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Introduction

The IGS Low Earth Orbiter Pilot Project is concerned with the analysis of data from LEO satellites that are equipped with a GPS receiver. The LEO satellites employ GPS as a tracking system for their own mission objectives, while the IGS LEO Pilot Project aims at investigating possibilities to exploit this LEO GPS data for enhancing the IGS products. With the expected increase in LEO GPS satellites over the present decade, the possible ways of integrating this data in routine IGS processing must be considered with care.

Pilot Project objectives and implementation

During the course of 2002, the format and objectives of the IGS LEO Pilot Project have been consolidated, and were formalized in a Pilot Project charter. In parallel, the number of operational LEO GPS satellites has grown to six, although the only three satellites of which the data is now readily available are CHAMP, SAC-C and JASON. Of these three, CHAMP and JASON are receiving most attention from the scientific community although the more recent SAC-C data also appears to be in good shape. It is hoped that data from the two GRACE satellites and ICESAT will also be available in the near future.

The GPS datasets from just two or three LEO satellites would clearly have a hard time trying to influence the IGS products in any way, if their introduction would merely lead to an increase in the amount of tracking data. The IGS ground network is in fact growing much quicker than the constellation of LEO GPS satellites, and this will remain the case be for the years to come. What is of interest to IGS is therefore the analysis and exploitation of fundamental qualitative differences between LEO data and ground-based data. The principal objectives of the Pilot Project are to demonstrate whether such qualitative differences exist, and that they can be used to the benefit of the routine IGS products.

In support of this analysis, the Pilot Project charter proposes to maintain a list of fundamental differences between LEO data and ground-based data. These differences will then be investigated one by one, leading to a fairly complete view on what the LEO data may contribute to IGS. This aspect of the LEO charter is being implemented via the IGS LEO website, at http://nng.esoc.esa.de/gps/igsleo.html. 

Four categories of differences are identified:

· Differences in tracking geometry

The main benefit of the LEO data is expected from the rapidly changing geometry between LEO satellites and the GPS constellation, and the relative independence of the LEO satellites from models for earth rotation and reference frame. These are the areas in which LEO data has the greatest potential for improving the IGS products in some way.

· Differences in signal propagation

The main benefit of LEO data would be the absence of tropospheric delays, and the significantly reduced ionosphere delays, but it is clear that these effects will always be small. The analysis of occultation data is not (yet) part of the LEO Pilot Project, but developments in this area are being followed with interest.

· Differences in data flow

These differences are clearly significant, not just in terms of latency but also in terms of data distribution policies. Compared to ground-based data, LEO data will probably always have a more complicated trajectory from the receiver to the IGS analysis centers. Such issues mainly affect operational use of the data, which for the time being is not considered as a critical problem.

· Differences in data processing 
These differences must be carefully analyzed to ultimately make a cost/benefits assessment about the potential integration of LEO data in routine IGS processing. Processing of LEO data is still difficult; in fact, as will be discussed further below, current precision levels are not yet considered compatible with the ground based data. This additional burden on IGS analysis centers should be compensated by clear advantages.

Data processing precision

Before LEO data can hope to bring any improvement in an IGS product, a first requirement with regard to LEO GPS data must be to ensure data precision levels that are compatible with the precision of ground-based GPS data. Until now, this has been the main area of investigation in the IGS LEO Pilot Project.

In more concrete terms, the position of the antenna phase center of the LEO receiver is only as precise as the orbit and attitude determination of the LEO satellite. Both for CHAMP and for JASON precise orbit determination has achieved very high standards in recent times: estimated orbit errors are as low as 5 cm RMS for the best CHAMP orbits, and below 3 cm RMS for JASON. As good as this may be, the precision with which antenna phase centers of IGS ground stations are determined – as part of routine IGS processing - is assessed to be at the level of a few millimeters, which is an order of magnitude better. It is therefore optimistic to speak of compatible precision levels at this point in time. 
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Figure 1a-d : Examples of orbit comparisons from the JASON orbit campaign. Orbit differences between a large set of solutions form an important source of information on LEO POD quality.
Because of its critical nature, the error mechanism that currently prevents integration of the less precise LEO data with ground-based GPS tracking data will be briefly summarized here. To reach the high precision levels of IGS products, a typical POD system for GPS - as performed routinely by the analysis centers - contains a variety of delicately balanced data editing algorithms. If a station produces tracking data that is notably of worse quality than the data from other stations, this data will either be rejected by the process, or it will be down-weighted to the point at which it no longer has any relevant influence on the output products. This second option allows for improvements e.g. of the station coordinates of the less precise station, without affecting the actual GPS orbits and clocks in a negative way. Such protection mechanisms are inevitable as long as the LEO data is referred to antenna positions that have an error level of several centimeters, and the result is that the influence of the LEO data on the output products is marginalized.

As a rule-of-thumb objective, the IGS LEO Pilot Project now aims at a LEO orbit precision level that is better than 1 cm RMS. This precision level cannot yet be confirmed for any of the available LEO satellites, but at the same time, there has been substantial progress both in LEO orbit determination itself, and in the way in which the orbit precision can be assessed with confidence. Major activities of the Pilot Project are the on-going Orbit Campaigns for CHAMP and more recently for JASON, which aim at supporting and analyzing POD improvements for these two satellites. The latest results can always be found on the IGS LEO website, referenced above. Some examples of results from these campaigns have been included as Figures 1, 2 and 3 in this Chapter.

[image: image5.png]DEO

52052 52054 52056 52058 52080

52050



   [image: image6.png]em

0 b

15 -

-20
52428

SLR residuals for deos_grm

20

10

i i i i i £i

7080
7090
7105
771
7124
7210

7501

78T

7838
7839
7840
7849
8834

a+o s rxim+o

oKl

£2432 52436 52440 52444 52448 52452 52456

MJID




Figure 2a & b: Examples of SLR residuals from the IGS LEO orbit campaigns for CHAMP (left) and JASON (right). It is clear that the higher JASON orbit receives more SLR tracking.

High rate data and POD capacity

Combined solutions of GPS and LEO satellites introduce another important technical problem, namely that of processing capacity, or POD performance. For LEO POD the tracking data rate must be much higher than for the GPS satellites, first because the LEO geometry changes more rapidly, and second because the dynamic models of the LEO contain signals of much shorter wavelengths than the dynamics of the GPS satellites. The LEO orbit model typically requires a relatively large number of estimated parameters, and therefore requires more densely spaced tracking data. This (GPS) data can only be processed if accurate clocks and phase ambiguities are available at the same high-rate, and this means that the basic GPS POD process will also have to cope with the same high data rate. As a result, various IGS centers notice that their POD systems are stretched to the limits of their capacity - or beyond - by the introduction of the LEO data. 

On the one hand, these extreme demands on the POD systems have the negative consequence of slowing down the Pilot Project analysis, even prohibiting certain analysis that seems relevant. On the other hand, these new demands urge the centers to implement various improvements in their analysis systems, which can be seen as a first positive side-effect of the Pilot Project. Increased POD capacity is a matter of great interest to IGS as a whole, not just in support of LEO analysis, but also in support of other developments like (near-) real time processing or the handling of data from substantially larger ground station networks.

The two centers GFZ and JPL, who have had access to the CHAMP data since launch, produced high precision CHAMP orbits (around ~5cm RMS error) about 1.5 years later. The centers CODE and ESOC needed about the same time to implement CHAMP POD capability, illustrating the effort that is typically required to stabilize the POD systems for LEO GPS analysis. The fact that such analysis is now possible – which was not the case even two years ago - can be considered as important progress.

	cm
	1-way SLR
	orbit error
	sigma

	DEOS
	3.60
	5.94
	0.54

	CSR
	4.43
	7.31
	0.67

	TUM
	4.61
	7.60
	0.69

	GFZ
	4.81
	7.93
	0.72

	JPL
	5.31
	8.75
	0.80

	GRGS
	6.80
	11.21
	1.02

	NCL
	7.44
	12.26
	1.12

	ASI
	7.88
	12.99
	1.19

	AIUB
	13.56
	22.36
	2.04

	CNES
	13.58
	22.39
	2.04

	ESA
	16.83
	27.74
	2.53

	UCAR
	17.35
	28.59
	2.61

	UNB
	27.37
	45.11
	4.12


Table 1: Recent POD precision estimates for CHAMP

	cm
	1-way SLR
	orbit RMS
	sigma

	csr__gds
	1.700
	3.656
	0.606

	gsfc_gs4
	1.771
	3.809
	0.632

	ncl___ds
	1.844
	3.966
	0.658

	jpl__gps
	1.912
	4.112
	0.682

	gsfc_dyn
	1.973
	4.243
	0.704

	gsfc_red
	2.008
	4.319
	0.716

	gsfc_gps
	2.071
	4.454
	0.738

	grgs__gs
	2.257
	4.854
	0.805

	esoc_ds2
	2.386
	5.132
	0.851

	esoc__ds
	2.464
	5.299
	0.879

	gsfc_rex
	2.491
	5.357
	0.888

	deos_grm
	2.579
	5.547
	0.920

	csr___ds
	2.655
	5.710
	0.947

	deos_jgm
	2.669
	5.740
	0.952

	cnes_poe
	2.842
	6.112
	1.013

	cnes_gps
	2.890
	6.215
	1.031

	asi__in2
	5.138
	11.050
	1.832

	asi__ext
	9.039
	19.440
	3.223


Table 2: Recent precision estimates for JASON

Participation in Pilot Project analysis

Initially, there were two groups of centers that expressed an interest in the LEO Pilot Project, namely centers with particular expertise in orbit determination for Low Earth Orbiters – who consider the GPS data as tracking data for the LEO itself – and centers with an interest in GPS product generation, i.e. the IGS analysis centers. The first group of centers was clearly the larger one, because outside the IGS there are very few centers that compute GPS orbits and clocks for research objectives. Nonetheless, with the consolidation of the Pilot Project charter and the concrete objectives that it formulates, it became clear that the main participation in the Pilot Project is expected to come from the second group of centers. In practice, not even all of the IGS Analysis Centers can participate in the analysis of the LEO data.

By consequence, the LEO Pilot Project may appear to have a much lower profile than was anticipated at its start, but that does not make it less relevant to IGS – on the contrary. The fact that at present only about five centers in the world are actually considered capable of analyzing LEO GPS data for the purpose of enhancing IGS products, implies that these (IGS) centers carry the full responsibility for this analysis.

Recent focus and future developments

The Pilot Project wants to demonstrate potential benefits of LEO data in two stages, first at the level of individual centers – a center is expected to demonstrate that the LEO data contributes to its IGS products in a positive way – and then at the level of IGS combination solutions. Even though overall LEO orbit precision is still considered inadequate, four IGS analysis centers are now approaching a status of satisfactory LEO data processing. The first illustrations of LEO contributions to GPS data processing are expected in the very near future. 

In parallel, some effort is invested in the subject of combination solutions for the LEO orbits. It is hoped that this may bring down the LEO orbit error to levels below 1 cm. Some of this analysis is being reported via the IGS LEO website, which is also recommended for any further information on the Pilot Project.

Conclusions

The Pilot Project analysis to be performed has been defined quite clearly and is made concrete via various analysis topics that are proposed on the website. The problems associated with GPS-based LEO POD are being addressed by various centers, not just the limited number of IGS analysis centers mentioned above. Processing systems are being improved and their capacity is being augmented, so that LEO GPS processing is already less of a challenge than in the early days of CHAMP data. 

Progress in the Pilot Project is slow, but steady. Given the limited resources that can be dedicated to this work, and the complexity of the involved analysis, the developments in LEO GPS are satisfactory. Various general improvements in data processing are being achieved at the IGS analysis centers, merely because the demands for LEO processing require such improvements. This must be seen as a useful first contribution of the Pilot Project to the IGS.

