/s2. Furthermore the size of the Y-bias, which is
not included in the ROCK models, is about 1. 10~%m/s2. The effect of both error sources
is about 3 meters (RMS) over 24-hours! Of course, we have to keep in mind that the ROCK
models were developed for orbit estimation using pseudo-range data. With pseudo-ranges,
position estimates with an accuracy of about 1 meter may be obtained, For this type of
accuracy the ROCK models are adequate to serve as (a priori) model, provided, the scale
term and the Y -bias are estimated.

The ROCK models are inadequate for IGS-type accuracies, e.g., centimeter-type orbit
accuracies, even if the scale and Y-bias are estimated. This is also obvious from the
additional orbit and solar radiation pressure parameters which most of the IGS ACS are
estimating, be they deterministic and/or stochastic in nature. However, additional orbit
parameters may weaken the GPS solutions significantly, especially the the LOD (length
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of day) estimates, Therefore it would be advantageous if an improved RPR model could
be developed. The experiences gained from our IGS analysis efforts in recent years have
indicated that it will indeed be possible to derive an improved RPR model [ Springer et al.,
1998].

Below we first present a summary of the most recent orbit results. Because these results are
based on the extended CODE orbit model (ECOM) [Beutler et al., 1994], a short description
of the ECOM is given as well. Secondly, results from orbit estimation using the GPS (I1GS)
precise orbits as pseudo-observations (orbit fit) are presented. Based on these results an
“optimal” orbit pararneterization is proposed. Using this parameterization and all CODE
final orbits and EOPS, as submitted to the IGS, along time series for the selected (optimal)
set of RPR parameters is generated. The last two years (1996 and 1997) of this time series
are then used to generate our new solar radiation pressure model. The article concludes
with an evaluation of the quality of our RPR model and a short summary.

The Extended CODE Orbit Mode€

In Beutler et al. [1994] our orbit model, ECOM, is presented and discussed in detail. We
only summarize its basic characteristics. The considerations behind the ECOM are similar to
those underlying the Colombo model [Colombo, 1989]. The principal difference resides in
the fact that the ECOM considers the Sun as the major’ ‘error source” for the orbits, whereas
the gravity field of the Earth plays this role in the Colombo model. The Colombo model
uses theradial, along-, and cross-track directions as the three orthogonal directions whereas,
the D-, Y-, and B-directions are used by the ECOM. Notice that in earlier publication the
B-axis was referred to as X-axis. To avoid confusion with the X-axis of the ROCK models,
the B-axis is introduced hereto designate the third axis of the ECOM. Beutler et al. [1994]
demonstrated that the performance of the ECOM is superior to that of the Colombo model,
which is a clear indication that solar radiation pressure is indeed the major error source in
the GPS satellite orbit model. In the ECOM the acceleration g, due to the solar radiation
pressure is written as:

Grpr = Grock + Gp + Ay + dp (1)

where @rock IS the accel eration due to the ROCK model, and

dp = [apo+ apc .coSU + aps.sin u] . €p = D(u) -€D
dy = [ayg + ay¢c . COSU + ays. sinu] . €y = Y(U). & (2)
@p " [apo+apc-cosu+aps . sinul -8 =B(U) -
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where apo, apc, aps, ayo, Ayc, ays, @Bo, Gsc, and agg are the nine parameters of the
ECOM, and

€p is the unit vector Sun-satellite,

€y is the unit vector along the spacecraft’s solar-panel axis,
€B = gy X é‘D,and

u isthe argument of latitude

The ECOM is a generdization of the standard orbit model which uses only two parameters
to account for the solar radiation pressure, name] y ape and aye. Note that the Y-direction
of the ECOM corresponds to the Y -direction of the body-fixed coordinate system. Although
not really a solar radiation pressure model in the sense of the ROCK models, the ECOM
does consider solar radiation pressure to be the major perturbing force acting on the GPS
satellites. Therefore the ECOM provides an excellent tool to study the effects of the solar
radiation pressure on the GPS satellites. It alows to detect in which direction the most
significant unmodeled RPR forces act on the GPS satellites.

There are two methods to study the effects different parameters of the ECOM have on
the orbit estimates. Thefirst, and most reliable method isto usethe ECOM in real orbit
estimation procedures using GPS observations, very much like the routine orbit estimation
performed at CODE as part of its IGS activities. The second method is to use the orbits
as provided by CODE as “pseudo-observations’ estimating an arc extending over several
days which gives the best fit, in a least squares sense, to the observations. This second
method is less correct but computationally much more efficient than the first. The generation
of a 3-day arc using the “orbit fit” method typically takes 1 minute whereas the “orbit
estimation” method will take several hours. Results from both methods, orbit estimation
and orbit fit, will be discussed in the following sections.

Orbit estimation using GPS observations

In 1996 the ECOM was fully implemented into the Bernese GPS Software. It was expected
that not all nine parameters of the ECOM can (and should) be estimated when estimating
3-day arcs from real GPS data. Initial tests [Springer et al., 1996] indicated that it is best
not to solve for “B-terms’, but to estimate the constant and periodic terms in the D-
and Y-directions plus small velocity changes (pseudo-stochastic pulses) in the radial and
along-track directions. A careful analysis of this parameterization showed that it leads to
a significant degradation of the quality of the LOD estimates. It was therefore decided to
systematically test the different parameters of the ECOM in order to find the *optimal”
pararneterization. In Springer et al. [1998] a detailed description of the results from two
extensive tests using the ECOM is given. The difference between the two extensive test
series is, that in the first test series pseudo-stochastic pulses [Beutler et al., 1996] were
always estimated (stochastic test series) whereas in the second test series they were never
estimated (deterministic test series),
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The stochastic test series showed that the estimation of the constant and periodic terms
in the B-direction, in addition to the estimation of the constant terms in the D- and
Y -direction, and the pseudo-stochastic pulses in the radial and aong-track directions,
significantly improves the quality of the orbit estimates. An improvement was seen in all
estimated parameters: orbits, station coordinates, and EOPS. Only for the LOD estimates
a small, but significant, degradation in quality was observed. The improvement of the
orbit quality was estimated to be a factor of two to three, compared to the results without
estimating the three terms in the B-direction! As a direct consequence of these tests the
estimation of the B-terms was implemented for the generation of the CODE contributions to
the IGS on September 29, 1996.

The second, deterministic, test series confirmed that the periodic terms in the B-direction
most significantly reduce the orbit model deficiencies. Evidence was presented that the
periodic signalsin the Y -direction reduce the orbit model deficiencies aswell. The periodic
signals in the B-direction, however, were shown to be more important than those in the
Y -direction. The deterministic test series further showed that a purely deterministic orbit
parameterization, consisting of the constant terms in the D- and Y -directions plus periodic
terms in the D- and B-directions, gives excellent orbit results. Because of a degradation
of the LOD estimates this deterministic orbit model is currently not considered for the IGS
activities at CODE.

The results based on one full year of routine orbit estimates using the standard (R3)
and new (X3) orbit pararneterizations (3 B-terms) showed that the behaviour of the
estimated stochastic and deterministic orbit parameters significantly improves with the
new orbit pararneterization. This is true in particular for the Y-bias (see Figure 1), and
the radial pseudo-stochastic pulses (see Figure 2). Tests without estimating the radial
pseudo-stochastic pulses showed that with the new orbit pararneterization these pulses no
longer have to be estimated. Considering the fact that pseudo-stochastic pulses are meant
to absorb orbit model deficiencies it is clear that the modeling deficits are significantly
reduced in the new orbit parameterization. Because the behaviour of all estimated RPR
parameters in the X3 solutions is “predictable” it is expected that an improved RPR model
may be developed.

Orbit estimation using satellite positions as pseudo-observations

The essential difference between orbit estimation, using real (GPS) data, and orbit
fit, using previously determined satellite positions as pseudo-observations, lays in the
type of observations used. For the orbit estimation double-difference GPS carrier phase
observations are used whereas for the orbit fit the observations are the position vectors
of the satellites. The position vectors are very strong observations for orbit estimation
whereas the double-difference carrier phases do not contain very much information about
the satellite position. Only thanks to the dense global network it is possible to get accurate
GPS orbit estimates based on carrier phase data. Due to this significant difference the
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Figure 1. Estimated Y-bias (Y,) using the two different CODE orbit parameterizations.
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parameterizations. Only PRNs 3,6,7, and 31 in orbital plane C are shown.
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results from orbit fit tests always have to be verified using real GPS data analysis.

The goal of the orbit fit tests was to find the optimal orbit parameterization. For this
purpose a “standard test” was developed in order to be able to compare the results. The
selected standard test consists out of a 7-day orbit fit using the CODE final products, e.g.,
precise orbits plus their respective Earth Orientation Parameters (EOP). The resulting 7-day
arc is extrapolated, using orbit integration, for 48 hours. The last 24 hours of this orbit
prediction are compared to the CODE fina orbit for the same day. The period from March 13
to March 21 in 1997 was selected as test interval. The following quantities are considered
as quality indicators for the orbit parameterization:

. the RMS of the residuals of the 7-day fit,
. the RMS of the residuals of the orbit prediction comparison, and

. the median of the residuals of the orbit prediction comparison.

First, we studied whether our standard orbit fittest gives similar results as the deterministic
orbit estimation test discussed earlier. It was verified that the results were indeed very
similar. Only one small anomaly was detected in the estimation of the periodic termsin the
Y- and B-direction. In the orbit fit the effect of the periodic terms in these two directions are
amost identical whereas in the orbit estimation test a significant difference was observed
favoring the periodic terms in the B-direction,

As mentioned above the orbit fit method is based on a strong observation type making
it possible to estimate a large number of orbit parameters. Therefore, our software was
enhanced to estimated periodic terms up to six times per orbital revolution. Furthermore,
modifications were made to allow for periodic terms in two other coordinate systems: the
satellite-fixed reference frame (Z, Y, X) and the’ ‘classical” orbit system radial, along-, and
cross-track (R, S, W). In addition, the argument for the periodic terms was slightly changed
to account for the position of the Sun with respect to the ascending node. This changeis a
consequence of the assumption that the solar radiation pressure is the major’ ‘error source’
in the GPS orbit modeling. It is therefore logical to relate the time argument of the periodic
signals to the position of the Sun in the orbital plane. Thus, the argument of latitude is
corrected for the latitude of the Sun in the orbital plane (u,), [Rothacher et al., 1995]. After
extensive tests, using many different combinations of the available parameters, a small set
of optimal orbit parameterizations was found, Table 2 lists these “best” parameterizations.

All candidate parameterizations were subsequently used in real orbit estimation using one
full week of GPS data, This test confirmed that all 5 parameterizations perform very well
apart from some correlation with the LOD. Because of the slightly better performance and
its resemblance with the ROCK model, “model 5*’ (Table 2 ) was selected as the’ ‘optimal”
orbit parameterization. It consists of three constant terms in the D-, Y-, and B-directions
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Table 2. Selected “optimal” orbit parameterizations.

Model | Constant Terms | Periodic Terms
1 D,Y,and B B sin(u — uo) and D sin(u — %o)
2 D,Y,and B B sin(u — %o0) and B sin(2u — Uo)
3 D,Y,and B Z sin(u — %o0) and X sin(u — %o)
4 D,Y,and B Z sin(u — uo) and X sin(3u — %o)

| 51 D. Y. and B | Z sin(u - uo), X sin(u - %o), and X sin(3u - %o)

and three periodic sine terms. once-per-revolution terms in the Z-, and X-direction and one
three-times per revolution term in the X-direction.

The New Solar Radiation Pressure Model

Using the “optimal” orbit parameterization (model 5 in Table 2) all final CODE orbits with
their respective EOPs, as submitted to the IGS since June 1992, were used in an orbit fit.
An arc length of 5 days was chosen and no a priori solar radiation pressure model was
used. This resulted in a long time series, covering 5.5 years, of estimates for the selected
(optimal) set of RPR parameters. It was hoped that, after careful analysis, this time series
may be used to derive a new solar radiation pressure model. Figure 3 shows the estimated
values for the direct solar radiation pressure (Do) and for the Y-bias (Y, accelerations
as function of time over the full 5.5 years. Jumps are visible in the Y-bias time series.
These jumps are related to the “bias’ changes in the attitude system of the GPS satellites.
These biases have been kept constant since approximately November 1995. Furthermore,
the eclipse phases can clearly be seen in the Y -bias estimates: the estimates are somewhat
anomalous during these phases.

A careful analysis of the estimated parameters as a function of time showed that the
behaviour of satellites within one orbital planeisvery similar. Clear annual and semiannual
signals are present. Assuming that the Sun causes the observed signalsit islogical to study
the behaviour of the RPR parameters as function of the angle of the Sun above the orbital
plane (angle Bo)- Note that, if the absolute value of this angle is < 14°, the satellite is in
eclipse. In Figure 4 the same two time series for the direct solar radiation pressure and
Y-bias accelerations are shown but now as function of the angle of the Sun above the
orbital plane. For the Y-bias a shorter time interval was selected to exclude the observed
jumps, but more satellites are shown.

Clearly, the behaviour of the estimates of the direct solar radiation pressure acceleration
and the Y-bias acceleration is very similar for al (Block 11 and Ila) satellites which indicates
that a model can be easily derived for these parameters. The same is true for the constant
term in the B-direction and for the once per revolution periodic term in the Z-direction.
Both periodic signals in the X-direction do not show a very clear signal, nevertheless a
model was estimated for these parameters as well. The Block | satellites, the uppermost
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lines in both plots showing the Do estimates, behave in a slightly different way. Although
their behaviour is also predictable, no attempts were made to create a model for the Block |
satellites. Due to the “jumps’ in the estimates of the Y -bias, the model for this parameter
had to be based on the estimates since 1996 only. It turned out that the performance of the
complete model was better if all model parameters were uniquely based on the most resent
results (since 1996). Apparently the (significant) modeling improvements made over the
last few years are important when deriving a solar radiation pressure model.

Based on the careful analysis of the orbit fit results the following terms were included in
the radiation pressure model:

ap = Do+ D¢y cos(26) + Dey cos(45,)
ay =Yy + Yo COS(Q,B())
ag = By + B¢ COS(2,30)
3

azp = {Zo+ Zoz cos(260) + Zss sin(26)

+Zc4 cos(43) + Zsasin(4;)} sin(u — o)
ax, = {XI, + X1¢ cos(2Bp) + X1gsin(26o)} sin(u - up)

+{ X30 + X3¢ cos(28) + X3ssin(25,)} sin(3u — Uo)

Note that all three constants (Do, Y, By) were chosen to be satellite-specific and that the
Zo-term was chosen to be Block type dependent. The values for all of the above parameters
are given in the Appendix. Please note that the model is only valid for Block Il and Ila
satellites. Furthermore, the values given for PRN8 should be used with care because this
satellite was launched late in 1997 and by the end of the year wasstill in its * ‘outgassing”
phase. Of course, satellite PRN23 should be used with care as well due to the problems with
the orientation of its solar panels, The results indicate, however, that it should be possible
to derive a tailored RPR model for PRN23.
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Evaluation of the New Solar Radiation Pressure Model

Four different investigations were performed to evaluate the new solar radiation pressure
model.

« The effect of the parameters of our RPR model on the satellite positions was determined
to get an idea of the significance of the individual terms of the model.

« An error budget of the model was derived, based on the residuals of the RPR series,
to get an idea of the remaining model errors.

. The model was compared, using our standard test, to other RPR models to check its
performance.

. Finally, the model was tested in a real parameter estimation, using one full week of
GPS observations.

The effects of the different parameters of the new RPR model on the orbit were estimated
by integrating a given set of osculating Keplerian elements over a time period of one day
(24 hours), once with the parameter turned on and once with the parameter turned off. The
RMS of the difference between the two resulting orbits, over the full 24 hour period, was
then computed to get an idea of the size of the effect. The results are given in Table 3.

Table 3. Effect of the individual parameters of the new RPR model on the GPS satellite
orbits over 24 hours.

Parameter Effect

Radial Along Cross Total
DO (m) 29 87 3 92
Y, (cm) 49 350 8 354
By (cm) 2 29 3 29
Z sin{u — ug) (cm) 15 32 0 36
X sin(u — o) and X sin(3u — %o) (cm) 2 11 0 11

As expected the Do (direct solar radiation term) and Y. (Y-bias) give the largest
contributions. However, the contributions of the Be-term and the periodic term in the Z-
direction (radial direction!) are not negligible! Note that the periodic Z-term has a signature
very similar to the periodic terms in the B-direction, which CODE uses when computing its
|GS orbit products. The periodic terms in the X-direction have an effect of only 11cm. The
typical RMS of the 5-day fits, used for the model development, is at the level of 5 cm. This
means that the 11 cm effect is close to the noise level of the solutions. However, the IGS
orbit combinations show an orbit consistency of about 4 cm between the orbits of different
ACs. Thus, an 11 cm effect maybe significant.
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The RPR model is based on the time series of parameter estimates computed by fitting
5-day arcs through the final products from CODE. The RMS of the residuals of the parameter
estimates, after subtracting the estimated RPR model, is used to estimate the remaining
errors in the model. For this purpose the RMS value was introduced as a “bias’ in the
corresponding RPR parameter and a 24-hour orbit integration was performed with this bias
included. The difference between the biased orbit and the original orbit are a measure of
the remaining orbit model errors. The results are given in Table 4. The total error budget
was estimated by introducing the RM S value for all parameters as bias.

Table 4. Estimated model errors based n the parameter residuals

Error Source Model Fit Magnitude (cm)
(107°m/s?) | Radial Along Cross Total
Dy 0.0724 2 7 0 7
Yo 0.0416 2 15 1 15
By 0.2318 | 15 2 15
Z sin(u — up) 0.1187 2 4 0 4
X sin{u — up) 0.1454 5 36 | 36
X sin(3u — uy) 1.5252 8 61 2 62
Total Error budget 11 79 4 79
RMS of 7-day fit (no par. est.) 52

Surprisingly enough the largest error source stems from the two periodic terms in the
X-direction. This is remarkable in view of the very small effect these parameters have on
the orbit. The estimated errors from the other parameters are all below the 20 cm level.
The total error budget is estimated to be about 80 cm. To verify this, our standard test was
used without estimating any parameters (except the 6 osculating Keplerian elements). The
RMS of this 7-day fit may then be comparable to the estimated model error. The results are
comparable but the error budget seems to be somewhat pessimistic. This may be caused
by the relatively large error of the X-periodic terms. Also, the arc length of our standard
test (7 days) is longer than the arc length used for the RPR parameter estimates (5 days).
Therefore the remaining orbit model error is estimated to be of the order of 50 cm only!

Apart from CODE also the JPL analysis center has successfully developed a new RPR
model [lJar-Sever, 1997]. To test the performance of different RPR models our standard test
was used once more. Table 5 gives the results of the standard test using the different RPR
models available: ROCK, JPL, and CODE. It shows the RMS of fit using 7 days of precise
orbits and the RMS and median of the residuals of the prediction comparison. Again the
CODE final products (orbit and EOPs) were used. In all cases only the scale term (or a
constant acceleration in the direction sun-satellite (Do)) and the Y-bias (Y,) were estimated.
Only for the solution labelled * ‘BEST” more RPR parameters (all 9 parameters of the ECOM)
were estimated. This solution is given as a reference, Furthermore, the ROCK model was
used in two different ways. First, it was used as a priori model and the accelerations Do and
Y. were estimated on top of the model (solution: T20), which represents the way the ROCK
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model is normally used in the Bernese GPS Software. Secondly, it was used by estimating a
scale factor for the complete ROCK model and the acceleration in the Y-direction (solution:
T20 scaled), which represents the recommended usage of the ROCK model.

Table 5. Orbit Fit (7 days) and orbit extrapolation (2 days) using different RPR models.
Only scale (or Dy) and Y -bias estimated.

RPR-MODEL RMS of FIT Prediction

(cm) | Median (cm) RMS (cm)
No Model 75 133 159
T20 76 134 161
T20 Scaled 72 119 151
JPL Scaled 10 45 58
CODE 6 17 31
“BEST” (9 RPR par.) 5 17 22

Table 5 shows that including the ROCK model as a priori RPR model does hardly gives any
improvement, both in the fit and in the prediction, compared to not including an a priori
model. Although it was clear for along time that the ROCK models are not very accurate,
this is a surprise! Both the CODE and JPL RPR models perform much better than the ROCK
model. The results of the CODE model are close to the “best possible” results. This means
that the reduction of the number of estimated RPR parameters (from 9 to 2!), does not
significantly degrade the accuracy of the results. This reduction of parameters should make
the GPS orbit predictions more reliable! Thisis very important because it has become clear
that the integrity of the predicted orbits is the most crucia factor for real time GPS data
analysis [Martin Mur et al., 1998].

Finally, the new RPR model was tested in a real GPS data processing experiment using
one full week of data (7 days of 3-day solutions). Four different solutions were generated.
For the first two solutions our standard (Do, Y,) and new (Do, Yo, 130, By) orbit solutions
were generated using the ROCK model as a priori model. For the second two solutions the
same two orbit solutions were generated but now using the new CODE RPR model as a priori
model. The results are given in Table 6.

Table 6. Results from real GPS data analysis using both the ROCK and CODE RPR models

ROCK + CODE+ ROCK + CODE +

Do Yy DoY, | DoYoBo B, DoYoBoB,

Orbit Overlap (mm) 106 34 31 32
Orbit Comparison (mm) 66 54 50 51

A significant improvement can be seen for the standard solution (Dy, Y€). In fact, the
standard solution using the CODE model has become almost as good as the two X 3-type
(Do, Yo, By, By) solutions. This is an important result because it means that three orbit
parameters (the three B-terms) become obsolete! The slight difference in quality is most
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likely caused by the eclipsing satellites, which are not treated in any special way in the
CODE model. The similarity in quality of both X3 (DO, Y, Bo, B,) solutions shows once
more that the periodic B-terms behave very similar as the periodic Z-terms.

Summary and Outlook

It has been shown that the new solar radiation pressure model as developed by CODE is
superior to the ROCK model by almost one order of magnitude. The remaining model error
was estimated to be about 50 cm, whereas for the ROCK model the error is about 300 cm.
Although a significant improvement could be achieved with the new RPR model, it should
be considered as a “first attempt” only. In the near future more time and effort will (have
to) be spent on RPR models. Different models are required for the Block | and IIr satellites
and also for PRN23. Furthermore, the behaviour of some of the parameters of the RPR
model is significantly different, but not erratic, during the eclipse phases. Therefore, it is
very likely that a special eclipse model maybe derived, One minor problem was discovered
in the model. The so-called X3 orbit solutions, the officidl CODE solutions since September
1996, show a small scale difference with respect to the standard (R3) solutions and also
with respect to the IGS combined orbit, Because the model was based mainly on our X3
orbits (only for the first few months of 1996 the R3 solutions were used) this scale effect
has propagated into the RPR model. This means that all orbit estimates generated with this
new RPR model will have a small scale difference of approximately 0.2 ppb (5 mm). Keep
in mind that the “true scale” is not known,

The implementation of the CODE RPR model may improve the quality of the orbit estimates.
In addition, the number or required (orbit) parameters maybe reduced. This will strengthen
the GPS solutions significantly. Especially the generation of the so-called * ‘rapid” products
may profit from this development. The predicted orbits may also improve; maybe not in
accuracy, but certainly in integrity, thanks to the reduction of the required number of orbit
parameters. Last but not least we hope that the model will enable us to generate GPS orbits
based on SLR observations only. So far, the limited number of SLR observations and the
large number of required orbit parameters made it almost impossible to generate accurate
GPS orbits based on SLR data only. With our new RPR model we are are in a much better
position because, it allows a 7-day fit at the 6 cm level solving for only two parameters.
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Appendix

This Appendix gives some statistics of the RPR model estimation and the values of the
CODE solar radiation pressure model.

Table 7. Results from the CODE solar radiation pressure model estimation

Parameters #Est. RMs

(107%m/s?)
DO 15961 0.0724
Yo 15815 0.0416
Bo 15406 0.2318
Zsin(u — %o) | 15348 0.1187
X sin(u — %) | 15187 0,1454
X sin(3u —uo) | 15760 1.5252

Table 8. The values of the CODE solar radiation pressure model

Parameters Estimate Formal Error

(10-97 22/s2) (10~1m/s?)
Dc, -0.813 0.176
Dc, 0.517 0.124
Yo -0.067 0.104
Be 0.385 0.572
2,Block I 1.024 0.299
2,Block Ila 0.979 0.184
Zea 0.519 0.248
Zsy 0.125 0.149
Zcy 0.047 0.261
Zsy -0.045 0.164
X1, -0.015 0,157
Xle -0.018 0.297
Xlg -0.033 0.168
X3, 0.004 1.655
X3¢ -0.046 3.118
X3g -0.398 1.773
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Table 9. The values for the CODE solar radiation pressure model. The values for PRN8
and PRN13 should be used with care. PRN8 was launched by the end of 1997 end
was still inits® ‘outgassing” phase. PRN13 was also launched by the end of 1997
and is a completely new type of satellite (Block IIr). This new Block type most
like will have a different solar radiation pressure model.

PRN | Block DO Yo Bo
(10°m/s?) | (10~°m/s?) | (10~°m/s?)

2 |1l -99.373 0.6362 0.0480

14| 1 -99.290 0.9064 -0.2510

15 | 1 -98.985 0.7048 -0.4749

16 | I -99.108 0.6496 -0.1170

17 | I -99.010 0.6604 -0.0770

18 | 1l -99.359 0.8683 -0.4783

19 (1 -99.850 0.7057 -0.1449

20 | 11 -100.396 0.6642 -0,4997
21 | 1l -99.477 0.2592 0.0996
I | IIa -91.088 0.7458 -0.4868

3 | Ila -90.395 0.5637 -0.3960

4 | Ila -90.502 0.7856 -0.2487

5 |1la -90.414 0.7612 -0.2309

6 | Ha -90.354 0.7589 -0.3092

7 | Ila -90.238 1.0376 -0.2241

8 | Ila -93.342 1.8394 -0.7143

9| Ila -90.317 0.7955 -0.3569

10 | Ia -89.546 0.7819 -0.1772

22 | Ila -90.944 0.7319 -0.0179
23 | Ila -78.592 0.7440 -1,0843
24 | Ila -91.436 1.0537 -0,2214
25 | Ila -90.785 0.8556 -0.3851
26 | Ila -90.377 0.9750 -0.4144
27 | Ila -90.291 0.9482 -0.4224
28 | Ila -90.951 0.8210 -0.1303
29 | Ila -91.015 0.9078 -0.5188
30 | ITa -90.455 0.8285 -0.5409
31 | Ila -90.370 0.6269 -0.6173
13 | IIr -99.599 -0.2801 -1.6732
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NEW SOLAR RADIATION PRESSURE MODELS FOR GPS SATELLITES
Y. Bar-Sever, D. Jefferson, and L. Remans
Jet Propulsion Laboratory/California Institute of Technology

The mismodelingf solar radiation forces is currently the largest error source in the precise orbit
determination 0fGPS satellites. Consequently, it iS a dommant error source in many precise
appications of the GPS, such as, geodesy, determination of Earth orientation, and low Earth
orbiter tracking. We have developed a new approach to the problem of modeling the solar
radiation forces on GPS satellites that significantly improves th(cixuality of the model. The
approach is aiming to replace the conventional re-launch design p of solar pressure and

heat reradiation models by a more accurate post+aunch phase. The approach is aso suitable for
many other Earth-orbiting satellites.

The current GPS constellation of Block 11 and Block 11A satellites was used as a prototype for
developingind validati n_ang approach. We used the daily JPL GPS precise ephemerides over a

eriod of $nhonths to a jdst a parametrized model of the solar pressure so as to obtain best fit.

he resulting model proved to be significantly more accurate than the standard solar pressure
model for GPS satellites (Bar-Sever, 1997). For example, 4-dcg(orb|t prediction accuracy has
increased by63% for non-eclipsin ﬁSPS satellites, and by 28% ér eclipsing satellites. The new
models wil Ioe made available to a I IGS Analysis Centers.

References

Bar-Sever, Y, E., New and Improved Solar Pressure Models for GPS Satellites Based on Flight
Data, Final Report, Prepared for Air Force Materiel Command SMC/CZSF, April 12, 1997.
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A LOOK AT THE IGS PREDICTED ORBIT

J. F. Zumberge
Jet Propulsion Laboratory, California Institute of Technology
Pasadena, CA 91109 USA

SUMMARY

The quality of the IGS predicted orbit has been assessed by comparing it
to the IGS final orbit. For each satellite and day during the 6-week period
beginning November 16, 1997, the 3-D rms difference over the day between
the predicted and final orbit was computed. The distribution of this quantity
is shown in Figure 1. Each count corresponds to one satellite and one day.

The median 3-D rms is 57 cm, which is approximately a factor of seven
smaller than the corresponding number for the broadcast ephemeris. How-
ever, the high-end tail in Figure 1 — 8.5% are above 3 m — limits the use
of the IG S predicted orbit. It would be beneficial to identify problematic
satellites when the prediction is published.

Htwasfound that poorly performing satellites are not well correlated with
either (i) the snoothness of the broadcast ephemeris or (ii) time. There is,
however, sone correlation with pm as indicated in Figure 2. For exanple,
predictions of prnl4 and prn23 are consistently poor. Although not indi-
cated in Figure 2, the eclipse status is also a consideration, at least for some
satellites. For exanple, the predictions for prnl O are typically worse when
that satellite is in shadow.

With additional work, one might be able to develop a not-too-complicated
algorithm using prn and shadow/sun status to fiag many of the problematic
satellite-days in the IGS predicted orbit. To realize the full potentia of the
IGS predicted orbit, however, one probably needs to use near-real-time data
to flag the outlier satellites and days.

Acknowledgment The research described here was carried out by the Jet
Propulsion Laboratory, California Institute of Technology, under a contract
with the National Aeronautics and Space Administration.
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REAL TIME EPHEMERIS AND CLOCK CORRECTIONS
FOR GPS AND GLONASS SATELLITES

M.M. Romay-Merino, J. Nieto-Recio, J. Cosmen-Shortmann, J.R. Martin-Piedelobo
GMV, Isaac Newton 11, P.T.M. Tres Cantos, E-28760 Madrid, Spain

ABSTRACT

Algorithms computing clock and ephemeris corrections for GPS and GLONASS satellites
as the basis for GIC (Ground Integrity Channel) and WAD (Wide Area Differential)
services constitute one of the most important part of the EGNOS (European
Geostationary Navigation Overlay Service) system. Using the GPS/GLONASS broadcast
data it is not possible to compute the user position with the desired accuracy and integrity
for high demanding users, such as aeroplanes. To achieve the desired user positioning
requirements some corrections should be applied to the broadcast data. These corrections
must be computed in real time, and they will be transmitted to the user via a geostationary
satellite. Corrections can be divided in ephemeris or orbit corrections, satellite clock
corrections, and ionospheric corrections. These corrections shall be valid in the regional
area to be analysed, Europe in this case.

This paper summarises the results obtained using the most promising algorithms, based
on the use of a state of the art orbit determination algorithm (BAHN developed at
ESOC/OAD). These results have been obtained using real data from a dedicated
campaign. Eight GPS and GLONASS receivers have been deployed in Europe to evaluate
the performances of the algorithms to compute ephemeris and clock corrections. The use
of orbit and clock corrections allows to determine the user position in real time with an
accuracy about one meter, which fully satisfy the EGNOS performances requirements.

INTRODUCTION

Europe’s primary contribution to GNSS -1 will involve signal relay transponders carried
on geostationary satellites, and a network of ground stations. They are intended to provide
a regional augmentation service for GPS and GLONASS signals over Europe. Thus
improving considerably the positioning accuracy of a user located in the coverage area.
This augmentation is called an “overlay”, and the European programme is known as
EGNOS (European Geostationary Navigation Overlay Service).
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Using the current GNSS systems, user positioning accuracy of about 100 meters (for GPS
satellites) can be achieved when no augmentation system is used. The following figure
illustrates the typical user positioning errors when GPS data is used:

USER, Positioning Emor Without Corrections

Total Error (m)
g8
=3

€00 ‘

f

\
20
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134000 136000 138000 140000 142000 144000 146000 148000 150000 1 52 X 0 154000
Time (See)

Figure 1 GPS Typical user positioning errors

EGNOS is expected to improve considerably the user positioning accuracy. EGNOS will
reach its Advanced Operational Capability in 1999, when it can be used as primary source
of navigation and positioning for applications such as aircraft landing approaches

EGNOS provide the backbone for three essential navigation services: ranging, integrity
monitoring and wide-area differential corrections.

Ranging service. The ranging service will enable the EGNOS transponders to broadcast
GPS-like navigation signals. As a result, these satellites become two more sour ces of
space-based navigation data for users. This is important because neither GPS nor
GLONASS systems can guarantee that the minimum number of six satellites required for
safety-critical applicationsisin view at all time and all locations world-wide.

Integrity service. Range errors estimates for each GPS, GLONASS, or EGNOS

navigation signal are broadcasted. The EGNOS integrity service will enable usersto
known within 10 seconds whether a navigation satellite signal is out of tolerance,

allowing action to be taken before any critical situation arises.

Wide area differential correction service. Correction signals to improve the precision
of satellite navigation are broadcasted to the users. With the wide area differential service,
the satellite navigation precision will dramatically increase to 5 to 10 meters well above
the approximate] y 100 meters for the currently available non-encrypted signals from GPS.
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This paper describes the algorithms to be used to provide the Wide Area Differential
(WAD) ephemeris and clock correction service. The most promising technique is
anal ysed to some extent, and the results obtained when using this algorithm are presented.

ALGORITHMS SELECTION AND DESCRIPTION

Three different types of algorithms can be considered to perform an accurate orbit
determination:

. Dynamic methods
« Geometric methods

. Reduce dynamic methods

The agorithm used to compute clock corrections is the same for all above mentioned
algorithms, Once the ephemeris corrections have been computed the clock corrections
will be computed from the measurement’ s residuals.

Dynamic methods. These methods are based in the integration of the equations of
motion:

d*x &
n—=

3 )
dt i=] '

Where F, account for all perturbation acting on the satellite, like: gravitational

H

perturbations, surface force perturbations, tidal perturbations, manoeuvres, etc.

Combining dynamic with observations:
y=Hx+¢

it is possible to improve the knowledge of the state variables, and therefore the satellite
orbit determination. The major problem of the dynamic methods is the required
computational time. A significant amount of computational time is required to compute
the ephemeris corrections, thus they are in principle not suitable for real time operations.
In the other hand they are able to compute accurate predictions. The state equations can
be used to propagate the satellite ephemeris into the future, and the propagated ephemeris
can be used in real time to compute the ephemeris corrections.

Once the satellite ephemeris corrections have been computed, satellite clock corrections
can be easily computed. To estimate satellite clock corrections, the satellite must be at
least visible for two reference stations simultaneously.

It can be concluded that it is possible to use dynamic methods for real time applications if
it is possible to compute accurate predictions. Preliminary analyses, using globally
distributed data show that predictions over 24 hours have an accuracy (rms) of about one
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meter, this will be sufficient to provide accurate ephemeris and clock corrections to the
EGNOS users.

Precise orbits for the GPS satellites can be computed operational] y at regular time
intervals. The objective of this operational orbit determination process will be to
determine the GPS orbits in the past and to produce accurate orbit predictions for the
future.

The objective of the tests to be performed here will be to evaluate the possibility of
computing accurate GPS/GLONASS orbits using only tracking data from the dedicated
ground stations. The possibility of using external data from IGS stations will be
considered.

Geometric methods. These methods do not make any use of information coming from
the dynamics. They are also identified as inverse GPS methods. The position of the
reference stations is accurate] y known, therefore if four or more than four stations are
simultaneously tracking the satellite, the satellite position and clock error can be
estimated. To apply these methods station clocks must be synchronised. This is normally
done by using common view techniques. Station clocks synchronisation failures will
sever ely influence the accuracy of the satellite ephemeris and clock corrections. These
methods do not aim to provide real ephemeris corrections. They provide corrections that
are valid for the region of interest, therefore the extrapolation of the correction to other
areas may not be possible.

Reduce dynamic methods. These methods are a combination of the two previously
described methods. They combine dynamical information with geometric information
coming from the measurements. These methods can provide more accurate corrections
than the dynamic or geometric methods, but as they are using relatively simple dynamic
models, they can not provide accurate orbit predictions. Reduce dynamic methods are
using dynamic models, therefore a significant amount of computational time is till
required to evaluate the perturbations coming from those models, and they will not be
able to operate in real time. These methods will not be considered in this analysis. Some
examples have been performed by considering Keplerian propagation, no significant
improvement was obtained with respect to the kinematic propagation.

DATA CAMPAIGN DESCRIPTION

A dedicated GPS/GLONASS campaign has provided the required data in order to
evaluate the performances provided by the different algorithms to compute ephemeris and
clock corrections.

The objective of the GPS/IGLONASS Measurement Campaign was to provide a
consistent dataset from widely distributed sites in Europe, with suitable equipment
including dual-frequency GPS, single frequency GLONASS receivers, Atomic Frequency
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Standards and meteorological logging devices. The location of the deployed receivers is
represented in the figure below:

GLONASS LI STATIONS

75F
70}
65}
60}

25‘ L 1 L i I 1 1 L 1 L It I 1] L
-30-25-20-15-10 -5 0 5 10 15 20 25 30 35 40 45
Longitude

Figure 2 Ground stations used during the analysis

ALGORITHMS EVALUATION APPROACH

In order to evaluate the performances of the algorithms, to compute ephemeris and clock
corrections, some already developed software packages have been integrated with some
new developed software packages in a single tool.

Five different algorithms to compute ephemeris and clock corrections have been
consider ed:

1. Dynamic algorithm, using the at ESOC developed GPSOBS and BAHN software

packages.

2. Snapshot algorithm based in single differences

3. Snapshot algorithm based in double differences.

4. Snapshot and Kalman filter algorithm based in single and double differences

5. Clock correction algorithm common to all ephemeris computation algorithms

The implemented tool covers the following functionalities:

« Data generation
+ Data pre-processing
« Computation of ephemeris and clock corrections

+ User positioning determination
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ALGORITHMS EVALUATION APPROACH

In order to evaluate the performances of the algorithms, to compute ephemeris and clock
corrections, some already developed software packages have been integrated with some
new developed software packages in a single tool.

Five different algorithms to compute ephemeris and clock corrections have been
considered:

1. Dynamic algorithm, using the at ESOC developed GPSOBS and BAHN software
packages.
2. Snapshot algorithm based in single differences
3. Snapshot algorithm based in double differences.
4. Snapshot and Kalman filter algorithm based in single and double differences
5. Clock correction algorithm common to all ephemeris computation algorithms
The implemented tool covers the following functionalities:
. Data generation
. Data pre-processing
. Computation of ephemeris and clock corrections

« User positioning determination
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with the data from the dedicated campaign to try to determine accurate GLONASS orbits
and to establish the best orbit determination strategy for those satellites, as no accurate
orbits are available for those satellites. Unfortunately a very limited amount of SLR data
was available, so very precise orbits could not be computed. The availability of SLR data
during the month of June 1996 is summarised in the table below:

GL-63 | 4
" GL<66 . . |
GL<67

Table 1 GLONASS SLR data available

Meteorological data are required in order to remove tropospheric delays from the
measurements. Some facilities to generate RINEX files from the campaign data have also
been implemented.

GPSOBS. GPSOBS is a state of the art GPS data pre-processing software package
developed at ESOC. This program is used at ESOC to pre-process RINEX files, the
output of this module is directly usable by the orbit determination package BAHN.

As it has been mentioned before, BAHN has been used to compute accurate GPS and
GLONASS orbits. Unfortunately GPSOBS is not able to handle GLONASS data,
therefore GLONASS data have not been processed to the same extent as GPS data.

GPSOBS has been used to generate double differences of carrier phase and pseudorange
measurements from the ESA GNSS - 1 campaign, from the at GMV installed receiver, and
from some IGS stations.

Data from all satellites have been generated. Antenna corrections and ionospheric
corrections have been applied to those data. Cycle dlips have been removed, and eclipses
perturbations have been modelled. The interval between observations has been selected as
6 minutes, and a minimum elevation of 20 degrees has been selected. Initial values for
clock parameters are computed.

Pre-processing for real-time algorithms. This module is not really part of the
algorithms to compute ephemeris and clock corrections, but it is required in order to
perform those corrections, and in order to compute the user position.

The pre-processing is valid for real (GPS and GLONASS) and simulated measurements,
but the methods used depend on which case is considered. This algorithm is intended to
provide a iono-free, tropo-free, carrier phase smoothed pseudorange to the algorithms
working in real time.

Ephemeris computation algorithms. Different algorithms have been used to compute
accurate ephemeris corrections to the GPS and GLONASS satellites.

The core of the dynamic algorithms is the general utility orbit determination program
BAHN. BAHN is a state of the art package developed at ESA/ESOC over the last
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decades, This package has been extensively used to compute precise orbits for many
different types of satellites and using different types of tracking data systems. In particular
ESOC is actively participating as an Analysis Centre and Operational Data Centre in IGS.
In the scope of this analysis BAHN has been extensively used to compute accurate orbits
for GPS and GLONASS satellites.

Geometric algorithms have been implemented, those algorithms use pre-processed data,
the position of the satellite can be computed if four or more stations are simultaneously
tracking the satellites. Some of the implemented methods use a Kalman filter to smooth
the computed corrections.

User Positioning Algorithm. This algorithm is intended to provide the user position
using GPS or GLONASS measurements. Pre-processed measur ements for the selected
user, and ephemeris and clock corrections generated by any of the algorithms are used to
obtain the position of the user.

The analysis of the user positioning errors is required in order to assess the performances
of the algorithms. The accuracy of the ephemeris corrections for GPS satellites can be
evaluated just by comparing with accurate IGS orbits. For clock corrections no accurate
solutions are available. To have an estimation of the errors associated with the clock
estimation the user position errors are estimated, and from those values an upper limit of
the contribution of the clock corrections to the total UERE (User Equivalent Range Error)
can be estimated.

ALGORITHMS EVALUATION TESTS RESULTS.

The performances of the different algorithms to compute accurate ephemeris and clock
corrections have been evaluated using real data from the dedicated tracking data
campaign. One of the stations of the campaign will be used to simulate the user
performances in terms of positioning errors. This section summarises the results obtained
in terms of accuracy of the ephemeris and clock corrections, and also in terms of the
accuracy of the user positioning.

Geometric algorithms.

The following table represents for all satellites and agorithms the rms in meters of the
ephemeris corrections errors. All stations (eight) have been used to compute the solutions.
Due to the large correlations between ephemeris and clock corrections similar errors may
be expected for clock corrections, as it was concluded from the tests based on simulated
data

Single Single Double Double
Differences Differences Differences Differences
Snapshot Kalman Filter Snapshot Kalman Filter
TOTAL 489 524 101 112

Table 2 RM S of the ephemeris correctionsin meters
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From the above results the following conclusions can be addressed:

+ For single differences algorithms different behaviour has been observed for different
satellites. Corrections for low elevation satellites are worse than corrections for high
elevation satellites,

« Almost the same results are obtained for all satellites when using double differences
algorithms (ephemeris errors around 100 meters).

+ Algorithms based in Kalman filters are providing worse performances than snapshot
algorithms.

+ Ephemeris corrections errors computed using double differences algorithms are
significantly smaller than when using single differences algorithms. Although they
are bigger than the typical ephemeris broadcast errors.

The use of geometric algorithms to solve for the satellites ephemeris and clocks
represents the inverse GPS problem. The position of some reference ground stations is
accurately known, and the unknown is the satellite position and clock. The concept of
DOP (Dilution of Precision) needs to be redefined as in this case the user is the satellite,
and the “satellites” are the reference ground stations. Therefore the “inverse DOP” is
computed. The precision of the ephemeris and clocks computed using geometric methods
will depend on the “inverse DOP vaue and the measurements errors. The satellite
position errors can be represented as the product of the “inverse DOP by the
measurements errors. This is basically the same concept applied to the user in the typical
GPS case, but now applied to a satellite.

The figure below represents the “inverse DOP values for two satellites and for the
reference geometrical configuration (eight stations):

Satatite PDOP {8 RIMS)

A i i I
290000 295000 300000 305000 310000 315000
Time (sec)

Figure 4 Inverse GPS DOP values

This explains the large ephemeris errors obtained. Maximum PDOP values can be up to
2000, and in optimal geometrical conditions they are about 200. This is certainly worse
than for a typical GPS user where those values are typically between 2 and 5. Thisis
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mainly due to the bad geometrical conditions, distances between stations are smaller than
distances between satellites.

Measurements errors of about 50 cm will address to ephemeris errors among 100 and
1000 meters. These measurements errors can be considered as realistic for alow elevation
satellite. These errors are slightly smaller for a higher elevation satellite.

It can be concluded that using geometric algorithms it is only possible to compute
accurate ephemeris if the measurements were amost perfect.

Performances have also been evaluated from the user point of view. For all the cases the
user positioning errors will be represented as the total error divided by the PDOP, this
represents an indication of the total UERE.

The accuracy to be achieved for a user located a8 Rome without transmitting any
correction is:

User Error (m)
23.0

UERE

If ephemeris and clock corrections based in geometric algorithms are applied the user
position accuracy change to:

Single Single Double Double
Differences Differences Differences Differences
Snapshot Kalman Filter Snapshot Kalman Filter
UERE (m) 0.80 2.86 0.52 0.73

This relatively good results, despite of the large ephemeris errors, have been obtained
because clock corrections are compensating ephemeris corrections. This compensation
may not be valid for all user locations. A theoretical analysis shows that this
compensation is higher for a user located close to centre or the area covered by the
stations. For a user located far from this location the user position errors will increase
with the ephemeris corrections errors. For a user close to the borders of the investigated
area(ECAC) this degradation has been estimated as a 10-15 % of the ephemeris errors.

To analyse the influence of the user location. The same tests have been repeated for a user
out of the area covered by the stations. Reykjavik has been selected as user. Only one
algorithm has been selected to perform this test: snapshot single differences.

The table below represents the user position errors:

User Error (m)
5.04

UERE

+ It can be concluded that the performances of the geometric algorithms are severely
depending on the user location. Ephemeris errors are compensated with clock errors
for a user close to the centre of the area covered by the stations, but this is not valid
when the user is relatively far from this location.
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e The situation will not improve by increasing the number of stations, or by modifying
the location of the stations. This will only modify the location where clock
corrections compensate ephemeris corrections.

e The only way to improve the performance is reducing the correlation between
ephemeris and clock corrections by reducing the errors in the computed ephemeris
corrections.

Dynamic algorithms.

Dynamic algorithms have been used to compute the orbits of the GPS satellites. The orbit
determination package BAHN (developed at ESOC/OAD) has been used in combination
with data from the eight stations involved in the dedicated tracking data campaign. The
computed orbits were compared against the very accurate IGS orbits in order to have an
estimation about the accuracy of the determined orbits. It shall be indicated that only data
from a European network of stations has been used, while to compute the IGS orbits data
from a world-wide network have been used.

GPS orbits with an accuracy of about 1.11 meters have been computed.

Some effort has been devoted to compute ephemeris corrections in a well-defined
reference frame, in particular in the ITRF-93 reference frame. The success is
demonstrated by the small values obtained for the seven parameters defining the
transformation between the computed orbits and the 1GS orbits. The translations are at the
1 cm level, rotations at the 1 mas level, and the scale factor is about 0.1 parts per billion.
The accuracy of the orbit predictions, which is defining the accuracy of the ephemeris
corrections to be transmitted to the user, is presented below as a function of the prediction
length:

prediction Total rms
interval
3h 3.14
6h 3.42
12 h 3.43
24 h 4.71

Table 3 Orbit predictions accuracy in meters

The influence of the number of stations and their location in the orbit prediction accuracy
have been evaluated. It can be concluded that better results are obtained when the eight
stations are used, but still acceptable results can be obtained if only four stations are used.
Orbits are computed using as observable double difference carrier phase measurements.
So the addition of an isolate station out of Europe will not improve the results. Some
improvements have been observed when two stations located in USA have been added (to
perform this tests real data from IGS stations have been used).

Correlations between ephemeris and clock corrections can mask the results, because the
performances of the algorithms are usualy validated from the user point of view. It was
already mentioned when evaluating geometric algorithms that wrong ephemeris
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corrections can be compensated by clock corrections. This compensation is expected to
be high for a location close to the centre of the configuration defined by the stations.
Different conclusions may be obtained by considering different user locations.

The following figure represents the percentage of the non compensated ephemeris errors
as a function of the user location. The horizontal plane represents the ECAC area, and the
vertical axis the percentage of non absorbed ephemeris errors:
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361 —
212 —
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Figure 5 Percentage of the non compensated ephemeris errors as function of the location

From the above figure it can be observed that for a user located close to the corners of the
ECAC zone the non absorbed ephemeris errors can amount up to a 10 % of the total
ephemeris errors. Other tests performed using different orbit errors suggest that those
values are never bigger than 15% for the mean values. The worst location user is at the
corners of the area covered by the stations. In these tests the selected user location is close
to the centre, to extrapolate the conclusions to the worst user, a 15% of the total
ephemeris error will be added to the UERE value. Figures below represent the computed
ephemeris and clock corrections

SV'9 (GPS) Ephemaris Comections SV9 (GPS) Clock Comection

E

X Cormection (m)
-
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- . 00
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Figure 6 Estimated ephemeris and clock corrections
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The performances of the dynamic algorithms have also been evaluated from the user point
of view, the obtained results are represented in the table and figure below:

| UERE (m) | 051 |

USER Total Erro/POOP

Tota! Error / PDOP (m)
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Figure 7 UERE after applying of corrections based in dynamic algorithms

The following conclusions can be addressed:

« Dynamic algorithms are able to provide accurate user positioning. Also ephemeris
and clock corrections are quite accurate.

+ The estimated UERE value for a user at a central location is about 0.5 meters.

« Similar behaviour are observed for the horizontal and vertical components of the user
positioning errors

Another central location (Munich instead of Rome) has been selected as user to confirm
the results from the previous test. The time interval selected to perform the test is
different, as data from a previous day have been used. The orbits used to perform this test
have relatively high orbit errors, about five meters.

The results obtained are presented in the table below:

| UERE (m) | 0.46 ]

To analyse the sensitivity of the algorithm to different user locations severa tests
modifying the user location have been performed. It should be considered that the station
selected as user has not been used to compute ephemeris and clock corrections.
Ephemeris and clock corrections have been computed for each of the cases. The results
will be affected by the different geometrical conditions associated to each of the cases.
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These results can be compared with the results obtained when the user was located at
Rome.

The table below summarises the obtained results for the different cases:

Ankara | Reykjavik [ Hammerfest
UERE (m) 0.56 0.58 0.41

It can be concluded that the performances of the dynamic agorithms from the user point
of view are less sensitive to the user location than the geometric algorithms.

Some tests have been performed for GLONASS satellites. No accurate ephemeris are
available for these satellites, so it has not been possible to get an estimation about the
orbit determination accuracy achieved in this case. In addition to that no accurate pre-
processor for GLONASS data was available, so the orbit determination was based in
pseudor ange measurements, The computed orbits are believed to have an accuracy of a
few meters. In addition to that clock corrections have also been computed for GLONASS
satellites.

The performances of the algorithms to compute ephemeris and clock corrections have
been evaluated from the user point of view, and the obtained results are summarised in
the table below:

Error Without corrections | Clock & Ephemeris corrections
UERE (m) 7.20 2.98

The table above represent the user position errors for a user located at Rome with and
without corrections. The following conclusions can be addressed:

« The positioning user errors obtained without corrections are in agreement with the
expected performances of the GLONASS system.

+ The user positioning errors are substantially reduced when applying corrections. The
non availability of accurate GLONASS orbits makes difficult to conclude anything
about the quality of the computed ephemeris corrections, although from the results of
these tests it seems that the computed ephemeris corrections are not very accurate.

« The user positioning errors obtained are mainly due to the large noise of the
measurements, and not only due to errors in the clock estimation.

CONCLUSIONS

A complex infrastructure has been specifically developed, this has made possible the
evaluation and assessment of different algorithms. The following items related to the
developed infrastructure and the way the experiment has been conducted are highlighted:
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. Geometric and Dynamic agorithms to compute ephemeris and clock corrections
have been evaluated.

. Algorithms have been evaluated using different sources of data, namely: simulated,
ESA GNSS-1 campaign, GMV GPS receiver, IGS, and SLR.

« Dynamic algorithms have been evaluated for GPS and GLONASS satellites.
Geometric algorithms have been only evaluated with GPS data.

. The results obtained are affected by the applied pre-processing and the quality of
the data used.

It can be concluded that dynamic algorithms are providing better performances than
the geometric algorithms. Geometric algorithms can not be considered as a valid
alternative for the EGNOS system.

From the results of this experiment, the UERE (1 ¢ value) associated to the ephemeris
and clocks correction is estimated in about 0.65 metres. However the reduced amount of
data used in the experiment as well as the fact that additional ionospheric errors could
appear for high solar activity. A risk margin of 15% could be considered to account for
those effects.
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BACKGROUND

The European Space Agency (ESA) is currently developing instrumentation and data analysis
tools for atmospheric sounding by radio occultation (RO). The GNSS Receiver for
Atmospheric Sounding (GRAYS) is a space instrument based on the use of RO technique with
global navigation satellite systems such as GPS and GLONASS (collectively indicated as
GNSS) as sources of opportunity. The final program objective is to provide data products of a
specified quality for operational meteorology, climate monitoring and prediction, and studies
of atmospheric processes and space weather physics.

The RO method is widely considered a mature technique for atmospheric remote sensing. It
benefits from a long scientific and technical heritage from planetary exploration experiments,
starting with the Mariner 1V mission in 1964. Concepts for RO measurements of GPS signals
to probe the Earth’s atmosphere have been published since 1987 [Gurvich and Krasilnikova,
1987]. Since then, the quality of derived data products has been proved to be, in severa
respects, superior to that of current observation techniques, such as spaceborne radiometry or
in situ monitoring by e.g. radio-sondes [see e.g. Melbourne et a., 1994, Kursinski et al., 1997
Rocken et al., 1998].

Within the ESA programmed, theoretical and simulation-oriented studies included a validation
of error analyses using data from the GPS-MET experiment and the development of improved
calibration and retrieval algorithms [DMI et al., 1995; CRI et al., 1998]. Combined with the
GRAS instrument development, these activities enabled European meteorologists and
climatologists to propose a dedicated space program, the ‘Atmospheric Profiling Mission’
within the Earth Explorers framework [ESA, 1996]. The mission proposal, consisting of a
constellation of 12 small satellites each carrying a GRAS instrument and the required ground
segment, was partly successful since it resulted in the decision to embark GRAS as a co-
passenger instrument in al suitable Earth Explorers. It is planned to launch these satellites at
two years intervals starting in 2004.
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Meanwhile, the European Organisation for the Exploitation of Meteorological Satellites
(Eumetsat) has added GRAS to the payload of the MetOp satellites for meteorology and
climatology. These satellites are being developed by ESA for Eumetsat, which will take over
the operations and the data exploitation. Each satellite carries a set of instruments including a
wind scatterometer, an imaging radiometer, three temperature and humidity sounders, an
ozone monitoring instrument and telecom equipment for data dissemination. The orbit will be
a sun-synchronous frozen orbit at 820 km altitude, with a 5 days repeat period and local solar
time at the descending node of 9:30 am. The on-going MetOp- 1 development is on schedule
for alaunch in 2003, to be followed by the MetOp-2 launch in 2007 andMetOp-3in2011.

THE GRAS INSTRUMENT

GRAS provides measurements of the code and carrier phases of signals from both GPS and
GLONASS at the L1 and L2 bands. Both descending (set) and ascending (rise) occultation
signals are observed through two antenna arrays placed on the anti-velocity and velocity sides
of the spacecraft, respectively. Each array features 15 antenna elements and provides ~12 dB
gain in a field of view which includes the atmosphere in an azimuth range of +/- 53°. This
allows some 1000 occultation profiles per day to be observed, assuming full operation of both
GPS and GLONASS. A conventional zenith-looking antenna receives signals for real-time
navigation and precise orbit determination (POD).

GRAS uses 16 dual-band channels, of which 6 are reserved for GPS-based POD. Its Ultra-
Stable Oscillator (USO) has an overall stability better than 10™over 0.1 s - 100s observation
intervals, enabling the use of a single-differencing approach in the ground processing of
occultation measurements. This minimises the number of required ground stations and
improves performance by reducing thermal noise, multipath and tropospheric scintillation
errors.

The main observable for occultation processing will be carrier phase and amplitude
measurements at 50 Hz sampling rate. Amplitude measurements with a precision of 0.2 dB
will be used mainly for diffraction correction processing. The preliminary requirements for the
signals undergoing an occultation have been established on the basis of analyses and
simulations of the retrieval process, The main carrier phase requirements are outlined in Table
1. Measurements of the L2 band signals are not required when crossing the lowest height
region (h < 12 km). In this case, the instrument operation will take advantage of the possibility
to make ionospheric corrections based on extrapolated ionospheric doppler (or refraction
angle) and of the strong signature by refraction in the troposphere on the L1 signal phase.

Height region M easurement _error (rms) Observation bandwidth
h > 30 km <Imm > 10Hz
30km>h>12km <3+ (12-h)/9 mm 10to 25 Hz
1 km<h<12km <30+27(1-h)/ 11 mm >25 Hz

Table 1. GRAS Carrier Phase M easurement Requirements

The space qualification and reliability/availability requirements mandate the use of radiation-
tolerant components, which are being tested in GRAS prototypes. Earlier receiver breadboards
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were used to validate the basic design [Riley et al., 1995]. Flight equipment production will
start in 1999, A similar instrument, the GPSOS (GPS Occultation Sensor) is being designed
for the U.S. National Polar-orbiting Operational Environmental Satellite System (NPOESS)
programme by the same European industrial consortium developing the GRAS. It is also
planned that the instrument functionality be extended to measure signals reflected by the sea
surface so as to derive scatterometric information [Martin-Neira, 1993].

OBSERVATION REQUIREMENTS AND DATA PRODUCTS

The observation requirements for a GRAS-based system have been compiled by a Science
Advisory Group including numerical weather prediction (NWP) experts. They are formulated
separately for the three application domains, namely operationa meteorology, climate
monitoring and prediction, and space weather, as detailed in Tables 2-4 for a MetOp-type
mission. In the tables, the horizontal resolution indicates the mean distance of individual
soundings over the specified time window (defined as the time required to achieve global
coverage). The timeliness requirements are referred to the time of observation. For operational
meteorology, these stringent requirements have top priority and drive the design of the ground
processing subsystem. On the other hand, the main performance requirements (accuracy,
vertical domain) are slightly relaxed compared to the performance achievable with the most
sophisticated retrieval algorithms.

Temperature Humidity Refraction angle
Geographic coverage global global global
Horizontal resolution <1000 km < 1000 km < 1000 km
Vertical resolution 0.5-1.0 km 0.5 km < 0.5 km
Vertical range 500 hPato 10 surface to 300 hPa surface to 80 km

hPa (5-30 km) (o-lo km)
Time window < 12 hours ¢ 12 hours ¢ 12 hours |
Absolute accuracv <1.0K <max{10 %, 0.2g9/kg} | < max{1 yrd, 0.4 %}
Timeliness 3 hours 3 hours 2.25 hours

Table 2: Observation Requirements for Operational M eteorology
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Temperature Humiditv |
Horizontal domain global global |
Horizontal resolution < 1000 km < 1000 km |
Vertical domain surfaceto 1 hPa (< 50 km) | surface to 300 hPa (< 10 km)
Vertical resolution 0.5 kn/1.0 km 0.5 km

(Troposphere/Stratosphere)

Time domain > 10 years > 10 years
Absolute accuracy < 0.2 K (monthly average) < 3% (monthly average)
Long term stability < 0.1 K/decade < 2 %/decade
Timeliness 1-2 months 1-2 months

Table 3: Observation Requirements for Climate Monitoring and Prediction

lonospheric monitoring, E layer Plasmaspheri
modelling and prediction analysis c analysis and
modelling
large-scale meso-scale
Horizontal domain global global global global
Horizontal resolution <loookm | <loookm |<1000km <5000 km
Vertical domain 100- 800km  100- 800km 90- 130km | 103-2 10*km
Vertical resolution 10 km 5km 0.5km 500-5000 km
Time domain > 1 year > 1 year l > 1year > 1 year
Time window < 12 hours < 12 hours < 12 hours ¢ 12 hours
Accuracy: TEC 0.5-5% 0.1-5% | 0.5-5% 2-20%
electron density 1-20% l-10% l-10% 10-30%
Timeliness 3 hours 1 - 2 months 1-2 month 1 - 2 months

Table 4. Space Weather Observation Requirements

The currently assumed architecture for the MetOp space and ground systems is outlined in
Fig. 1 (where PCDA = Polar Command and Data Acquisition; PDIF = Polar Data Ingestion
Facility; PSCC = Polar Satellite Control Centre). Two high-latitude ground stations will be
used, e.g. in Kiruna and Fairbanks, so ensuring a data downlink at each orbit.
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Figure 1: Space/Ground Segments Architecture

Following the CEOS (Committee for Earth Observation Systems) guidelines, the GRAS data
products have been defined for various processing levels:

- Level 1a tracking and occultation data (code and carrier phases, amplitudes), ground
station tracking data (for occultation processing), ancillary spacecraft and ground station
data;

- Level Ib: GRAS POD data, GNSS POD data, L1 and L2 excess phase and amplitude
data, L1 and L2 refraction angles (functions of the ray impact parameter);

- Level 2: refractivity profiles, temperature, pressure and humidity profiles, total electron
content and electron density profiles;

- Level 3: profiles (I D), images (2D) and fields (3 or 4D) of atmosphere parameters.

A simplified outline of the data processing (from level 1lato levels b and 2) is given in Fig. 2.
Level |b data should be available to users within 2.25 h and level 2 data within 3 h. Apart
from the POD step, the other processing steps to derive level |b and level 2 data (referred to
as the occultation processing) are not computationally demanding and can be performed well
within the timeliness requirement. This applies also when advanced retrieval methods based
e.g. on the Fresnel transform for diffraction correction are applied {CRI et al., 1998].

131




l s DATA

*HIG! 7 IND o
P RACK NG rsmmep| CLOCK CORRECTIONS
f & EXCESS PHASE/

GRAS ORBIT
)
ORBIT DATA DOPPLER
o “—  COMPUTATION

ib

GRAS ORBIT DATA
=P L1&L2 REFRACTION

ANGLE vS. RAY

GNSS ORBIT DATA | MPACT PARAMETER
1b
______JL._._____
COMPUTATION OF
IONOSPHERE-FREE
REFRACTION ANGLE
1b
NN, A—
REFRACTIVITY

PROFILE BY ABEL OR
‘RESNEL TRANSFORM

| 2

'_i— ¥
COMPUTATION OF | TemperaTURE
CQI;V';YL{T/BTE%NOF WATER VAPOUR  f———
PARTIAL RIRESSURE
2 lz
COMPUTATION OF T
AND p USING
HYDROSTATIC EQU.
AND GAS LAW
I 2
DRY ATMOSPHERE WARM, LOW ATMOSPHERE

Fig. 2: Data processing from la to Ib and 2

PROCESSING REQUIREMENTS

GRAS and GNSS POD data is required in the first processing step (computation of the excess
phase delay and doppler shift caused by the atmospheric refraction) and in the second step
(computation of refraction angles). Ground tracking data is aso required in the first step to
derive single differences (SD) of carrier phases, which remove GNSS oscillator instability
errors. It is expected that ionosphere-free refraction angles will be the preferred input to NWP
systems for data assimilation [Eyre, 1994].

The ground tracking data will be taken from a set of -10 reference stations properly
distributed over the globe. These stations must be equipped with high-availability geodetic-
class GNSS receivers and clocked by high-performance USO. The data retrieval must occur at
least as often as the orbital period, About 12 to 15 stations would be needed if the processing
were based on the use of double-differences, with some increase in the operation costs.

The POD requirements for both the GRAS-carrying satellite and the GNSS satellites have

been assessed using a software simulator. The EGOPS (End-to-end GNSS Occultation
Performance Simulator) tool is used to perform sensitivity analyses with respect to several
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parameters of both the ‘model world’, which include detailed models of the signal
propagation and of the observing system, and the retrieval system (i.e., the ground processing
chain) [CRI et al., 1998]. The EGOPS retrieval system can accept an input of simulated data
or real data. This feature was used to validate the tool, GPS-MET phase measurements being
reproduced within the ‘model world” to mm-level precision. Atmospheric parameters were
aso retrieved from GPS-MET data and successfully compared with in situ measurements and
with the results of analyses using NWP systems.

The POD position accuracy for both GNSS and GRAS affects only the determination of the
measurement geometry. The accuracy needed for the ray impact parameter and the ray perigee
is related in general to the maximum refractivity gradients found during a tropospheric
occultation. If it is insufficient, the error on the height level attributed to a given temperature
or humidity measurement can exceed the vertical resolution of the RO technique. However,
for operational meteorology a vertical resolution of 0.5 km is acceptable, hence the position
determination accuracy can be fairly relaxed. A formal requirement for POD of GRAS and
GNSS of 1 m rms has been set, which is expected to be feasible without special
developments.

The velocity estimation accuracy is the ‘driving’ requirement, since a velocity error maps
directly in the excess doppler shift in the first processing step. The doppler error is
proportional to the projection of the velocity estimation error on the ray path, therefore,
because of the occultation geometry, the main error components are the along-track one for
GRAS and the radial one for GNSS. The challenging requirement is on the velocity estimation
accuracy of the low-orbiting GRAS. Analyses and EGOPS simulations agree that a GRAS
along-track error of 0.05 mm/s, corresponding to -0.2 K error in the temperature retrieval
under average conditions, should be the goal. For operational meteorology, a 1 K error at 30
km implies a maximum along-track velocity error of 0.2 -0.3 mm/s, assuming the system is
designed in such a way as to make the other error contributors negligible in comparison. The
velocity estimates are also used in the computation of the refraction angles from excess
doppler shifts, but the impact on the final accuracy is negligible if the velocity error is at the
sub-mm/slevel.

USE OF PREDICTED GNSS ORBITS AND RAPID PRODUCTS

GPS rapid orbits and orbit predictions are now established 1GS products of high quality.
Efforts are underway to improve them further, in particular to continuously ensure predicted
orbits at the decimeter level. This will exceed what is needed for the GPS POD data in the
data processing to level |b. As regards the prediction of velocities, therms errors obtained by
comparing predicted GPS orbits with GPS precise orbits have been computed and found to
remain below 0.05 mm/s over a 24 hours prediction period. The accuracy of GPS predicted
orbits, both in terms of position and velocities, is therefore not considered critical. No results
are yet available about the performance of GLONASS POD or orbit predictions.

For the MetOp satellites, the current baseline assumes that the dedicated ground network
needed for occultation processing is used also for POD. Previous experience suggests
however that the required POD (velocity) accuracy will be reached only after augmenting the
network to at least -20 reference stations proper] y distributed in the northern and southern
hemispheres. Considering that, in this initial approach, the POD must be performed in near-
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real time (within -20 minutes from downlink of GRAS data), this scenario is particularly
demanding for both data transmission and computation time.

A possible alternative consists in taking advantage of the 1GS rapid orbit products to perform
POD and precise orbit predictions for the MetOp satellite or other low Earth orbiter (LEO).
Recent results obtained at the Delft Institute for Earth-Oriented Space Research (DEOS)
indicate that the accuracy to which the orbit of an ERS-class LEO can be predicted may
suffice for occultation processing [Visser et a., 1996]. The DEOS work included a
comparison between ERS-2 predicted orbits and precise orbits for April 1996. The GEODYN
software was used for both POD and orbit prediction, the POD being based on laser ranging
data. The predicted radial position rrns accuracy was found to deteriorate from about 14 cm
for the first day to about 54 cm for the fifth day. For the predicted along-track velocity, the
rms accuracy was about 0.06 mm/s over the first day and 0.09 mm/s over the second day. The
caveat is of course that these results have been obtained in a low solar activity period, i.e. a
favorable situation for air density prediction. For future LEOS, continuous tracking with GPS
which will improve the POD accuracy, while prediction accuracy will benefit from better
dynamic models.

A timeline for this processing scenario is sketched in Fig. 3. Assuming that rapid combined
orbit/clock products are available at sub-daily intervals, e.g. every 6-12 hours, with clock data
at relatively high rate (30 s period or less), the LEO POD can be performed after each rapid
product delivery using the rapid products and all the GRAS tracking data available at the end
of the period of validity of the rapid products (period no. 1in Fig. 3; here all the GRAS
tracking data up to retrieval m together with the rapid products delivered at the end of period 2
can be used for POD). The POD is followed by a precise orbit prediction over a period of e.g.
48 hours. The process is repeated when new rapid products are delivered. The occultation
processing following a generic retrieval n of the GRAS data and of the ground tracking data
will therefore use predicted orbits for both GPS and LEO. Only the occultation processing
will be performed after each GRAS dataretrieval, hence at the LEO orbital rate. Two benefits
are obtained, namely the time needed for the LEO POD becomes much less critical and the
need to augment the dedicated ground network to cater also for LEO POD is removed.

GROUND
TRACKING

GRAS & GROUND

DATA RETRIEVAL n
IGS RAPID ! , s 4 s

PRODUCTS

LEO POD AND
ORBIT PREDICTION

occun.*rxrnon'_ﬂﬁ
PROCESSING

Figure 3: Timeline for Ground Processing using Rapid Orbit and Clock Products

VALIDITY PERIOD OF
ORBIT PREDICTION
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A critical aspect is given by the delivery rate of the rapid products, which equals the rate at
which the LEO orbit predictions are updated. It remains to be investigated whether delivery of
rapid products every 12 hours (with 12 hours latency, as assumed here) is sufficient for
accurate orbit predictions also with high solar activity. On the other hand, since the GPS
tracking data from the dedicated ground network will be available anyway, it should also be
investigated whether these can be used to correct the predicted LEO orbits with limited
computational effort.

CONCLUSIONS

The GRAS programme aims at providing atmospheric soundings for operational meteor ology
and other applications. The operational use of the data products puts sever e constraints on
delivery time and consequently drives the complexity and cost of the ground data processing.
A possible approach relying on the availability of precise GPS orbit predictions and of
combined orbit/clock rapid products has been outlined. To be useful for this application, the
rapid products should be provided at a sub-daily rate and include ‘high rate’ clock solutions
based on tracking data from ground stations with reference clocks.
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ABSTRACT

The current set of 13 ITRF94 stations and the IGS approach to ITRF realization are no
longer adequate for high precision frame reference definition. A new set of 52 Reference
Frame (RF) Stations has been identified and is proposed to be used for a new 1GS
realization of ITRF. The new approach of ITRF realization is based on a nearly rigorous
accumulated combination of weekly GNAAC SINEX solutions for station positions and
EOPS of the current week. The orbit/clock solutions can then be obtained by an
approximation of back substitution. This way the consistency of all IGS products,
including the future IGS SINEX products, is enforced. It is proposed that this new, nearly
optimal IGS realization of ITRF should be implemented preferably by June 28, 1998, but
not later than January 3, 1999. The ITRF96 station coordinates and velocities for the set
of 52 RF stations were evaluated and compared to an accumulated combination of
GNAAC SINEX solutions, resulting in an rms agreement of a few mm horizontally and
less than 10 mm vertically. For an interim and immediate improvement of the IGS
realization of ITREF, it is suggested that a large subset of 47 ITRF96 station positions and
velocities be selected and used, starting as early as March 1, 1998. This new set of
ITRF96 stations is to replace the current 13 ITRF94 station set.

INTRODUCTION

The prime objective of IGS is to provide a global IGS reference system, including
realization, maintenance, and easy accessibility for all IGS users and GPS applications.

139




“A global IGS reference system” here is used in a broad sense. It encompasses not only a
traditional reference system (with its imbedded reference frames, e.g. ITRF, ICRF, etc.),
but also the standards and calibrations for ionosphere, troposphere and other, yet
unforeseen, GPS-related information. Such a reference system, in addition to traditional
theory, constants, conventions, documentation and monitoring, can be realized and
represented in discrete and/or model forms. As with any global reference system, the IGS
reference system must strive for global coverage and the utmost accuracy and consistency,
both internally and with respect to the internationally adopted standards (e.g. IERS,
BIPM, etc.). This is precisely what the IGS Terms of Reference imply. Even the
components which contribute to the IGS reference system are listed, giving the specific
IGS products for its realization, namely, orbits, EOP, station coordinates, clocks, along
with (global) tropospheric and ionospheric information. The first four components
(orbits/EOP/station coordinates/clocks) are fundamental in nature, athough only the first
three are generally considered to be absolutely essential, thus requiring the utmost
precision to support IGS users. However, the recent precise point positioning approach
(Zumberge et al., 1997) and the precise time transfer initiative (Ray, 1998) make the IGS
clock product component equally important and fundamental in nature. Thus, the IGS
quadruplet orbits/EOQP/station coordinates/clocks must all be consistent and highly
accurate. They should include GPS (and possibly GLONASS) satellites only and about
200 (polyhedron) stations, Not all possible (e.g. LEO) satellites and not al possible
stations computed by ACS /AACs or observed by IGS users should or need to be included
in the above IGS (reference system) product components. The tropospheric/ionospheric
delay products should also be global (i.e. with global resolution), highly accurate and
consistent within the IGS reference system. For more discussions on clock/orbit
consistency and possible product additions and/or enhancements, see the other position
papers and presentations at this workshop (e.g. Springer et a., 1998; Ray, 1998; Gendt,
1998; Schaer and Feltens, 1998).

The stability of the underlying reference frame (IT'RF), redlized by the global GPS
network, iscrucial and an integral part of, perhaps the basis of the whole IGS reference
system as described above. However, the current IGS redlization of ITRF has been
gradually degrading due to the decrease in quality and availability of some of the 13 ITRF
stations that are used for the current IGS realization of ITTRF94. More specificaly, the
ITRF94 realization is obtained by constraining the 13 ITRF station coordinates and
velocities (Kouba and Mireault, 1997, p. 56). More and better ITRF station
position/velocities and new approaches are required to solve this urgent problem. The
future IGS reference frame realization should not only be precise, robust, consistent, and
stable but it should also take advantage of the GNAAC station combinations (G-
SINEXes). Furthermore, the IGS reference frame realization should ensure a high product
consistency, in particular for the core products, viz., the IGS orbit, EOP, station
coordinate (G-SINEX and P-SINEX) and clock combinations. The new ITRF96, which
was recent] y released, can contribute significantly to the 1GS reference frame realization,
thus it is also discussed here.
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CONSISTENCY OF IGS REFERENCE SYSTEM AND IGS PRODUCTS

Some constants and models defining a reference frame may not be accurately known,
however the reference system should always be consistent, i.e. al the derived constants
and reference system components must be consistent with these, albeit not accurately
known, constants. Then transformation and relations to a new and improved reference
system can be realized with greater precision and ease. The same is true for the underlying
reference frames (i.e. positioned, oriented and scaled coordinate systems). A good
example of the importance of reference system/frame consistency is the case of the core
IGS products. The IGS orbit and IGS station solutions imply two realizations of IGS
reference frame; i.e. they imply two sets of reference frame positions, orientations and
scales that are not necessarily identical. Furthermore, the IGS EOPS imply an orientation
for the reference frame. Clearly the implied reference frames should all be the same so
that IGS users, when using any combination of the core products, will not detect any
conflicts and (statistically speaking) will obtain the same results. For example, users of
the new precise point positioning approach (Zumberge et al., 1997) realize the ITRF
implied by the 1GS orbits and clocks rather than a mixture of the two reference frames
implied by stations and orbits, which is the case for more traditional GPS positioning
approaches. This example also demonstrates the importance not only of the IGS orbits,
EOPS, and stations but also clock solutions must be consistent with the other IGS
products. It should be mentioned that the consistency of orbits and EOPS has been
attempted from the very beginning, as evident from the fact that the initial IGS orbit
combination enforced orbit/EOP consistency by rotating submitted orbits to adopted |ERS
(Bull. A and B) EOPS prior to the IGS combinations (Beutler et al., 1995). This was later
abandoned in favor of separate orbit and EOP combinations as the AC orbits and EOPS
were (and still are) considered to be sufficiently consistent (Kouba and Mireault, 1997).
The need for EOP/station consistency, i.e. the need to include EOP in the SINEX station
solutions, has also been recognized at an early stage (Blewitt et al., 1994). However, so
far, less than half of ACS include EOPS in their SINEX submissions and the SINEX
submissions for most ACS are not consistent with the orbits/EOPs submitted to IGS and
the AC EOPS submitted to IERS! This is clearly unacceptable and a serious deficiency,
which should be corrected as soon as possible!

The need for clock/orbits/EOP/station solution consistency is nowadays quite accepted,
as it became evident thanks to the modem precise point positioning mentioned above.
This will be even more accentuated with the time transfer project. However, that the
tropospheric and ionospheric IGS products must also be consistent with the IGS core
products is not as widely appreciated, but the same condition applies to these two
atmospheric products. Specifically, tropospheric delays require the corresponding station
solutions and (radial station error) corrections prior to the IGS tropospheric delay
combinations (Gend, 1996). Clearly, IGS tropospheric delays should be harmonized (refer
to) the IGS station coordinates (combined), or the adopted station solutions. Similarly for
the ionospheric delay combination, the crucial component here is the (L1 -L2) calibration
delay for both satellite and station hardware. This is important not only for single
frequency (L1 ) users who use the ionospheric delay information for improved position
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determinations (largely free of the ionospheric effects) (Huot et al., 1998), but it also has
significant implications for precise time transfers. All the IGS clock products (be it the
current satellite clock or the future station clock products) have the L1/L2 delays
imprinted in them; consequently the L.1/L2 calibrations are required and need to be
applied when compared to externa (time transfer) measurements at the ns and sub-ns
level. Clearly, the L1/L2 station/satellite biases and L1/L2 satellite and station clock
corrections, be they implied or externally corrected for independent clock
comparisons/time transfer such as in the proposed pilot project (Ray, 1998), must be
precise and consistent (preferably the same, in this case). So we also have a strong
“connection” of ionospheric and clock products and in turn a strong connection between
clocks and the orbit/station position products (the station positions are required for
receiver clocks, too).

REVIEW OF CURRENT STATUS OF IGS REFERENCE FRAME REALIZATION

Since the officia start of 1GS, the IGS reference frame realization has been accomplished
by simply fixing, constraining or aligning IGS/AC solutions to the adopted ITRF
coordinates of the same 13 stations: ALGO, FAIR, GOLD, HART, KOKB, KOSG,
MADR, SAINT, TIDB, TROM, WET!’, YARL, YELL (see Figure 1). All the 13 stations
have, or have had multi-technique (in most cases VLBI) collocations. Since January 1994,
three official versions of ITRF have been used (ITRF92, ITRF93 and ITRF94). Changes of
ITRF versions introduced apparent station coordinate discontinuities that can reach up to 3
cm, in particular the changes to and from ITRF93, which was differently aligned by up to 1
mas with respect to the other ITRFs (Boucher et a., 1994). For more details and the
specific estimates of transformation parameters between different ITRF versions used by
IGS, please consult the Analysis Coordinator Report in the 1996 IGS Annua Report
(Kouba & Mireault, 1997). Consult aso the IGSMail#1391
(http: //igscb.jpl.nasa.gov//igscb/mail/mess.1 391) which gives the information about a simple
program facilitating the transformation of the current IGS sp3 orbit files to and from one of
the above ITRF versions. In order to aid its users and prevent possible misuse and
confusions connected with the past and future ITRF changes, 1GS should consider
transforming all past products based on previous ITRF realizations into the currently
adopted ITRF. Even better, IGS should consider implementing, a the DC level, a simple
user interface, e.g. based on the transformation program mentioned above, which would
allow users to get al the IGS core products in an ITRFyy of their choice. However, it
should be noted here that all such ITRF transformations of IGS products are only
approximate due to limitations of the past and current ITRF realizations as discussed
below.

Due to systematic errors in ITRF and GPS solutions, as well as the limited number,
distribution and precision of the 13 (ITRF94) stations, the station position errors are
mapped into the constrained IGS/AC solutions (and the implied reference frame), The
distortions and reference frame variations vary amongst ACS and also in time, with
possible small, periodical systematic and random effects. Even when a more optimal
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approach, such as applying minimum datum constraints to unconstrained (“fiducial free”)
AC solutions (see e.g. Heflin et a. 1997; Jefferson et a., 1997), the ITRF and GPS
systematic errors as well as changes in station geometry and of processing approaches
cause systematic reference frame variations (errors). For example, the current deficiency of
the (13) ITRF station distribution is responsible for an increased noise and a decrease of
the stability of IGS and AC solutions for PM y especially (Springer, 1998 personal
comm.). More recently, the problems have been magnified since at least two or three ITRF
stations have become unusable (e.g. TROM, MADR), leaving at times only 9 or even 8
ITRF dtations available and usable as fiducials. Such a low number of stations can
compromise al the IGS/AC products as reference frame errors can easily exceed the
formal errors. The situation is particularly acute for the IGS Rapid products where timely
availability of datais critical.

Fig. 1. The set of the 13 ITRF stations used by IGS for the current ITRF94 realization

Clearly, a much larger number of ITRF stations and more consistent set of ITRF station
coordinates than the currently adopted TTR94 coordinate/velocity set are urgently needed,
That is why a search for a new much larger set of ITRF station was initiated during the AC
Workshop held in March 1997 at JPL. An initial set of about 50, well distributed global
stations, was identified as potential candidates at the workshop and the discussions
continued by e-mail until August 1997 when a more definitive set of 52 stations was
identified and agreed upon by all ACS (Figure 2). All the 52 stations survived a rigorous
test and criteria of GPS data and solution quality, consistency and timeliness. Unlike for
the 13 ITRF station selection, good multi-technique and ITRF coordinates, though
important, are not as essential as long as there is a sufficient number of multi-technique
stations remaining in the station set. This is so because there is aready a sufficient number
of GPS-only stations with a very high level of internal consistency which can effectively
and reliably interpolate/realize ITRF even when some of the few crucial ITRF stations are
missing, thus mitigating the current reference frame problems discussed above.
Accordingly, this new set is termed reference frame (RF) station set, rather than an ITRF
station set - the term used for the current 13 (ITRF/multi-technique) station set. For more
details on the RF station list, the selection criteria as well as the individual station
“performance”, please refer to Appendix .
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Fig. 2. The Proposed set of 52 Reference Frame (RF) stations for future ITRF realization
of IGS

Currently IGS does not produce any official (combined) IGS station coordinate product,
though it is well positioned to do so thanks to the significant effort invested into the ITRF
Densification Pilot Project (e.g. Kouba, 1997) which is nearing maturity. Based on the
earlier discussions here, it is essential that there is also an official 1GS station
position/velocity product (after all it is one of the four “core” products!) which is
consistent with the current 1GS products (orbits/EOP/clocks). Actually the SINEX
approach developed and perfected in the ITRF Densification project may significantly
enhance IGS ITRF realization/maintenance, and even provide the IGS contribution to
ITRF (see the following sections for more detailed discussions on this subject).

INTERIM (IMMEDIATE) IMPROVEMENTS OF IGS REFERENCE FRAME
(ITRF) REALIZATION

During the selection and discussions of RF stations it was contemplated that an a GPS-only
solution, with properly positioned, oriented and scaled reference frame, would be used for
the new IGS ITRF reference frame realization. With the release of an improved version of
ITRF (OITRF96) in August 1997 it became clear that the new ITRF version is indeed
internally quite consistent with precision comparable to the best IGS station position
solutions and can be used in place of the 13 ITRF stations. Note that, unlike the previous
ITRF (yearly) redlizations of IERS, the ITRF96 datum (i.e. frame positioning, orientation
and scale) is supposed to be (at least nominally) the same as that of ITRF94 (Boucher,
1997, personal comm.; Ray, 1997). The fina version of ITRF96, released in December
1997, has corrected a small misalignment and the time evolution (with respect to ITRF94)
as well as a few outliers contained in the preliminary (August 97) ITRF96 version
(Altamimi, 1997, pers. comm.). At the IAG Rio97 Meeting in September 1997 the IERS
Directing Board officially accepted ITRF96.
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A relatively fast and efficient resolution of the current 1GS reference frame “crisis’ is to
replace the 13 ITRF stations with ITRF96 station coordinate/velocity set for most if not all
the selected 52 RF stations. This is only an interim step as it does not address nor
incorporate the ITRF Densification project and its potential impact and improvements in
IGS ITRF realization. Before using the RF station ITRF96 coordinates and velocities they
must first be evaluated and tested for precision and consistency. That indeed the new
ITRF96 version is highly consistent with ITRF94 is evident from Table 1, where the
ITRF96/ITRF94 alignment and coordinates/velocities for the 13 ITRF stations are
compared, As one can see in Table 1, both ITRF94 and ITRF96 are almost identical in
translation and orientation with the exception of small misorientations (of about -0.2 mas)
in Rx and Rz, which are barely statistically significant (the formal sigmas are about 3 mm,
0.1 mas, 0.4 ppb). Even more encouraging is that the rates are practically zeros (equal or
less than the formal sigmas of about 1 mm y-I, 0.03 mas y'l, 0.2 ppb y-]). In the second part
of Table 1, the aignment of each ITRF94 & 96 is checked with respect to NNR
NUVELIA (McCarthy, 1996), using only the respective ITRF station velocities. Also
shown are position/velocity rrns after the transformations, Both TTRF solutions are well
aligned in velocity, with nearly zero rates. The differences between ITRF96 and ITRF94
rates in the last line of Table 1 compare quite well to the relative transformation rates in
the second line, The formal sigmas for these NNR alignments are about the same as above,
i.e. 1 mmy"’, 0.03 masy-l and 0.2 ppb y'1 . This should be no surprise as ITRF94 and
ITRF96 time evolution should, by definition, be consistent with the NNR NUVELIA
(Boucher, 1990).

Table 1: Transformation TTRF94 to ITRF96 (using the 13 ITRF station
positions/vel ocities)

Epoch X Ty Tz Rx Ry Rz Scl rms (mm)
mm  mm  mm s s mas ppb dN dE dH
8.2 8.4 10.5

Param 1997 01 0.5 0.8 -0.190 -0.005 -0.230 -0.5 .2
Rate ./y -0.5 -0.2 -0.6 0.018 0.033 -0.002 -0.01 2.4 1.3 2.9

Rates with  €Spect to NNR nNuvelia, conputed from the velocities of 11 of
the 13 ITRF stations; SANT & GOLD excluded due to plate margin effects .

miy mmy mmMy mas/y M S/Y mas/y ppb/y rms (miy)
ITRF96 -0.6 -1.8 -0.3 -0.03 0.02 0.02 0.00 1.6 2.2 2.7
| TRF94 0.2 -1.2 -0.6 -0.03 0.00 0.01 0.12 1.7 1.5 2.5
ITRF96-94 -0.8 -0.6 0.3 0.00 0.02 0.01 -0.12

The ITRF96 station coordinates of the newly selected 52 RF station set are evaluated in
Table 2 and Fig. 3 where the ITRF96 solution is compared to a combination of more than
100 GNAAC SINEX weekly combinations (GPS Weeks 830-933). The weekly GNAAC
(G-SINEX) files are routinely produced by the three GNAACs (i.e. MIT, NCL and JPL) as
a part of the ITRF Densification Project (Herring, 1997; Davies and Blewitt, 1997; Heflin
et a., 1997). Remi Ferland of NRCan AC (formerly EMR) kindly produced this “IGS
SINEX” combined solutions (labeled here as IGS97P05), using his SINEX combination
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software. As seen from Table 2 and Fig. 3, both ITRF96 and IGS station positions are
highly consistent and precise, at least for the 52 RF station set and for the epoch of 1997.0.
The station position rms agreement (after a 14-parameter transformation) is at the 2-mm
and 7-mm level for horizontal and vertical directions, respectively. Even for a more
representative and useful epoch of 1998.0 the rrns agreement is still at about 4-mm
horizontal and about 10-mm vertical precision levels, which is significantly better than the
ITRF94/ITRF96 position agreement (see Table 1). For completeness, position rrns values
for epoch 1999.0 are also shown in Table 2 and Fig. 3. Individual station position residuals
are listed in the Appendix I1. It is expected that, except for one or two questionable ITRF96
station velocities, the rrns increases for the 1998 and 1999 epochs are largely due to weaker
station velocities for the IGS97P05 solution, since they are based on less than two years of
GPS data. This can be seen in Fig. 3 but also in Table 3 where the ITRF96 and IGS97P05
station velocity solutions are compared to the NNR NUVEL1 A plate motion model.

Table 2: ITRF96 and combined (IGS97P05) station coordinates residuals for 52 RF
stations at 1997.0 (IGS97P05-ITRF96) after 14-parameter transformation.

Dx Dy Dz dN dE du  Epoch Excluded from
mm mm mm nmm mm mm means & sig.
Mean 0.4 -0.7 0.1 -0.2 -0.3 0.0 1997 none
Sig 4.9 5.2 5.5 1.6 2.3 7.2
Mean 1.8 0.4 1.9 0.2 0.0 0.0 1998  AUCK , CHAT aE
Sig 7.0 7.8 11.3 3.7 4.2 10.8 & MCMA au
Mean 3.1 1.5 3.6 0.5 0.0 -0.1 1999  avck, CHAT dE
Sig 10.3 12.6 19.1 6.0 7.2 17.4 & MCM4 ar
25.0
20.0 ™ - —~ 4
15.0 = o _J/
10.0 s —
5.0 ‘V
0.0
1994 1995 1996 1997 1998 1999

YEAR

Fig.3: TTRF96 and combined (IGS97P0S) station coordinates rms for 52 RF stations after a
14-parameter transformation.
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While the IGS97P05 horizontal velocities compare equally well to NNR NUVELI1A, the
vertical velocities show considerably worse agreement than ITRF96 (i.e. assuming the zero
vertical motion which is implied by NNR NUVELI1 A). However, two TTRF96 station
velocities (for AUCK and CHAT) appear to be anomalous (see the Appendix I1I, where
individual station velocity residuals are listed), thus likely cannot be included in the new
ITRF station coordinate/velocity set. Also, two Antarctic stations (MCM4 and CAS 1)
appear to have erroneous vertical ITRF96 velocities. Thus the stations AUCK, CHAT,
MCM4 and CAS 1, together with BAHR, which has rather large ITRF96 residuas, were
not recommended for inclusion into the new ITRF96 station set. Altogether 47 RF stations
has been recommended for the new ITRF96 station set (Altamimi, 1998). IGS97P0S5, in
addition to the same two Antarctic stations above, has additional problems with the
vertical velocities at stations GRAZ, TROM, NYAL and LHAS (see Appendix I11).

Table 3: ITRF96 and 1GS97P05 differencesfrom NNR NUVELIA (EURA, NOAM,
AUST, ANTA, SOAM Plates) for RF stations (see the Appendix III for specific station
exclusions to mitigate plate margin effects on the means and sigmas below).

STATI ON PLATE | GS97P05 ~ NNR NUVEL1A ITRF96 - NNR NUVELI A

N(mm/y) E(mm/y) H(mm/y) N(my) E(mm/y) H(mm/y)
Mean EURA 1.75 -2.18 3.81 1.37 0. 36 0.52
Si gma EURA 3.50 2.74 9,53 1.89 2.05 1.98
Mean NOAM -1.09 0.04 -0.63 -1.07 0.82 -0.52
Si gma NOAM 1. 45 1.80 4. 85 1. 07 1.52 2.34
Mean AUST 2.53 -3.93 -3.74 -0.75 4.70 -1. 40
Si gma AUST 2.43 1.91 3.72 3.10 0.74 1.60
Mean ANTA -0.98 -3.17 0,75 -4.36 0.05 10. 27
Si gma ANTA 1.97 4. 49 17. 40 3. 77 6.21 10. 84
Mean SOAM 1.12 1.73 3.18 -0.70 2.53 -2.50
Si gma SOAM 0.57 2.38 4 97 1.42 3.08 6.64

It would be very useful if all ACS compare their best station position/velocity solutions to
the ITRF96 coordinates/velocities of the 52 RF stations above, in particular for the
problematic station solutions in both ITRF96 and/or IGS97P05 solutions. It is hoped that
exclusions of stations (e.g. AUCK, CHAT, MCM4, CAS 1, BAHR) from the new ITRF96
station set could be finalized at the workshop so that the new RF set of 47 stations could be
adopted by IGS and used instead of the ailing 13 ITRF94 stations. It is proposed that this
finalized RF station set, with the ITRF96 coordinates/velocities, together with the official
igs.snx (SINEX Header template of antenna heights), is then used, starting as early as
March 1, 1998, as an interim IGS realization of ITRF96. Since some small discontinuities
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of about 0.2 mas are expected, it is essential that, as in the past, al ACS and the IGS
products make this ITRF96 change at the same time. Also note that it would be preferable
that all ACS use minimum datum constraints (e.g. Blaha, 1971), based on this new ITRF96
set, as recommended in the following sections. It is, however, recognized that, given the
rather short time frame and the urgency, the usual (sigma) constraining should be
acceptable. Besides, since the new set is highly consistent it is no longer so important (to
apply the minimum datum constraints). In fact it may even be advantageous to apply sigma
constraints, as the new ITRF set may be less prone to systematic effects (biases) than
individual, minimally constrained AC and IGS solutions. This is applicable and important
to IGS and AC Rapid solutions. Note that all stations of the new RF set, including some
stations with possibly questionable ITRF96 collocations, can be used for the new and
nearly optimal 1GS ITRF realization proposed in the next section because the new RF set is
so internally consistent. Thus the IGS ITRF96 realization will be defined by the adopted
ITRF96 positions/velocities of a large subset (47) of the RF stations, together with the

current igs.snx template containing the antenna heights and offsets, The igs.snx file is
maintained and available at the following IGSCB WWW site:

ftp:/ ligscb.jpl.nasa. gov/igsch/station/general/igs.snx

The adoption of the new ITRF96 station set should result in significant improvements of
stability and precision of al IGS core products and EOPS, in particular.

PROPOSED IGS REFERENCE FRAME REALIZATION AND MAINTENANCE

As already discussed above, it is essential that all IGS reference system components, i.e. all
IGS combined products, be consistent and precise. In an ideal case this can be
accomplished when all the submitted AC solutions are combined in a single rigorous
(SINEX) adjustment of all the IGS products as unknown parameters. However this is not
possible both for theoretical as well as practical reasons. Namely, strictly speaking, GPS
global analyses cannot be (rigorously) subdivided into overlapping portions of networks
(stations). In addition, it is very difficult to parametrize global adjustments and yet allow
different and innovative approaches, For example, satellite state vectors are generaly
incompatible amongst ACS unless identical models and (stochastic) error models are
employed, and yet satellite ITRF positions are largely independent of the modeling effects
and thus are better suited for exchange, comparisons and combinations. Only
approximations to an ideal and rigorous method are possible. There are several possible
approaches, each with varying degrees of complexit y and approximation.

It is important to free the IGS products from changes and errors in the fiducia stations
set. These changes can occur either from upgrades in ITRF or the RF station set, which
involved improvement of the relative site positions, or from errors either due to blunders at
the AC’'s or due to unplanned configuration changes at fiducial sites. All of these have
occurred in the last few years with the 13 ITRF stations, Therefore it is suggested to ACS
and to GNAACS that always only minimum constraints (not “sigma constraints’) are used
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in thefinal solutions. The I TRF frameisthen realized from a Helmert transfor mation of
unconstrained solutions with proper outlier detection in the computation of the
transformation parameters. This means a sSite by site review of station residuals after the
transfor mation, and editing out any outlying site, and re-computing the transfor mation.
This makes it possible to reduce or remove the “warping” like effect of an anomalous site.
As seen from the above discussion, it is essential for precise, robust solutions in a
consistent reference frame to have a large set of highly consistent RF station set.

Another relatively simple but well proven approach is an extension to the 1GS
combination of the “fiducial free” method which has been developed and used at JPL for a
number years (see e.g. Jefferson et a., 1997). Here “fiducia free” orbit solutions are
requested and then combined, resulting in a “fiducial free” IGS orbits and clocks. Then
using a sufficiently large and well-distributed subset of IGS stations with the combined
“fiducial free” orbits held fixed in a regular global analysis for “fiducial free” station
positions and other pertinent parameters. In order to economize, the new precise point
positioning approach can be used here, provided that the IGS clock information is precise,
consistent and frequent enough. Finally, a reference frame is attached, i.e. the “fiducial
free” combined orbits are transformed according to the transformation between the
“fiducial free” station positions and the adopted set of ITRF stations. The advantage of
this @pproach is the relative insensitivity to problems or changes of ITRF (i.e. “fiducia”)
stations of the individual AC orbit solutions; i.e. the corresponding AC “fiducia free’
station solutions need not to be used. However, the disadvantages are that the method does
not use the vauable information contained in AC station/EOP SINEX solutions. The
current orbit (and future station) reference frame consistency feedback to ACS, contained
in the current IGS summary Tables 1, 2 and 4, would not be possible. Furthermore, the
method relies on single software to provide the station/orbit datum connection, which
could potentially result in a decrease of reliability and precision; and there is additional
processing workload at the raw data level (even when the efficient point position method is
used).

The approach highlighted here is based on a nearly rigorous (SINEX) combination of
station positions/velocities/EOP (Blewitt et al., 1997). It is a method endorsed by the
recent IERS/ITRF workshop held in October 1996 in Paris, Fr. (Reigber and Feissel,
1997). It was developed during the ITRF densification pilot project, thus it is fully
compatible with the project. It also closely approximates a simultaneous adjustment of all
the core IGS products, i.e. orbits/EOP/clocks and stations, while it maintains the core
product consistency, as long as the submitted AC products themselves are consistent. The
scheme is outlined below:

a. First, assume that all the submitted AC core solutions -- i.e. orbits/clocks/EQP (in SP3
and ERP files) and A-SINEX files also containing EOP -- are consistent, either
unconstrained, or minimum datum constrained. For a detail description of the method of
the minimum datum constraints see (e.g. Blaha, 1971; Vani¢ek and Krakiwsky, 1982,

p-275). Note that this condition is not currently satisfied.
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b. All the A-SINEX files (with station/EOP) are combined weekly by GNAACS and the
resulting combinations (G-SINEXes) are then timely submitted (with EOP!) for a weekly
IGS cumulative, unconstrained solution for station position/velocities and EOP (for the
current week EOP only). This combination is called “accumulated kinematic solution” in
Blewitt et al. (1997). Note that the A-SINEXes could alternatively be used here, but this
may not be optimal, as it would not take advantage of the GNAAC combinations, thus
potentially it could be less robust and precise. This combination of G-SINEXes is, in fact,
equivalent to a simultaneous station/velocity adjustment of al A-SINEXes, or all the GPS
data accumulated from the start to the current week.

c. An ITRF reference frame is then attached to the unconstrained 1GS combined SINEX
solution of station/velocity and EOP (of the current week only). The reference frame
attachment can be e.g. accomplished by minimum datum constraints, based on the soon to
be finalized list of 47 RF stations with good ITRF96 positions/velocities. (See the previous
section for detail discussions on the ITRF96 station set). Altogether 14 minimum datum
constraints are required (7 Helmert parameters and the corresponding rates). The values
and sigmas used (derived at least from the ITRF96 sigmas (or matrix) and the |GS matrix)
should be entered in the SINEX apriori block, so that the origina unconstrained SINEX
file can be recovered. The above constrained file can be designated e.g. as
IGS(SSC/SSV/EOP)yyPww (yy-year; ww-the week of the year), and considered the
official (Final) IGS station/position and EOP product, and it would, in fact, represent the
current and official IGS realization of ITRF as well. Note that Blewitt et al. (1997) aso
propose independent weekly combinations which, once ITRF is attached in a way which is
consistent to the accumulated solution above, represent another type of 1GS redlization of
ITRF. This discrete (weekly) realization should have a distinct IERS designation, e.g.
|GSyyPwwww, here wwww could stand for the GPS week.

d. Using the weekly A-SINEXes (the short (SSC) AC SINEX files would be preferred
here) a 7-parameter transformation between the IGSyyPww above and each of the AC
solutions is computed. The AC transformation parameters are then used to transform the
submitted AC orbits and EOP (one transformation per each week and AC) to be consistent
with the IGSyyPww. Furthermore, the AC orbits for each day are rotated according the AC
PM differences between AC and IGS EOP (of step c, i.e. the IGS(EOP)yyPww), very
much as it used to be done during the initial years for the IGS Rapid using IERS Bull A
and the IGS Final using IERS Bull B orbit combinations (Beutler et al., 1995), Note that
here, in place of or in addition to the daily PM rotations, full 7-parameter transformations
can aso be applied to AC orbit, while maintaining the history of transformation parameters
in Tables 1 and 2 of the IGS (Final) combinations. This forms an important AC feedback
on solution datum connections and consistency amongst orbit, EOP and station coordinate
solutions. The check of consistency here is that the weekly mean PM X, y differences and
the corresponding Ry, Rx rotations are statistically the same.

e. Findly, the transformed AC orbits (i.e. weekly by the 7-parameter transformations and

daily by the AC PM y,x differences) are then combined into the consistent IGS orbits.
Subsequently the AC clocks are corrected for the AC-IGS orbit radial differences as it is
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already being done for the current I|GS orbit/clocks combinations.

In this way, a new and unique official IGSyyPww SINEX product would be introduced
which would also contribute to much higher consistency of the other IGS core products as
well as more precise and stable IGS ITRF realization (through the IGS core products) than
it is the case today. ACS would be well advised to use the IGSyyPww station
position/velocities of RF stations for their ITRF needs, in particular for the AC and IGS
Rapid solutions. In fact the above concept of ITRF realization is, due to its complexity and
inherent delays, only practical for the IGS Final products. Timely (i.e. the weekly)
IGSyyPww station/EOP solutions would greatly benefit all IGS users and the AC Rapid
analyses and the IGS Rapid products generation in particular, including the IGS timely
contributions to ITRF. When attaching a reference frame to the IGS Fina SINEX
“cumulative kinematic” solution it is important that the accumulation include weekly
solution for geocenter and scale and this information is also entered into the in IGSyyPww
SINEX file. This way a precise geocenter and monitoring is maintained as well as unique
and exact (i.e. stable with no drift) reference frame attachment is enforced.

It should be noted here that the above “accumulated kinematic solution” (IGSyyPww) is
optimal in terms of station positions/velocities only, as it uses all past and present GPS
data in arigorous way (Helmert blocking). While, the above proposed orbit solutions with
minimum or no constraints (i.e. “fiducial free”) are, strictly speaking, sub-optimal as only
GPS data from the current day or week is utilized in AC orbit solutions. The IGS (Fina)
orbit solution would be optimal only if the IGSyyPww position/velocity matrix (of the
previous week) is used for constraining in the AC solutions (of the current week) in this
way all data, including the past data are used in a rigorous way.

Although the AC solutions, constrained according to sigmas as it is currently done by
most ACS, or according to the IGSyyPww matrix, can in principle, be used here, it is
recommended that AC apply minimum or no datum constraints in al AC Fina solutions.
Currently, the sigma/matrix constraining can potentially introduce small reference frame
inconsistency even when a highly consistent and precise station coordinate set such as the
future IGSyyPww set is used. This situation, as discussed above, should change fairly
quickly with proper and efficient feedback on AC orbiEOP and station solution
consistency and frame relative biases, That is why the proposed scheme of orbit
combination (“back-substitution”) and the question of sigma/matrix versus minimum or no
constraints in AC Final solutions, should be reviewed after several years of operation of
the proposed scheme, or when AC Rapid solutions that use sigma/matrix become more
precise and stable than the corresponding AC Final ones.

For the AC/IGS Rapid solutions, the sigma/matrix constraining of RF stations with
IGSyyPww positions/velocities, could be quite acceptable or even desirable due to lack of
data availability. Besides it is only meaningful to maintain and realize IGS realization of
ITRF from more definite and also more precise IGS/AC Final solutions. By using the
recent IGSyyPww station positions/velocity maximum consistency between IGS Rapid and
Final products is ensured. Note that regardliess of which method of constraining ACS
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choose (unconstrained, minimum) to apply for their Final solutions, their orbit/EOP/clocks
(i.e. SP3 and ERP files) must be transformed to be consistent with the corresponding
weekly AC SINEX/EORP files.. This should not be a major effort, and in fact should have
been enforced from the beginning, and besides, it has already been the case for some ACS
for severa years now! (See the Appendix VI for more detail information and practical
suggestions on AC product consistency).

It is important that a unique (and official) IGS station polyhedron product is established,
In that regard it would be preferable if the GNAAC polyhedron combinations (i.e. P-
SINEXes) are used instead of G-SINEXes in the step b above, however the use of P-
SINEXes would introduce delays of up to several weeks which may not be acceptable.
Besides it is advantageous that RNAACS, as it is currently required, use the IGS Fina
orbit/clock/EOP products in their (R-SINEX) analyses. In this regard, it is far more
efficient and convenient to obtain an official 1GS station polyhedron product (P-SINEX) by
a back substitution, using the above IGSyyPww global solution. The IGS P-SINEX
products would then have the same IERS designation, i.e. IGSyyPww.

SUMMARY AND RECOMMENDATIONS

It is essential that al the IGS products are made highly consistent and in particular the IGS
core products (i.e. orbits/EOP/clocks and station positions) must be consistent as they are
used in various combinations for different applications or realizations of the IGS reference
frame. This necessitates that all the AC core products submitted to IGS and IERS must be
self-consistent, The urgent need for a larger and more precise ITRF station set than is the
case for the currently used 13 ITRF94 stations can quickly and sufficiently be met by
adopting ITRF96 positions/velocities of a new ITRF set of about 47 stations. This interim
step should be adopted as early as March 1, 1998.

A new and nearly optimal ITRF realization should utilize the GNAAC combinations. It
is nearly optimal in terms of station positions/velocities and EOPS; in fact it is the same
approach recently recommended by I1ERS for simultaneous solutions of EOP and positions.
In order to increase the 1GS product consistency and to prepare ground for adaptation of
the new approach of ITRF realizations, the following recommendations are offered for
consideration to the workshop:

1. That IGS adopts ITRF96 as early as March 1, 1998 to replace the currently ailing
and problematic IGS realization of ITRF94, which currently is based only on less
than 13 ITRF stations.

2. As an interim measure and to facilitate an immediate ITRF realization
improvement it is recommended that the selection of the new ITRF96 station
positions and velocities for a large subset of the RF station is finalized at this
workshop. This newly selected ITRF96 set of the 47 globally distributed IGS
stationsisto be used for ITRF96 realization in all IGS products beginning as early
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as March 1, 1998. IGS realization of ITRF is then accomplished by the above
ITRF96 station coordinates/velocities together with the current official igs.snx,
which contains antenna offset and height information in the SINEX format.

3. That all weekly submitted AC SINEX solutions (A-SINEXes) contain the EOP of
the current week and that the submitted AC orbits/clocks (sp3) and EOP (erp) files
are consistent with the above A-SINEX solutions. This is essential not only for the
increased IGS product consistency but also for the future (improved) ITRF
realization and 1GS products. It is recommended that this is implemented and
ensured by all ACS by June 28, 1998.

4. That the GNAAC combinations retain (and adjust) the submitted AC EOP
information of the current week in their G-SINEX combined products, along with
the usual station position solutions. It is recommended to be implemented by June
28,1998.

5. The SINEX extensions as outlined in the Appendix 1V, allowing the minimum
datum and transformation parameter constraints to be coded in the SINEX
format, are accepted and used by IGS on or before March 1, 1998. Furthermore,
that 1GS submits the SINEX extension for acceptance to Prof. Tom Herring of
CSTG, who is currently responsible for the SINEX format. This will provide a
means and encouragement to ACS and other 1GS users to use (minimum) datum
constraints, as well as it allow an efficient and safe monitoring of geocenter and
scale changes (e.g. Ray, 1997). It is further recommended that only the AC Final
products, which are based on minimum or no datum constraints, be accepted for
the IGS Final orbit/clock/EQP/station combinations after June 28, 1998. (See the
Appendix V for more details and suggestions on coding the minimum datum constraints
in the AC (A-SINEX) submissions).

6. That a (super) combination of G-SINEXes for station coordinates and EOP is
researched and initiated on behalf of IGS. This EOP (G-SINEX combination)
cumulative solution would replace the current 1IGS EOP combination and it would
lead to an official SINEX station solution product (both for global as well as the
polyhedron stations). The polyhedron SINEX solutions could be produced by back
substitution when P-SINEXes are made available to produce the IGS P-SINEX
products (station positions/velocities only). The implementation goal should also be
by June 28, with the official | GS SINEX (G and P) products on or before January
3, 1999!

Remarks: The current IGS orbit/clock combination would require only minor
modifications, i.e. the prior transformations based on one set of (up to 7) transformation
parameters for each week and AC, and for each AC a pair of daily PM x,y difference
rotations (and/or up to 7 transformation parameters), al with respect to the current
IGSyyPww SINEX solution. This step can be viewed as an approximation of a back
substitution adjustment process for the (IGS Final) satellite obit solutions. Due to annual
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and semiannual effects for some stations in most current AC solutions (see the AC poster
presentations at this workshop), it is mandatory that, until these effects are removed or
mitigated, that the new ITRF realization use only the IGSyyPww solutions that are only
derived from an exact multiple of years.
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APPENDIX |
(August 15, 1997)

1TRr Sstation selection criteria. (For fuller explanations, see the
Remarks at the bottomof the table.)

1) Stable and permanent nonunentation, possibly with local stability
nets (not used, but see Remarks bel ow)

2) ACS notincluding site in sinex subm ssions

3) Hgh quality and reliable station hardware

4) Performance including tinely data conmmunications; based on igsret and
G SNX GCOWP Reports: >0 - above, <0 bel ow average; (#)- # of
inclusions in cecomp (=22 max; O local or not operating station (wk
0878-900) )

5) Favorabl e station data gquality (RFI, multipath, etc.) based on igsnet
includes phase/ Code quality: >0- above; <O bel ow average.

6) Supportive and responsive station staff

7) Good quality | TRF94 position and velocity

8) Multi-techniques COl | ocations (r=viBI, L=SLR, D=DORI S G= absolute G

9) Established GPS observing history (> 2 years) (not used)

10) Conments from CODE Anal ysis Center

1) 2) 3) 4) 5) 6) 7) 8) 9) 10)
Used  Hrdw. Perf. Qual. staff | TRF  Tech. AC
CODE .
[ For explanati on-of _;l_o;,ations, —s_éé -R_e-r;!;r—k;—b_él_oﬁ ———————————
Eur ope:
*KOSG R12 1.0(22) 0.6 A 1 Move !
* MADR R -.5(4) -1.7 X A R X
MATE r,e,3,s TR -1.3(11) -1.7 A RL
NYAL r R8 -5.6(7) -3.1 B RD X
ONSA r,3j TR 0.7(22) 0.5 A R
* TROM R8 -3.0(13) -3.0 B EEV r Rec.
VILL  e,r,g9,3.n,s TR 2.5(0) 0.7 NONE X
*WTZR TR 0.1(22) 0.0 A RL
GRAZ TR-1.7(2) -1.7 A L
POTS TR 1.9(16) 1.9 A L
ZVEN TR -4.7(16) -0.8 NONE
Asi a:
KIT3 TR -0.3(13) 0.2 CT D
SHAO r,g TR 0.3(15) 0.2 CT RL
TSKB TR 2.3(19) 0.6 B [
| RKT TR -2.0(9) 0.5 NONE
LHAS TR -1.3(16) -0.5 NONE
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Africal Arabia :

BAHR r,e,n,s z12 0.9(5) -0.2 NONE New
* HART TR -0.7(18) 0.0 B RLD

MALI RC -4.3(8) -3.7 NONE Rec.
MAS1 r,n,j,s TR NA (to be conpleted ASAP)

N. Anerica

*ALGO TR 2.7(22) 0.6 B R

BRMU r,3 TR 2.7(22) 0.6 CT r

DRAO e, TR  2.6(15) 0.7 z r

*FAI R R8 2.6(20) 0.6 B RD X
* GOLD R8 -1.6(19)-1.6 CcT RLD X
MDO1 r,j,s TR 2.3(20) 0.6 A RL

NLI B r,e,j,s TR 2.1(6) 0.7 B R

Pl E1 r,e,g,n,s TR 2.6(0) 0.7 B R

THU1L r,e,n R12 -0.6(0) 0.7 NONE

*YELL TR 2.0(22) 0.1 B RD

GODE TR 2.4(0) 0.6 A rlL

VES2 TR 1.3(20) 0.3 dU=4cm Rl

S. Arerica

AREQ TR -1.0(17) 0.4 B D

FORT TR -0.5(18)-0.5 B R

* SANT TR 1.1(17)-0.3 B D

BRAZ TR -1.3(12)-0.3 NONE

KOUR rc  0.1(14)-1.9 B Rec.
Astralia:

HOB2 T, e TR -2.0(18)-0.2 CT R

*TID2 TR 2.2(21) 0.7 ? RLD X
*YAR1 R8 -2.1(21)-1.9 B LD Rec.
MAC1 r TR -1.4(12) 0.1 NONE

PERT TR 2.4(22) 0.6 NONE

CHAT TR 0.4(2) -0.2 NONE

AUCK TR 1.3(0) 0.2 NONE

Antarctica;

CAS1 r,e TR -1.1(20) 0.0 c

DAV1 TR -1.4(17)-0.4 c

KERG RC -2.5(19)-2.3 B D Rec.
MCVE TR 1.7(19) 0.4 c

HG r TR -2.3(18)-1.0 z R
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Pacific

* KOKB TR 2.2(21) 0.5 B RD
KW 1 r TR 2.4(2) 0.6 NONE New
GUAM TR 1.0(12) 0.5 NONE D

* current fiducial stations

T T TS S T T S T S S e S S e T T S e T S s e e

Columns Remarks:

1) Sone stations have |large antenna heights (> 2n) eg, NYAL, TROM BAHR
HART and MATE is mounted on a roof.

2) This colum lists the analysis centers not using the station. The
Information was obtained fromthe AC s weekly analysis report.
(Letter code represents first letter of AC s nane except for EMR
which is “r”)

3) Hardware codes are:
R8 for big rogue,
rc for mini rogue,
TR for 8 channel turborogue
r12 for 12 channel turborogue
z12 for 12 channel ashtech
TE for 8 channel Trimble SSE

4) and 5) The code used are the average of the "igsnet" | atency and
quality code respectively. The average was conputed using

4 randomy selected weeks of 1997.

6) X “poor response, likely should not be recomended

7) A= Cass a: collocated sites with quality <2 cmat 1988 and 1993
class B: collocated sites with quality <3 cmat 1993

Cass C not Class Aor B, with no large residuals

Class z: sites with large residual (blunder or poor

determi nation); DRAO s OH G have | arge height discrepancies
local tie to GPS not available

? = TID2 not in | TRF94 (al though TIDB is) and no site | 0og avail abl e
NONE = not included in | TRF94

E-V = East velocity iNnconsistency with VLBI

dU=4cm "GPS vs. VLBl height discrepancy of -4 cm at WEs2

N O
I g

R |

8) R=VLBI, L=SLR Dp=DORIS G=absolute G |ower case letters indicate
mobil e site, poor data quality, or discontinued operations

10) X-nmeans : Do NOT use as fiducial station.

New Rel atively new station
Rec. Recei ver change necessary (big or mni rogue)
Move Site will be noved!

KOSG wi || be noved to Westerbork (tens of kiloneters away).
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However there will be sonething like a year “overlap” using
both receivers, the old one in KOSG and new one at new
site Westerbork
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Col. 4:

Based on 169 daily 1Gsnet reports spanning the period Cctober 12, 1996
through April 11, 1997, we show in Table 1 a summary of statistics.
Scores fromeach of the follow ng three categories have been nornalized
to zero nean and unit sigma: (1) nunber of tines the site occurred with
non-trivial entry in the daily | GSnet reports; (2) the quality field
fromthe daily report; and (3) the latency field fromthe daily report
(onl'y nonzero latencies are considered). The sumof the three
normal i zed nunbers is then averaged for each site. Roughly, positive
scores are above average.

col . 4 (xx) # of weeks station survided ccoMp's (max 22); See GCOMP
for rejection criteria

col.5 the same as co1l 4. except that only |GSnet quality considered
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APPENDIX 11

ITRF96 and combined (IGS97P05) station coordinates residuals for 52 RF stations at

1997.0 (1GS97P05- TRF96) after 14-parameter transformation.
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APPENDIX 11

ITRF96 and | GS97P05 differences from NNR NUVELI1 A for RF gtations. (* stations
excluded from the averages and sigmas below)

STATI ON PLATE 165897pP05- NNR NUVEL1A ITRFO6 - NNR NUVEL1A

N(mm/y) E(mm/y) H(mm/y) N(mm/y) E(mm/y) H(mm/y)
GRAZ EURA 0.7 -1.7 22.9 1.1 1.5 0.8
KOSG EURA 2.2 -4.1 -0.3 0.6 -0.4 0.8
MADR EURA -7.0 1.9 -1.6 -0.5 1.4 3.9
VI LL EURA -1.8 -4.7 -9.1 -0.9 0.1 1.5
WI'ZR EURA 1.5 -3.3 -2.3 -0.3 0.7 -2.4
POTS EURA 1.8 -3.2 -1.1 0.5 0.7 4,2
ONSA EURA 1.7 -3.7 3.6 -0.6 -0.7 0.1
MATE EURA 7.1 -2.8 2.6 5.6 2.3 -0.7
TROM EURA 4.8 -6.0 19.5 3.0 -3.8 -0.8
NYAL EURA 1.5 -4.0 14. 8 1.1 -1.4 -2.0
Z\VEEN EURA 5.5 -0.7 3.7 2.4 -1.8 -0.5
| RKT EURA 1.0 3.1 1.8 2.6 2.3 -0.1
KIT3 EURA 3.8 0.9 -5.0 3.3 4.0 1.8
SHAQ + EURA 0.9 6.9 1.4 -0.6 10.2 -1.0
TSK