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Obituary
KAREL HAMAL, 1932 - 2007

Professor, Czech Technical University in Prague

Passed away suddenly, 8 February 2007




Karel Hamal joined the Czech Technical University in Prague in 1962 after spending
some time working for the Tesla radio communication company. His primary interests
at that time were in microwaves and radar. At the university he founded the study of a
newly emerging technology — solid state lasers. He established a world class
laboratory and formed a team of international collaborators. This lab became world
famous both for its scientific and educational results.

In the nineteen seventies and eighties he formed international ties between the Czech
Technical University and scientists and labs in other countries and he headed the
international network of satellite laser ranging stations under the roof of
INTERKOSMOS. Satellite laser ranging was his main interest for more than three
decades. He was one of the initiators of the international workshops on laser ranging
and was involved in the organization of all the workshops for 35 years. The
International Laser Ranging Service represented by its Central Bureau awarded Karel
Hamal with the “SLR Pioneer Award” in 2002, for his longstanding contributions the
subject, in particular, for his early technical leadership in developing and deploying
the INTERKOSMOS systems, which helped to create a truly global satellite laser
ranging network. Recently Karel Hamal was involved in research and development of
solid state photon counters and their applications in laser ranging and space science,
in millimeter precision laser ranging and new trends in information technology. Two
deep space probes carried his laser ranging and photon counting devices toward the
planet Mars late nineties, another two space mission are under completion in Europe
and in China to be launched on Earth orbit soon.

Along with the science, Karel Hamal taught several generations of students Physics,
ranging from MSc students, PhDs up to research scientists. In the early nineties, he
was the driving force behind the reorganization of education at the university.

The passing of Karel Hamal is a significant loss for the University and to the world
scientific community. Education and science are losing an expert and unparalleled
organizer, the students are losing an excellent teacher and his colleagues are losing a
man, who always erupted with new ideas and human energy.

We all will miss him.

Ivan Prochazka




PREFACE

These Proceedings are dedicated to the memory of Karel Hamal, a veritable stalwart
of the laser ranging community and one of its prime movers over many years. He
attended every International Workshop on Laser Ranging (Instrumentation) since the
first at Lagonissi, Greece in 1973. Only Mike Pearlman remains who can match that
record. Karel was a great believer in these Workshops and was dynamic on many of
their Program Committees. As well as being a brilliant and innovative scientist, he
was also a thorough gentleman and a friend to many. Vale Karel.

This volume is being published in three forms:
1. ACD;
2. A book (paper) containing all received papers and some details of the
Workshop;
3. On the Internet, most likely on:

http://ilrs.gsfc.nasa.gov/reports/workshop/

All papers received are included. Where authors have withdrawn their full papers, or
not responded, their abstracts have been included when available.

Nearly all the PowerPoint presentations at the Workshop are available at:

http://ilrscanberraworkshop2006.com.au

and are useful adjuncts to the full manuscripts.

Originally, the deadline for submission of papers was set at mid-December 2006, i.e.
about six weeks after the Workshop. This was hopelessly idealistic! About 60% of
papers were in by the end of February, although not many from the Science Products
session. It was felt that this was insufficient to proceed at that time. By 24th August,
113 papers had been received including session summaries, 6 were withdrawn by the
authors and 6 were not received at all. | would like to thank the authors, especially
those who submitted by the end of February, and the Session Chairs who harassed
authors to submit. I also heartily thank Chris Moore, Peter Wilson, Nathan White,
Ron Thompson and Jen Mullaney (and her successor, Sarah-Louise McHugh), all of
EQS, for their great assistance in the production process.

A “Golden Gong” award was instituted for the last paper to be received and accepted.
Several candidates were notified of their eligibility, and competition was fierce. The
winner will be formally announced on a suitably sauspicious occasion. Finally, 1
profusely apologize to all previous editors for my own tardiness in submitting
manuscripts. |1 can now feel that | have been adequately punished!

i

John Luck
Editor


http://ilrscanberraworkshop2006.com.au/

Foreword

It is my pleasure to be involved in the 15th International Laser Ranging Service
(ILRS) Workshop in Canberra from 15 to 20 October 2006.

This will be the second time in 30 years that Australia has hosted this prestigious
meeting of space scientists. This is an honour for Canberra and for Australia, due to
the leading role that Australian scientists and technologists play in this field.

I would like to thank all of you who have travelled to our shores to participate in this
event, and also those who have made contributions but were not able to be here.

I would particularly like to acknowledge our sponsors whose generosity has made this
Workshop possible:

ACT Government
Geoscience Australia
Electro Optic Systems Pty Limited

Welcome to our beautiful city. We hope you enjoy your stay and find great benefit in
the Workshop discussions.

| ‘{w /[‘- “:’*““M/ﬂ 7

Ron Thompson
Chair, Local Organising Committee



15th International Laser Ranging Workshop
16-20 October 2006-10-13

Welcome Note

Werner Gurtner
Chairman of the ILRS Governing Board

Dear Dr Ben Greene, dear Dr. Williams,
ladies and gentlemen, dear colleagues,

this is the second time that | have the honor to welcome you to an international laser
ranging workshop, and it is also the second time that | attend a laser workshop here in
Canberra.

For me it is a special honor to attend this meeting in the country and continent with
the top two laser tracking stations of our service: Yarragadee has been leading the
chart for years, without danger of ever being relegated to a lower position by any
other station. The most recent chart, prepared a few days ago by our Central Bureau,
awards Mount Stromlo the silver medal for the number of passes collected during the
previous 12 months. All our analysts are extremely pleased with this performance of
the Australian stations, because it significantly attenuates the well-known weakness of
our tracking network in the southern hemisphere.

We have seen several remarkable achievements since the last workshop in San
Fernando, four of which I would like to address:
e With Icesat and Alos we have demonstrated that we can successfully track
satellites with vulnerable sensors
e Within a year we have introduced a new orbit prediction system with
significant improvements in the satellite acquisition
e We are tracking the first Galileo test satellite, Giove-A, although I think that
we have to study how to improve our performance for such weak targets
e | was especially pleased to see the very efficient and fast installation and
consolidation of the new Chinese station in San Juan in South America. It will
further and significantly improve our coverage of the southern hemisphere.

The two space-geodetic techniques VLBI and SLR still form the basis and nucleus of
any research in need of high-precision global positions, especially with regard to the
referencing to the center of the earth and the height components or the scale of the
earth. It is very disturbing that due to budgetary reasons major contributors to the
infrastructure needed to maintain these fundamental activities decide to withdraw
their support, as we have learned a few days ago from our Canadian VLBI network,
and we also had such experiences in our own ranks.

It is extremely important that we can demonstrate the high quality of our products to
our parent organizations to convince them of the necessity of space geodesy for
modern research in earth sciences. And we have to carefully avoid any activities or
statements that could send wrong signals to the external community. There has to be a



healthy competition among the different space-geodetic techniques, internally, in our
groups. However, to publicly play one technique off against the another would be
disastrous. We will support our sister service, the International VLBI Service, in its
activities to convince the Canadian government to re-evaluate these unfavorable
decisions.

I would like to thank the local organizing committee for the excellent preparations for
this workshop and the sponsors without which it would not be possible to organize
and hold such an event.

I wish you all a fruitful and successful workshop. Please enjoy the various activities
prepared for the evenings by our hosts. Some of you may even take the opportunity to
append a few days to the workshop to see more of this fascinating country.



15th International Workshop on Laser Ranging; Canberra,
Australia

Workshop Summary
Michael Pearlman

Electro Optic Systems Pty. Ltd, Geoscience Australia, the Australian Capital Territory
Government, and the ILRS sponsored the 15th International Workshop on Laser
Ranging in Canberra, Australia during the week of October 16 — 20, 2006. About 111
people from 19 countries participated in the workshop, which included oral and poster
presentations on scientific achievements, applications and future requirements, system
hardware and software, operations, advanced systems, and analysis.

After the Opening Ceremony, which featured an Aboriginal father-and-son duo
welcoming delegates and distinguished guests on didgeridoos, sessions were
organized around the following topics:

Science Achievements, Applications, and Products
Network Performance and Results
Lasers and Detectors Session Summary
Laser Altimetry

Kilohertz Systems

Timing Systems

Multiple Wavelength and Refraction
Telescopes, Stations, and Upgrades
Advanced Concepts

Eye safe Systems

Laser Transponders

Uncooperative Targets

Software and Automation

Lunar Laser Ranging

Targets and Return Signal Strength

Some of the key items of interest were:

e Geophysical results through long-term monitoring of SLR data supporting
work in gravity field, reference frame, Earth rotation, non-conservative forces
on satellites, calibration of GNSS, ocean and ice surface altimetry, lunar
science, relativity, and planetary science;

e New event timing systems including the new PICO event timer and control
system from TU in Prague;

e Impressive performance (including spin and atmospheric measurements) of

the 2 KHz laser at Graz;

The operation of the new San Juan SLR;

The SLR progress at Arequipa and Maui;

Transponder developments for interplanetary ranging;

Laser altimetry technology and its future application in satellites;



Automated operations at Stromlo and Zimmerwald,;

Web Application for data engineering files;

The new climatic facility at INFN for retroreflector array testing;
Very impressive Lunar Ranging results from the Apollo Station; and
Systematic time biases in the SR620 counters

Abstracts, most PowerPoint presentations and other information on the workshop can
be found at: http://www.ilrscanberraworkshop2006.com.au/. Proceedings from the
workshop will be available in mid-2007 on CD with selections in hardcopy, and on
the web at that address and at http://ilrs.gsfc.nasa.gov/.

Workshop participants also had the opportunity to visit the SLR station at Mt. Stromlo
which has had an extremely impressive recovery after the devastating forest fire in
2003.

The 16th International Workshop on Laser Ranging will be held in Poznan, Poland in
the fall of 2008. A specialized SLR workshop similar to those held in Eastbourne and
Koetzting will be held in Grasse, France on 24-28 September 2007.
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SCIENCE PRODUCTS SESSION SUMMARY
Chairs: Steven Klosko and Gerhard Beutler

The 15th International Laser Ranging Workshop held in Canberra, Australia in October
2006 provided an overview of the state of SLR technologies, campaign activities, and
science products. The Science Products Sessions began the meeting and consisted of 16
papers. These presentations demonstrated that satellite laser ranging continues to
provide an important resource for satellite orbit determination, verification and
validation of active remote sensing systems, and for producing science products that are
needed to support a wide range of space geodesy and geodynamic investigations.

A theme of the meeting was the continued contribution of SLR to the progress being
made in studying the Earth’s system in four dimensions. At the same time, the SLR
techniques are being used to both directly provide precision orbits and calibrate precise
orbit positioning provided by other tracking systems. And by being a dynamic as
opposed to reduced dynamic technique, SLR investigators have contributed significant
insight into the intricate force modeling needed to produce cm-level orbit accuracy. All
of these topics were discussed during the Science Products Session of the Workshop.

The first set of presentations of the session focused on the orbit determination
capabilities of SLR. While GPS analyses benefit from continuous 3-D tracking, which
allows “reduced” dynamic orbital techniques, SLR satellites are only observed and
directly tracked for a small percentage of the time. Thereby precision orbit
determination for SLR requires a high level of sophisticated conservative and non-
conservative force modeling.

R. Noomen (1) gave a presentation demonstrating the state of the art in modeling the
thermal imbalance and radiative forces acting on the LAGEOS 1 and 2 satellites. These
satellites, given their specific design and highly stable orbits, provide an excellent
laboratory to study very subtle thermal and drag-like effects acting on these orbits. The
thermal perturbations acting on these satellites evolve over time as the satellite spin rate
slows and the satellite experiences larger levels of thermal imbalance. R. Noomen
presented results obtained at the Delft Technical University of the detailed modeling
they have undertaken for the pair of LAGEOS satellites to determine the spin
orientation and spin rates for the LAGEQOS satellites. In the analysis they account for the
complete regime of the spin behavior of the LAGEOS satellites as well as a complete
description of the satellites’ material composition. This has allowed them to greatly
improve the orbit accuracy and fit to the SLR data while reducing the need for empirical
correction parameters. SLR provides important and in many cases key independent
validation capabilities for a variety of orbit applications. Herein, SLR is complementing
GPS and measurements being acquired by these missions to validate orbit accuracy,
detect manoeuvres, and provide a back up, fail safe orbit determination capability.
Papers given by Urschl (2,5), Govind (4), and Deleflie (3) focused on SLR orbit
determination applications that are being applied to study the orbits of GPS-35 and
GIOVE-A.

Dedicated SLR satellite missions continue to provide unique long wavelength gravity
and decadal time histories of site motions to help establish the geophysical context for
many phenomena, a robust reference frame to report these changes within, and place
constraints on the geophysical models themselves. Kurt Lambeck (6) gave a paper on
the status and future plans for the geodetic network and geospatial modeling framework
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within Australia. Australia is moving towards a highly integrated GPS, VLBI, and SLR
geodetic reference and geophysical monitoring system. Currently there are two widely
e-w separated SLR stations (Yarragadee and Mt Stromlo). Kurt discussed the possibility
of deploying a third station in the north central part of the country co-located with VLBI
near Katherine.

Contributions are coming from SLR to monitor and better understand long wavelength
changes in the Earth’s gravity field. Mass flux within the Earth’s system over large
spatial scales can be observed through the orbit changes they induce on well tracked
SLR satellites. The return of the Earth to isostatic equilibrium since the time of the most
recent Ice Age is a major source of nearly secular long wavelength gravity field
changes. To understand the glacial mass flux apart from the total mass flux dominant
over high latitude regions, detailed understanding of the Glacial Isostatic Adjustment
(GIA) processes are needed. Dick Peltier of the University of Toronto gave a paper on
recent refinements he has instituted to improve GIA modeling (7). Frank Lemoine (8)
gave a talk on the long time history of gravity changes obtained from SLR for the
longest wavelengths in the field and how they relate to GRACE. To understand
contemporary ice sheet mass balance and its contribution to sea level rise, both the high
latitude gravity changes and their decoupling from GIA processes are needed.

As knowledge of the long wavelength gravity field has improved, especially with
advances coming from the GRACE Mission, further improvements have been made in
deriving a constraint on the Lens Thirring effect. Erricos Pavlis (9) of the University of
Maryland gave a paper on an improved estimate of the Lens Thirring term. This team
has measured the value of this term to approximately 1% of its expected value as
predicted by General Relativity. The experiment reported by Ciufolini and Pavlis was
based on the long term behavior of the argument of the ascending node of the LAGEQOS
1 and 2 satellites. The Lens Thirring predicted “frame-dragging” is seen as an
unmodeled node signal for the LAGEOS pair. By evaluating more than eleven years of
these data, these authors were able to isolate Lens Thirring from zonal gravity field
error sources.

There were a set of papers focused on the reference frame, SLR contributions to the
International Terrestrial Reference Frame (ITRF) and www-based tools for comparing
time series from different experiments and technologies. D. Delefilie (10) of GRGS
gave a presentation on a www-based tool for comparing geodetic times series. D.
Coulot (11) of IGN presented a paper on different approaches to accommodate the
“least squares mean effect”, that is, the effect in a least squares environment of the
variation of solved for parameters when a model is imposed on their behavior. H.
Mueller of GFZ gave two papers (12 and 16). In the first, he discussed various
experiments ongoing to compare SLR solutions using different processes and these
results to VLBI and GPS. In the 2nd paper, the authors evaluated the contribution of
SLR to the ITRF and presented a comparison of SLR solutions being produced at GFZ
with those of IGN. Of high interest in this paper, in contrast to results described below,
the GFZ Group is not seeing a scale difference from 2001 onward with their SLR
solution and VLBI.

A contrasting paper was given by Z. Altamimi (15) of IGN on the construction and
results he derived in computing the ITRF 2005 solution. Therein, this author found a
greater than 1 ppb scale difference between SLR and VLBI, and this scale difference
seemingly got progressively larger from 2001 onward. Zuheir went into considerable
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detail about the use of local survey ties to bring SLR, GPS, and VLBI into a common
frame.

The contrast between the IGN and GFZ results with regard to SLR scale, and the
decision to use the scale provided by VLBI in the final ITRF 2005 realization caused a
great deal of discussion, splinter groups, and involvement of the Analysis Centers in an
attempt to better understand, resolve, and develop a strategy for utilizing the ITRF in
future SLR analyses.

Also given during this portion of the session were papers by R. Govind (13) who
discussed geocenter solutions he has obtained from SLR. This was followed by a paper
by D. Gambis (14) of GRGS who presented results for the determination of EOP and
Earth rotation using both SLR and LLR and the changing balance of contributions from
all technologies over time in the combination solutions produced by IERS.
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Enhanced modelling of the non-gravitational forces acting on
LAGEOS

JI. Andrésl, R. Noomen'
1. Delft University of Technology, Kluyverweg 1, 2629 HS Delft, The Netherlands.
Contact: j.l.andres@tudelft.nl, r.noomen@tudelft.nl

Abstract

LAGEQOS-1 and LAGEQOS-II orbit Earth since 1976 and 1992 respectively. With 426
Corner Cube Reflectors (CCRs) embedded in a spherical surface and a very low area-
to-mass ratio, the LAGEOS satellites are among the best tools for global space
geodetic research. By means of SLR observations, geophysical phenomena such as
variations of the Terrestrial Reference Frame (TRF) origin w.r.t. the geocenter,
global scale, low-degree gravity field terms, Earth Orientation Parameters (EOPS)
and plate tectonic motions can be accurately measured, their accuracy directly
dependent on that of the ground laser instrumentation and the accuracy of the orbit
determination.

Intensive orbital analyses yielded a decrease in the semi-major axis of the orbit of
LAGEOS-I, at a rate of 1.3 mm/d, shortly after launch; a similar decay has been
observed for LAGEOS-II. Various physical processes (or a combination of them) have
been proposed as possible causes for this acceleration: radiation pressure from
celestial bodies (Earth and Sun) mismodeling, thermal thrust (re-radiation from the
satellite itself), together with eclipse dependencies of the (re-)radiation, and
ionospheric drag (neutral and charged particles). This decay can be modeled by an
empirical along-track acceleration with a mean value of about -3.4 pm/s®. The
modeling efforts done so far have given a partially successful explanation of the non-
gravitational perturbations acting on LAGEOS. However, a clear signal is still
present in the calculations, due to a lack of precise modeling of the (unique) physical
truth.

This study has concentrated on an accurate modeling of the major factors which
could be responsible of the unexplained signal: the geometrical and optical
properties, the rotational dynamics of the spacecraft, and poorly modeled forces.
Accurate results have been obtained for the rotational dynamics thus eliminating one
of the largest uncertainties still present. In parallel, finite element modeling has
permitted a detailed characterization of the various elements of the spacecraft,
together with an accurate description of their (time-dependent) geometry w.r.t.
radiation sources. This has yielded a numerical answer for the thermal accelerations
for all possible spinning regimes. Uncertainties in some physical parameters have
been dealt within a sensitivity analysis.

Introduction

Although the technique of Satellite Laser Ranging (SLR) dates back more than 40
years [Marshall et al., 1995], it is still one of the main techniques to be used for
studying certain elements of System Earth. In particular, global aspects of the
terrestrial reference frame, such as origin and scale, are uniquely determined by this
technique by virtue of its direct and unambiguous method of observation: the travel
time measurements of a pulse of light from a ground station to a satellite and back are
typically measurable with high precision, and the various elements that play a role in
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converting these 2-way travel times into a 1-way range observation (e.g. satellite
signature, atmospheric refraction, station delay, etcetera) can be modeled with an
accuracy of various mm typically [Otsubo and Appleby, 2005]. To arrive at the best
possible solutions for such global parameters, it is mandatory to model the orbit of the
satellites as accurately as possible. Typically, the cannonball satellites LAGEOS-1
and LAGEOS-2 (launched in May 1976 and October 1992, respectively) are used for
this purpose by virtue of their attractive area-to-mass ratio, making them relatively
insensitive to (intrinsically complex to model) surface forces.

In spite of the attractive design of these spacecraft, high-precision orbit determination
currently necessitates the estimation of so-called empirical accelerations (typically, in
various directions w.r.t. an orbit-referenced frame and with different character —
constant or sinusoidal with orbital period). This is a clear indication of the limitations
of current analysis models to represent “physical truth” correctly. An illustration of
this is given in Figure 1, which shows the residuals of the constant along-track
acceleration as observed/estimated for the satellite LAGEOS-1, i.e. bi-weekly
solutions of such a parameter after subtraction of best known physical mechanisms to
explain the acceleration (in reality, the accelerations show a mean value of -3.4 pm/s”,
which can be addressed to a variety of surface forces). The plot clearly illustrates that
there is a signal in the residuals at the level of several pm/s®, which needs a physical
explanation in order to advance the contributions of LAGEOS-type missions to
geophysical studies further. Candidates for the residuals shown here are (1) thermal
radiation exerted by the satellite itself, (2) direct radiation forces, (3) charged and
neutral particle drag, and others; of course shortcomings in the modeling of any of
these individually, and/or a combination of effects can play a role here. This paper
will focus on the so-called thermal forces: minute forces that are introduced by the
emission of thermal energy by surface elements of a satellite.

First, a model for the rotational behavior of the satellites will be presented. Previous
investigations by other authors show that a proper understanding and description of
this aspect is crucial for a good modeling of the thermal behavior. The thermal
behavior of the satellites will be the next topic of discussion, and a multi-node model
of each satellite will be developed and used to simulate actual temperatures. Then, the
temperature distribution will be used to compute contributions to thermal forces as
exerted by individual surface elements, resulting in a total acceleration. This
acceleration will be used in a first-order assessment of its orbital effect. The paper will
end with conclusions and recommendations.

Rotational dynamics

Compared to the orbital motion of the spacecraft, the rotational dynamics of
LAGEOS-1 and -2 can be considered as a neglected element of the mission:
observations of the attitude and spin rate are few, and models of the rotational
behavior are hardly available. One of the reasons for this is the absence of any need
for such information: the rotation dynamics plays a subtle role in the orbital behavior
of the vehicles, which only come into play when the requirements on orbital
accuracies arrive at the level of a single cm and below. A recently developed
description of the spin behavior of the LAGEOS pair is given in [Andrés et al., 2004].
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Figure 1. Residuals of the along-track accelerations as observed for LAGEOS-1, for the
time period 1976-1990. Grey areas indicate the periods when the satellite experienced an
umbra while orbiting the Earth [Scharroo et al., 1991].

The LAGEOS Spin Axis Model (LOSSAM) that is developed in this reference is
based on a straightforward integration of Euler’s equation:

— —

— = M_ +M.__+M

dt magn grav offset

+ M

reflec

Here, the external torques represent the influence of the Earth’s magnetic field,
gravity, a possible difference between the center-of-pressure w.r.t. the center-of-mass,
and a possible difference in effective reflectivity between the northern and southern
hemisphere of the satellites, respectively. LOSSAM has been obtained after
confrontation of the theoretical model as described by the previous equation with
independent observations on spin-axis orientation and spin rate taken by a variety of
stations and institutes: (i) University of Maryland, USA, (ii) the laser station in
Herstmonceux, UK (owned by the Natural Environment Research Council, NERC),
(iii) the laser station in Matera, Italy (owned by the Agenzia Spaziale de Italia, ASI)
and (iv) Lincoln Laboratory [Sullivan, 1980]. Figures 2 and 3 show the behavior of
the spin axis orientation of LAGEOS-1 and -2 according to LOSSAM, respectively
(spin rate results are withheld here). The plots also show the independent observations
that were used in the derivation of the model, and the level of fit. Clearly visible is
that LAGEOS-1 is in a different rotational regime currently than LAGEOS-2: the
spin-axis orientation of the former satellite follows a more irregular pattern, which is
due to a slowing down from a rotational period of 10.5 s at launch (1976) to about
6000 s now (Figure 2). LAGEOS-2 is still spinning with a period of about 360 s
currently. Also visible is the fact that the set of observations on the spin axis that is
available for LAGEOS-1 is quite restricted: the last ones were taken at the end of
1996, and effectively one cannot do but make predictions of the current behavior of
the satellite; the absence of recent observations is directly related to the fact that the
rotation of LAGEOS-1 has almost come to a standstill, which makes it extremely
difficult to actually apply currently practiced observation techniques on spin axis
orientation and rotation rate. For LAGEOS-2, the situation is much better (cf. Figure
3). The reader is referred to [Andrés et al., 2004] for more details.
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Figure 2. The LOSSAM spin orientation behavior of LAGEOS-1 as a function of time,
as described by the longitude and co-latitude w.r.t. the J2000 reference frame.
The red symbols represent the independent observations that were used
to derive this model [Andrés et al., 2004].

Thermal model

Thermal forces, i.e. forces that are generated somehow by either direct or reflected
radiation, are known to play an important role in the explanation of the observed
decay of the semi-major axis of the LAGEOS pair and, directly related to this, of the
solutions for the empirical accelerations; many studies have been done into the effects
of direct solar radiation (Yarkovsky effect), albedo radiation, earth infrared radiation,
the effect of eclipses (Yarkovsky-Schach effect), etcetera (e.g. [Rubincam, 1982],
[Anselmo et al., 1983], [Barlier et al., 1986], [Rubincam, 1987a], [Rubincam, 1987b],
[Afonso et al., 1989], [Rubincam, 1990], [Martin and Rubincam, 1996], [Slabinski,
1997] and [Vokrouhlicky and Métris, 2004]). However, none of these investigations
has led to a full description and complete understanding of the actual phenomena that
influence the orbital behavior of the LAGEOS satellites; if only because
simplifications had to be made in order to arrive at first-order estimates of the effects.
Clearly, in view of the slow rotation of LAGEOS-1 and a similar trend for LAGEOS-
2, the necessity for a more detailed modeling of the satellite and its interaction with
various elements in its environment has arisen. As mentioned in the introduction, this
paper addresses one of those elements: the thermal interaction with the various
radiation sources, and the resulting accelerations. A detailed discussion of procedures,
models and results is given in [Andrés et al., 2006].

To model the interaction in detail, making allowance for potential differences in its
reaction to various sources of energy, the satellite model needs to be split up into a
number of different components. In recognition of the various mechanisms that are
effectively responsible for heat transfer (i.e. radiation and conduction; any other can
be shown to be insignificant [Andrés et al., 2006]) and the differences in thermal and
mechanical properties of the various construction elements, a finite-element model of
each LAGEOS satellite has been created, with 2133 elements in total: the inner core
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(core and stud), two hemispheres, and 426 retroreflector assemblies each consisting of
5 elements: a retainer ring, an upper ring, a corner-cube reflector, a set of ring posts,
and a lower ring.
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Figure 3. The LOSSAM spin orientation behavior of LAGEOS-2 as a function of time,
as described by the longitude and co-latitude w.r.t. the J2000 reference frame.
The red symbols represent the independent observations that were used to
derive this model [Andrés et al., 2004].

For each LAGEOS element i, the following (abstract) heat equation can be written:

oT.
Hi - o —
1 at QII’] QOUt

For more details, see [Andrés et al., 2006]. In combination with cm-level accurate
solutions for the orbital motion of the satellites (obtained with GEODYN [Pavlis et
al., 1998], the positions of sources of radiative energy (Sun, Earth), models for these
radiative flows, models for the thermal and mechanical properties of the spacecraft
components, and the LOSSAM model for the rotational behavior of the spacecraft
[Andrés et al., 2004] this equation can be integrated over time for each element to
yield the thermal behavior of each individual element. This has been done for both
satellites from the date of launch onwards, with a step-size of 60 s, and taking care
that allowance is made for aspects like shadowing, aliasing (when the rotational
period and the integration step size are integer multiples) and rotationally averaged
radiation input. An illustration of the result is given in Figure 4, which shows the
temperature distribution of the various elements of LAGEOS-1 and -2 for the
(arbitrary) epoch January 1, 2002, respectively. The plots clearly show the different
temperatures of the Germanium reflectors (3 out of 4 are visible in each plot; the
thermal absorption and emission coefficients are very different from the quantities for
the 422 Silicium reflectors), and, in a similar fashion, the different temperatures for
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the retainer rings. In the case of LAGEOS-1 (Figure 4, left), the Sun is more-or-less
located over the satellites equator, resulting in a similar temperature for the northern
and the southern hemispheres. In the case of LAGEOS-2 (Figure 4, right), the Sun is
at an apparent latitude of about 45°, with a higher temperature for the northern
hemisphere as a consequence.

Figure 4. Temperature distribution on January 1, 2002, for LAGEOS-1 and -2, respectively.
All values are in Kelvin [Andrés et al., 2006].

As an illustration, Figure 5 shows the long-term temperature behavior for a number of
elements of LAGEOS-1; a similar behavior has been derived for LAGEOS-2 (not
included here; cf. [Andrés et al., 2006]). Figure 5(a) shows the temperatures for
representative retainer rings and a Silicium CCR in the northern hemisphere. By
virtue of its thermal properties, the CCR has an average temperature which is some 20
K lower than that of the retainer rings. All elements show a variation with time, which
is correlated with the occurrence of solar eclipses (indicated by grey bands) and the
position of the Sun (the main source of energy) w.r.t. the satellite spin axis; in the case
of reflector assembly 89, which is located at a (satellite-fixed) co-latitude of about
58°, temperature variations are relatively humble, but after about 10 years in orbit the
attitude of the spacecraft starts to develop into an erratic behavior w.r.t. A and the spin
rate drops off, resulting in extreme temperature variations for the retainer ring located
at the satellite’s north pole. A similar observation can be made for the retainer rings
and the reflectors located in the southern hemisphere of the satellite (Figure 5(b)): the
CCRs are typically cooler, show less variation, and big excursions of up to 60 K are
visible for the retainer rings closer to the pole (in this case the south pole of the
satellite). Figure 5(c), finally, very clearly illustrates the sensitivity of the Germanium
CCRs to the actual lighting conditions: the 3 Ge CCRs that are located at co-latitude
121°, show a temperature variation of about 50 K (already large when compared to
the behavior of the Si CCRs, cf. Figure 5(a)), but the situation appears to change
dramatically for the CCR located at the very north pole of LAGEOS-1: temperature
variations of up to 300 K are observed here.
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Figure 5. Temperature behavior of several retainer rings and
CCRs for LAGEOS-1 since launch [Andrés et al., 2006].

Accelerations

Having arrived at a time-series of temperatures for the 2133 elements of each
LAGEOS finite-element model, it is possible to derive values for the force that each
element exerts (cf. [Slabinski, 1997]):

- 2¢ 0T
dFr = - = L dA n.
1 3 C Al 1

Integration of all contributions from all surface elements (clearly, internal elements do
not contribute) yields the net thermal acceleration that each satellite experiences. An
illustration of that is given in Figure 6: accelerations in the radial, along-track and
cross-track directions for one day for LAGEOS-1 and LAGEOS-2, respectively; the
right-hand side of the plots zooms in for a particular orbit during that day. It is clearly
visible that for both satellites, radial and along-track accelerations of up to 50 pm/s*
can be obtained (the two follow one another by virtue of the rotation of the orbital,
satellite-related reference frame); much larger than the average value of about -3.4
pmy/s” that is seen in the empirical (constant) accelerations. Since the cross-track
orientation of the orbit remains more-or-less constant during one day, this component
shows much less of a variation (but can have a very significant value). The plots
indicate that an irregular behavior occurs in particular during times of eclipse; in such
a situation, the cause for an uneven heating of the satellite disappears (ignoring any
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influence form the Earth, that is) and the net acceleration tends to develop towards
zZero.

Jra—y

oRBABN

afpme®
g8

JEr—y

cBZABH B

a[pm 6™

gél 88
5 -

g

}

:

8

-

g

N

8

Figure 6. Net thermal accelerations for (top) LAGEOS-1 on January 1, 2000, and (bottom)
LAGEQOS-2 on November 30, 1992. The grey bands indicate the exact periods when the
satellites are in eclipse [Andrés et al., 2006].

Extending the presentation to the full lifetime of the satellites (so far), Figure 7 shows
the development of the net accelerations as well as the orientation of the Sun in a
satellite frame, for each LAGEOS version. Again, the grey bands indicate when
eclipses occur (somewhere in the orbit). Starting the discussion with LAGEOS-2
(Figure 7(b)), the long-term behavior is in line with what was shown in Figure 6
already: radial and along-track components interchange by virtue of the definition of
the orbital frame, and the variation of the cross-track component is slower. All
LAGEOS-2 components have values that go up to about 50 pm/s”. In the situation that
the Sun is located in the equatorial; plane of the satellite (i.e. Psun-sa 1S equal to 90°),
all 3 components of the net acceleration are effectively zero (by virtue of the rapid
rotation of LAGEOS-2). As for LAGEOS-1, a similar story holds (Figure 7(a)), albeit
that the relations are a bit more difficult to observe because of the longer time-span
covered since launch. Also visible are the larger values for the net accelerations after
about 1990, which is due to the specific rotational behavior of the spacecraft (with
consequences for the temperature of particular elements of the satellite; cf. Figure 5).
Although not included here explicitly, it can be shown that the model for the
rotational behavior of the satellites plays a crucial role: net accelerations computed
with the LOSSAM model (which is regarded as the state-of-the-art representation of
the actual rotational behavior) differ by an amount of about 25 pm/s” with the results
that would have been obtained with a more traditional (i.e. constant) model for the
spin axis [Andrés et al., 2006].

Orbit computations

As a very first test of the actual usefulness of the results, two types of orbital
computations have been done for LAGEOS-2 only (the choice of this satellite is
arbitrary). First, weekly orbital fits have been computed using a model that does not
include any external acceleration, and in which the solar radiation pressure force
scaling parameter Cr is estimated only (in addition to the state-vector at epoch).
Second, similar computations have been done but now with inclusion of the thermal
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accelerations as derived by the procedures sketched above (and keeping them fixed at
their nominal values). Computations were done for the period October 1993 until
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Figure 7. Net thermal accelerations and solar co-latitude (i.e. position w.r.t. the satellite
north pole) for (top) LAGEOS-1, and (bottom) LAGEOS-2. The grey bands indicate the exact
periods when the satellites are in eclipse [Andrés et al., 2006].

December 1994. It should be emphasized here that no effort was done to fine-tune
these results, nor to include other (necessary) elements to represent the orbital
dynamics of the spacecraft. This explains the relatively high values for the rms-of-fit,
which is shown in Figure 8 (typically, one would obtain fits in the order of better than
30 mm (for this period, that is), at the expense of solving for a collection of empirical
accelerations; this was explicitly not the purpose of the current test). Figure 8 shows
that the use of the thermal accelerations does lead to significant reductions in the
quality of the orbit: the fit reduces from a range of 2.5-7.5 cm to a range of 2-4 cm,
whereas the stability of the radiation scaling parameter Cr (a physical parameter,
which should be constant rather than time-dependent — ignoring adjustments to the
space environment during the first months in orbit [Ries et al., 1997] indeed improves
as well. The results shown here are very first results; further fine-tune of the
computational model will hopefully result in the situation where the (estimation of)
empirical accelerations can be discontinued altogether, without any loss of quality of
the orbital solution nor of the derived parameters (origin, scale, station coordinates
and such); preferably even an improvement of the latter products can be obtained.
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Figure 8. Rms-of-fit (in cm) and solutions for the solar radiation scaling parameter Cr as a
function of time for LAGEOS-2, with and without inclusion of the nominal thermal
accelerations as shown in Figure 7.

Conclusions and recommendations

Based on a detailed finite-element representation of the pair of LAGEOS satellites,
and in combination with LOSSAM, the state-of-the-art model for the rotational
behavior of each satellite, it has been possible to derive a highly accurate and
unprecedented model for the thermal behavior of 2133 different components of each
satellite: LOSTHERM. The temperatures appear to show a strong correlation with
geometry w.r.t. the Sun as the main source of influx of energy. Also, temperature
variations of up to several hundreds of Kelvin are observed by virtue of the sensitivity
of particular spacecraft components to irradiation (absorption and emission
coefficients). The instantaneous temperature distribution of the outer components in
particular can be integrated to yield the net thermal acceleration. These accelerations
have magnitudes of up to 75 pm/s’, much larger than the average value that is
typically obtained from orbital computations. The results clearly shows that the
rotational behavior of the satellites plays a decisive role in the actual values of these
accelerations, and underlines the neccessity of including such formulations in the
most demanding orbital computations. It also underpins the need for continuation of
independent observations of the rotational behavior of LAGEOS-2, and an answer to
the challenge of doing similar things for LAGEOS-1.
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Abstract

SLR tracking data allow for a completely independent validation of GNSS orbits that are
derived from microwave data. SLR validation results show mean range residuals of several
centimeters for both, GPS and GLONASS satellites, as well as significant seasonal variations
for the two GPS satellites that are equipped with retroreflector arrays. It was, however, not
clear whether these systematic effects could be assigned to orbit modeling deficiencies or to
SLR tracking biases. We present new SLR validation results, which point to serious GPS orbit
modeling problems. Moreover, we address the question, whether it would make sense to
perform a combined analysis of microwave and SLR data for GNSS orbit determination. With
the available low number of SLR observations no significant improvement of the orbit
accuracy is found. An a priori variance-covariance analysis shows an improvement of the
situation, if continuous SLR tracking data of already a very small number of globally
distributed SLR sites were available.

1. Introduction

The International Laser Ranging Service (ILRS) provides Satellite Laser Ranging (SLR)
tracking data of Global Navigation Satellite Systems (GNSS, at present consisting of GPS and
GLONASS). Two GPS satellites that are equipped with laser retrorereflector arrays (LRAS),
and a subset of three GLONASS satellites (all GLONASS satellites carry LRAS) are tracked
by SLR.

SLR data allow for an independent validation of GNSS orbits that are derived from
microwave data. In Section 2 we present recent SLR validation results, covering about four
years of SLR data.

SLR observations may contribute to the GNSS orbit determination in a combined analysis of
microwave and SLR observations. The possible improvement of the orbit accuracy is
demonstrated on the basis of an a priori variance-covariance analysis in Section 3.

The main results of this work were already presented at the COSPAR 36™ Scientific
Assembly in Beijing. As this analysis is of a particular interest for the ILRS community, we
will briefly introduce and sum up the most important results. We refer to (Urschl et al., 2007)
for a detailed discussion.

2. GNSS orbit validation using SLR

For orbit validation we compare the SLR range measurements with the ranges derived from
GNSS orbits. We used SLR normal points provided by the ILRS (Pearlman et al., 2002), and
final orbits of CODE (Center for Orbit Determination in Europe). CODE is one of the
analysis centers of the International GNSS Service (IGS) generating daily orbit solutions for
all active GNSS satellites. The orbit determination is based on GNSS microwave observation
provided by the IGS (Dow et al., 2005).
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Figure 1. SLR range residuals in cm for GPS satellites PRN G05 and GO06,
derived from CODE final orbits. The shaded areas indicate eclipse seasons

The resulting range residuals indicate the GNSS orbit accuracy, but mainly in radial direction
due to the observation geometry. SLR data of about four years starting 2002 were used for the
range residual analysis.

Figure 1 shows the range residuals for the two GPS satellites. A standard deviation of the
range residuals of 2 cm and 5 cm was estimated for the GPS and GLONASS satellites,
respectively. The GPS orbits have a better accuracy compared to the GLONASS orbits due to
the much denser GPS microwave tracking network. The GPS range residuals show a mean
bias of about —3 to —4 cm. This bias is already known from previous studies, but its origin still
remains unexplained. A wrong value for the retroreflector offset, giving the distance from the
LRA’s center to the satellite’s center of mass, could be a possible explanation. It is interesting
to note that there is no significant mean bias for the GLONASS satellites.

As part of the analysis, systematic variations were found in the SLR residuals of the GPS
satellites, correlated to eclipsing seasons and with amplitudes of up to 10 cm. The largest
residuals occur when the satellite is observed within the Earth’s shadow during eclipsing
seasons (indicated with shaded areas in Figure 1).

We could attribute the periodic signature to orbit modeling problems by displaying the range
residuals in the (B,u)-coordinate system. B is the Elevation of the Sun above the orbital plane,
and u is the argument of latitude of the satellite with respect to the argument of latitude of the
Sun.

Figure 2 shows the range residuals in the (j,u)-system. The residuals are color-coded
according to their values. The dependency of the range residuals on the satellite’s position
within the orbital plane is visible, and rules out SLR tracking biases. The pattern is rather
caused by the microwave analysis, indicating attitude or orbit modelling problems.

3. Combined analysis of microwave and SLR data for GNSS orbit determination

Beside the validation purpose, SLR data can be used for GNSS orbit determination in a
combined analysis together with microwave observations. But does this make sense in terms
of orbit improvement? To answer this question an a priori variance-covariance analysis is
performed.
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Figure 2. Color-coded SLR range residuals in cm minus mean value for the
GPS satellites PRN05 and PRNO6, derived from CODE final orbits

We used microwave phase observations of about 150 IGS sites and SLR data of 13 ILRS
sites. For the variance-covariance analyses only the number, the temporal distribution, and an
error model of the observations are needed. The a priori formal errors of the orbit components
can be derived from the covariance matrices.

Several experiments were performed using different SLR observation weights. In the first
experiment the SLR observation weight is set to zero by setting the a priori sigma of the SLR
observations ogs g to infinity. Thus, the first experiment corresponds to a pure microwave
solution. In the second experiment os g is set to 1 cm, similar to that of the microwave
observations. In the third experiment the weight of SLR is increased by setting s. g to 1 mm.

We compare the a priori formal errors of the orbital parameters of the different experiments.
The a priori formal errors only decrease with very strong SLR observation weights (osir =
1 mm) and only around epochs, where SLR observations are available. When using real SLR
observations, no significant improvement of the orbit accuracy was found, as SLR tracking
data of GNSS satellites are very sparse and not well distributed.

But the situation changes, if SLR data would cover the entire satellite arc. Evenly distributed
SLR observations have been simulated with an accuracy of 5 mm, equally spaced at 15 min
interval, for altogether four globally distributed SLR tracking sites. SLR data of four sites can
cover as much as 90% of a GNSS satellite arc. The a priori formal errors of the orbit
parameters decrease significantly for SLR observations with 1 cm accuracy, and even more
for SLR observations with increased weighting.

Two additional experiments have been performed using SLR data of only two or three SLR
sites. With the data of two sites about 50% of a GNSS satellite arc can be covered, with three
sites about 75%. The a priori formal errors in radial orbit component decrease by about 20%
including additional SLR data of two sites into orbit determination. The formal error
decreases even more if data of three sites are used. Data of the fourth site leads to no further
improvement.

For the GLONASS satellites the a priori formal errors of the radial orbit component decrease
by about 50%. The impact of additional SLR data on GLONASS orbit determination is larger
than for GPS satellites as the number of GLONASS microwave observations is much smaller.
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4. Conclusion

The quality of GNSS orbits can be validated using SLR observations of GNSS satellites. An
orbit accuracy of about 2 cm and 5 cm was estimated for the GPS and GLONASS orbits,
respectively, from a 4-year time series of range residuals covering 2002-2006. A mean bias of
-3 to —4 cm for the GPS satellite orbits remains still unexplained. Periodic variations of the
GPS range residuals were found, which are highly correlated with eclipsing seasons. We
could demonstrate that these variations are not caused by SLR tracking data, but due to
deficiencies in the GNSS orbit modeling. An improved solar radiation pressure model might
solve the problem. Radiation pressure caused by Earth albedo was not considered in the
GNSS orbit determination, but it may have a non-negligible effect on the orbit. Attitude
modeling problems might also cause similar periodic variations in the range residuals. Further
studies will follow to understand the source of the systematic residual pattern.

The combined analysis of microwave and SLR observations could improve GNSS orbit
determination, assuming that the SLR observations are evenly distributed over the entire arc.
Already a small network of three globally distributed SLR sites tracking the GNSS satellites
continuously may contribute significantly to GNSS orbit improvement.References
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Abstract

SLR tracking data provided by the ILRS (International Laser Ranging Service)
network are used to compute orbits of radio-navigation satellites equipped with laser
retroreflectors : GPS-35 and GPS-36 for the American GPS constellation, and the
first European GIOVE-A (Galileo In-Orbit Validation Element) satellite, launched in
December 2005. The equations of motion are computed through an exhaustive
dynamical model and is propagated with the two orbit determination softwares of the
French GRGS (Groupe de Recherche de Géodésie Spatiale) group: GINS (for high
frequency analyses), and CODIOR (for secular orbital elements analyses).

For each of these satellites, a set of SLR (Satellite Laser Ranging) data is processed
and the results of the post-fit residuals analysis are shown. The orbit validation for
GIOVE-A is based on overlaps between 2-day, 10-day and 30-day arcs calculated
with the GINS software. The resulting 3D rms and radial residuals are the primary
criteria for the internal accuracy of SLR orbits and may indicate possible dynamical
perturbations such as orbit or attitude control manoeuvres. For GPS-35/36 satellites
we compare two 10-day arcs to the precise IGS (International Global Navigation
Satellite Systems Service) sp3 microwave final orbits. An offset of 2-3 cm in the radial
direction appears between the two solutions and may reflect the effect of the non-
homogeneity of the SLR tracking network. “Mean observed elements” are also
provided.

Keywords: GNSS, GIOVE-A, Satellite Laser Ranging, Solar radiation pressure
modeling, mean orbital elements

1. Introduction

GIOVE-A is the first satellite of the future GALILEO global navigation system. It has
been developed by Surrey Satellite Technology Ltd and the ESA (European Space
Agency) . It was launched from Baikonur Cosmodrome on 28 December 2005 and
placed into a MEO (Medium Earth Orbit) with a semi major axis of 29600 km, an
inclination of 56° and an eccentricity of 0.002. GIOVE-A is equipped with a LRR
(Laser Retro Reflector) array having 76 corner cubes with a diameter of 27 mm each
(ESA-EUING-TN/10206), which provides 40 % more return energy than GPS-35/36
LRR arrays (ILRS). The final constellation of Galileo will consist of 27 operational
spacecrafts equipped with such identical LRR arrays. After the launch of GIOVE-A,
ESA has requested ILRS an SLR campaign support during spring and summer 2006
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(http://www.esa.int). The purpose of these campaigns is to provide data for the
characterization of the satellite's on-board clock

The first of theses campaigns has taken place between 22 May and 24 July 2006, with
the participation of 13 globally distributed SLR stations. This paper presents the
results of the GIOVE-A orbit determination for this period. The orbit validation is
based on overlaps of fitted SLR-only orbits of 2-day, 10-day and 30-day duration
arcs.

The ILRS community is also actively tracking the only two GPS (Global Positioning
System) satellites which have LRR arrays on-board, designated GPS-35 and GPS-36.
The GPS satellites are equipped with LRR arrays of 32 corner cubes arranged in a flat
panel of 19x29 cm (Degnan and Pavlis, 1994; ILRS, 2004; Urschl et al., 2005). The
altitude of GPS 35 and 36 is that of 20,195 km and 20,030 km respectively, with a
0.000 and 0.006 eccentricity and a 54 ° inclination for both.

In this study we are using 10 days of SLR data, for the two GPS satellites, in the
period of 6" till 16™ of June 2006. In this period most of the SLR stations where
pointing to the GIOVE-A satellite and the SLR tracking data for the two GPS
satellites have always been sparse. In this investigation the challenge consists in
discovering the achievable orbit accuracy with sparse tracking data for the two GPS
satellites. The analysis of SLR orbits of both GPS satellites is based on overlaps wrt
the precise IGSsp3 orbits and the examination of difference residuals in the radial,
normal and along-track direction. Transformation parameters between the fitted SLR
arcs and the 1GSsp3 orbits are adjusted.

Moreover, a propagation of the mean equations of motion, accounting for only the
long periodic effects acting on the GIOVE-A orbit, has been led. This study provides
the values of the mean observed elements, giving a mean value of each orbital
parameter, and of the angles in particular (ascending node, argument of perigee, mean
anomaly) for the 10-day arc.

The paper is organized such as follows. The analysis of the SLR-orbit estimation
strategy and the solar radiation pressure modeling is outlined in Section 2. Section 3
describes the data set being used for GIOVE-A and GPS-35 and GPS-36 satellites.
Section 4 analyses the results of the GIOVE-A internal orbit overlaps. Section 5
makes the analysis of the differences of the estimated SLR orbits of GPS-35/36 wrt
IGSsp3 final microwave orbits for the period in question. Section 6 is dedicated to the
analysis of GIOVE-A and GPS-35/36 orbit mean elements. Section 7 derives the
necessary conclusions and summarizes the results.

2. SLR orbit estimation strategy

Our motivation to process the GIOVE-A and GPS-35/36 satellite SLR data on the
period of June 2006 is two-fold: firstly we want to evaluate the implementation of the
new box-and-wing SRP (Solar Radiation Pressure) model of GIOVE-A in our
software GINS 6.1, and secondly to test the performances of SLR-only orbit
determination for these 3 GNSS (Global Navigation Satellite System) satellites.

Our estimation strategy is based on a weighted least squares scheme. The present
analysis is made by the orbit determination and analysis software package GINS 6.1
developed by the CNES (Centre National d’Etudes Spatiales) geodetic team of. In
table (1) the ad-hoc models and estimated parameters are summarized.
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The attitude model used for all three s/c is illustrated in Fig. 1. and corresponds to the
following coordinate frame :

e The Y-axis points along the solar panels
e The D-axis points towards the sun
e The X-axis completes the system

For GIOVE-A and GPS-35/36 we have implemented a box and wing solar radiation
pressure model including respectively 8 and 19 surfaces with a-priori reflectivity and
specularity coefficients

GINS 6.1 soft. package GPS 35/36 GIOVE-A
Datum definition ITRF 2000, EOPC04 ITRF 2000, EOPC04
Tidal displacements IERS03 IERS03
Gravity field EIGEN_GL04S(20x20) EIGEN_GL04S(20x20)
Atmospheric loading ECMWF ECMWF
Ocean loading FES2004 (K2 cor.) FES2004 (K2 cor.)
Troposphere Marini-Murray Marini-Murray
Solar Radiation Pressure Box-and-wing Box-and-wing
Albedo and infra-red Analytical model (10°x10°) Analytical model (10°x10°)
Satellite's retro-reflector x=-0.863, y=0.524, x=0.828, y=0.655,
offsets z=-0.658 z=-0.688
Attitude model X, Y,D X, Y,D
Numerical integration Cowell 8" order, step size 180s  Cowell 8" order, step size180s
Parameter adjustment 6 orbital parameters, 6 orbital parameters,
1 SRP coeff., 1 SRP coeff.,
1 Y-bias, 1 Y-bias,

1 X, D per revolution (cos, sin) 1 X, D per-revolution (cos, sin)

Table 1. SLR-only orbit processing parameters for GPS-35/36 and GIOVE-A

We have processed a set of 2-day, 10-day and 30-day arcs for the GIOVE-A satellite
and two 10-day arcs for the GPS-35/36 satellites. Depending on the length of each
arc, we include 1 per revolution terms for 2-day arcs (with constraints) and 5 per
revolution terms (1 every 2d) for 10-day arcs in X, D directions. An additional
acceleration along the s/c's Y-axis, the so-called Y-bias, is also adjusted.
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Fig. 2. The 13 SLR network stations distributed globally (ESA courtesy)

3. Data set

Fourteen laser ranging stations (Fig. 2) participated in a campaign to track ESA's
GIOVE-A satellite during spring and summer of 2006, providing invaluable data for
the characterization of the satellite’s on-board clock. The campaign was coordinated
by ILRS and the GIOVE Processing Centre at ESA-ESTEC.

See www.esa.int/esaNA/SEM8OQOKKKSE index 2.html .

GIOVE-A satellite data from June to August 2006 used in this study have been
processed. Figure 2 illustrates the distribution of the SLR tracking network. The total
number of normal SLR points for this period arises up to 2311.
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Fig. 3. 3 months (in Julian days 1950) of GIOVE-A SLR data from global tracking stations

For GPS-35/36 we processed data from the period of June 2006 corresponding to a set
of 306 and 402 normal points respectively. For the same period the amount of normal
points for GIOVE-A is 900.

4. Orbit analysis of GIOVE-A

In this section we are examining:

e 1-day overlapping SLR-only sessions for GIOVE-A, from JULD50 (Julian
day 1950) 20612 (2006/06/05) till JULD50 20623 (2006/06/19),

e a 10-day arc (2006/06/01.5-2006/06/11.5) over a 30-day arc (2006/06/01.5-
2006/06/30.5)

e the overlaps with a 90-day arc expanding over the whole period of 3 months.
The illustration of the overlapping strategy is shown in Fig. 4.
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Fig. 4. The overlapping periods of successive SLR arcs
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The evaluation criteria of the estimated orbit used are the root mean square misfit
(RMS) (Eg. 1) and standard deviation (SD) of overlapping periods of successive arcs.
An orbit overlap is defined by the comparison of the satellite’s position vector
between the common time-span of the two successive orbits (e.g. 1-day overlaps over
2 successive 2-day arcs).

arcl _ ,arc2

X X
misfit — n (1)

2
Along

rms

rms,, = \/ rms2 .. +rmss. . +rms2 .

Figure 5 shows the statistical results of the overlapping period of 2-day successive
arcs.

For the arcs between JULD50 20611 (2006/06/08) and JULD50 20613 (2006/06/10),
there is a significant change in the estimated accelerations, as well in the overlap
mean difference and RMS. This implies that a dynamic perturbation like a manoeuvre
occurred. In addition, a degradation of the mean difference of the SLR residuals
appears at JJULD50 20620 (2006/06/16). This effect could be related to a reduction in
the number of tracking stations for that epoch especially in the southern hemisphere.

The overlapping mean difference for the 2-day arcs is 43 cm in the Radial direction.
Without accounting for the possible manoeuvre period it falls down to 14 cm. The
same effect can be seen on the residual SD which decreases from 1.41 m to 32 cm for
both 2 cases respectively.

Table 2 shows the orbit overlap misfit between a 10-day and a 30-day arc for the
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Fig. 5 statistical results of the overlapping period of 2-day successive arcs:

In (@) and (b) are illustrated the mean difference and the RMS misfit in the radial
direction respectively. In black are the mean values (in m) including the
perturbation days and in red are the mean values without the perturbation days. In
(c) is the number of observations for every day and in (d) is the values of the
empirical accelerations. Y-b is the Y bias, Xs and Xc are the sin and cos revolution
terms in X direction, Dc and Ds are the sin and cos revolution terms in D direction.
The perturbation has a stronger influence in the D direction revolution terms.
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period JULD50 20605 (2006/06/01) to 20615 (2006/06/11). The RMS of the satellite
positions projected in the radial, normal and tangential directions are respectively
8cm, 45cm and 37cm.

The SLR residuals of a 10-day, 30-day and a 90-day arc are given figure 6 and lead to
the same conclusions about the perturbations dates. All arcs agree in the residual
level. Outliers up to 8m, verify the existence of dynamical perturbation event and
appear in all arcs.

GIOVE-A RMS Misfits (cm)

Earth Along (Tangential) 45.64
Earth Normal 37.46
Earth Radial 8.96

Table 2. GIOVE-A 10-day orbit overlaps from 2006/06/01.5 to 2006/06/11.5
over a 30-day arc from 2006/06/01.5 — 2006/06/30.5

5. Orbit analysis of GPS 35/36

One 10-day SLR-only arc has been computed for GPS-35/ 36. The SLR data set spans
from JULD50 20610 (2006/06/06) to 20620 (2006/06/16). As already mentioned, this
period corresponds to a SLR campaign giving the priority to GIOVE-A tracking. This
validation method has been very well known in the last 10 years and many studies,
like Pavlis(1995), Appleby and Otsubo (2000), Hujsak et al. (1998) have investigated
the undergoing problems of SLR sparse tracking orbit determination.

Tables 3(a) and 3(b) compare the adjusted orbits to the 1GSsp3 final precise orbits in
terms of position differences in the radial, normal and tangential directions. The RMS
is at the level of 3 cm in radial, 47 cm in cross-track and 23 cm in along-track
direction for GPS-35.

June July August
o -]
8= ® e 90 day arc I
@ 30 day arc
e 10 day arc
- 3
6 @ =
L ° g
@

0= (e

=2 L L L ' L 1
20600 20613 20634 20665 20700

. Fig. 6: SLR residuals for the 10-day, 30-day and 90-day arcs from the 1* of June
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GPS-35 RMS Miisfits (cm)

Earth Along (Tangential) 23.81
Earth Normal 47.25
Earth Radial 3.24

Table 3 (a). GPS-35 10-day SLR arc overlap
wrt IGSsp3 final orbits

GPS-36 RMS Miisfits (cm)

Earth Along (Tangential) 9.55
Earth Normal 25.75
Earth Radial 2.03

Table 3 (b). GPS-36 10-day SLR arc overlap
wrt. IGSsp3 final orbits

For the case of GPS-36 the level of agreement in comparison with the 1GSsp3
radiometric orbits, is respectively in the radial, along-track, cross-track directions: 2-
9-25 cm. Obviously, for GPS-35 and GPS-36, this result reflects the poor
geographical distribution of SLR tracking stations. When one station in the southern
hemisphere tracks GPS-36, for the same period, the factor of disagreement wrt
IGSsp3 orbits drops down by a factor of 2.

TX -7.8 +/- 9.

Ty -4 +/- .9

Tz 59.8 +/- 9.
S (ppb) 620124 x 10° +/- .375 x 10°°
S (m) 16.5 +/- 10

Rx -3+/-.1

Ry 01+/-.1

Rz 2.4 +- .1

Table 4 (a). Helmert transformation wrt. the IGS microwave
orbits for GPS-35 JJULD 20610-20620 in mm

In order to further quantify any RF (Reference Frame) systematic differences, we
applied a 7-parameter Helmert transformation between SLR-only orbits and 1GSsp3
solutions. Table 4 (a) and 4 (b) summarize the statistics from this comparison.

Both translation coefficients in Z for GPS 35/36 are significative with 60 mm (+ 10
mm) and 45 mm (x 5 mm) respectively. This offset may reflect systematic problems
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in either or both types of orbit as a result of non-homogeneity of SLR tracking
stations in the global networks. In addition there is a factor of 8 in scale differences
for GPS 35 and GPS 36 wrt the RF defined by 1GSsp3 orbit. This statement is
probably related to the poor number of southern tracking SLR tracking stations.

Tx 2.2 +/-53

Ty .8 +/- 5.3

Tz 453 +/-5.3
S (ppb) 712820 x 10%+/- .2 x 10
S (m) 1.9 +/- 5.

Rx -3 +/- .05

Ry .04 +/- .05

Rz -1.4 +/- .05

Table 4 (b). Helmert transformation wrt. the IGS microwave
orbits for GPS-36 JJULD 20610-20620 in mm

Furthermore, the overall agreement of SLR-only orbits with sparse data wrt. the
radiometric 1GSsp3 final orbits, is 2 to 3 cm radially. The consistency of the RF arises
up to 6-4 cm in translation along the z-axis.

6. Mean observed elements

A complementary study has been led to give the value of the mean elements of the
orbits of GIOVE-A, GPS-35 and GPS-36, namely : the mean semi-major axis, the
mean eccentricity and inclination for the metric variables (those providing the
computation of secular effects induced on the angles), the mean ascending node, mean
perigee and mean “mean anomaly”. Such an approach leads up to an evaluation of the
long term validity of gravitational and non gravitational models, and requires a data
processing strategy where short periodic effects are removed from the osculating
orbit, on each orbital element. This filtering approach has been carried out following
the analytic part of the method, developed in (Exertier, 1990).The formulation of
(Kaula, 1966) has been used to express the short period acting on the semi major axis,
inclination, ascending node, and the one developed in (Deleflie, 2006) for the
components of the eccentricity vector, because the investigated orbits are nearly
circular.

Figures 7, 8, 9 show the temporal evolution of the mean metric elements of the
GIOVE-A, GPS-35 and GPS-36 orbits, respectively. Table 5 gathers up some of these
main elements, and Table 6 the main dynamic characteristics of these orbits which
can be deduced from this study.

7. Conclusion and perspectives

The capability to estimate SLR-only orbits for GIOVE-A s/c has been implemented
and evaluated in the GINS 6.1 CNES/GRGS software. The generated orbits are
internally accurate to the level of 5-10 cm radially. This is the case when we are
taking into account longer arc periods where orbit dynamics can absorb uniformly in
the least square process a possible un-mapped perturbation such as s/c manoeuvres.
Unknown manoeuvres are a critical issue for the s/c orbit determination.
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from 2006, 1% of June to 2006, 11" of June

SEMI-MAJOR AXIS + MEAN = 2.656e+07 RMS = 1.374e+03 (m)

M )
2.6561x10° |‘|| Iﬂ' |I'| I
2.6560%107 ||| ||| [l ||

2.6559x107 = | |

[/ 1] (/1]
IRIBIR ([ ] [ 1f
AR lul, AR EREA

0.0000000 2.0000000 4.0000000 6.0000000 8.0000000
Time (days) [ from: 2006 6 5 tor 2006 6 15 ]

| [ | |
’ 1 |l TR T A | I R T T
2.6558%10 I Iul | Iu\ U | | IV I |,|\ AT |

ECCENTRICITY = MEAN = 7.000e—-03 RMS = 4.207e-05
' I

— T T T f =
.F . I | |' 1 | 1 - \ . I 1 I | 1 1 " ol s
7.05%107% o ﬁ | ﬂ |||| F| A I \ |"| |||| ||1| A I 1 |q| |‘| |“| ||n| ||| | |r|| “ |n| ||\| ||| | |r|| ||| |n| |F| ||| |” lrll ‘|| |“| ||1‘ ||| \ |'|| ||| \q| |I‘| ||‘ A ||'|| ||| |r| | ||| "I |II| || || |,| i I |1| ||| || || ﬁ—
?.oo><ro";||i|||||||||||||||||H||||||||||||||||||||||||||I||I||||||||H||I|||||||||||||H||I||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| |||'||'||l|||'||l|¢
A AR AR A A AT
sosei0 i | |||| Vv |V AR A PV e R T S
| ' L L 1 L
0.0000000 2.0000000 4.0000000 6.0000000 8.0000000

Time (days) [ from: 2008 6 5 to: 2006 615 )

INCLINATION » MEAN = 9.382e-01 RMS = 8.621e-05 (rad)

9.3840x10”"
9.3835%7107"

n N "n". f %

A NNV
ANNVVY

WAVAY;
AWAYRY
g Lo Ny
9.3825%10" A
9.3820x107 5\ AYAYA ’\U' V

SANNANAN A A " WANAYAVAVAY.
sgersxio”E/VVVVNVNNNANNNNVVVV VY .
0.0000000 2.0000000 4.0000000 6.0000000 8.0000000

Time (days) [ from: 2006 6 5 to: 2006 6 15 ]
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Fig 9. Temporal evolution of the mean metric elements of the GPS-36 orbit,
from 2006, 6th of June to 2006 15th of June

By comparing the results for the 90-day, 30-day, 10-day and 2-day orbits we believe
that 2-day orbits are the most appropriate for further orbit dynamics investigation.
Another critical aspect in the orbit determination of GIOVE-A s/c is the solar
radiation pressure model (SRP). We are using an analytical box-and-wing SRP model
with approximate specularity and reflectivity coefficients.

Epoch.
.. _ Argument of
(Julian Semimajor - e Ascending ; Mean anomaly
) Eccentricity  Inclination ° perigee
Days Axis (m) node (rad) (rad)
(rad)
1950)
IGIOVE-A | 20605,5 |0.29634118E+08 | 0.83763674E-03 |56.025730° |0.32550034E+01 | 0.57163824E+01]0.11332092E+01
20615,5 |0.29634120E+08 | 0.83869966E-03 ]56.015079° |0.32504105E+01 | 0.57263379E+01 |0.12404609E+01
GPS-35 | 20609,5 |0.26560245E+08 | 0.70009131E-02 |53.754485° |0.24052494E+01 | 0.10521913E+01 [0.19530670E+01
20619,5 |0.26561274E+08 | 0.69619513E-02 |53.768426° |0.23981146E+01 | 0.10572299E+01 |0.23138993E+01
GPS-36 20609,5 |0.26561208E+08 | 0.61354695E-02 |53.484095° |0.35019663E+01 | 0.44620688E+01]0.31748379E+01
20619,5 |0.26561276E+08 | 0.61312841E-02 |53.469107° |0.34948338E+01 | 0.44640863E+01 ]0.35254203E+01

Table 5. Mean observed elements for three orbits, deduced from an analytical filtering of the short
periodic terms inside the osculating orbit adjusted on SLR-data.
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Secular effectsd induced on riod of revolution of Altitude of

) Mean : . Mean
Asc. Node Perigee g Apogee

» . anomaly . ’
(rad/s) (rad/s) (rads) (day) (km)

GIOVE-A|-0.520220E-08 | 0.261182E-08 | 0.123762E-03

GPS-35 |-0.807674E-08 | 0.510770E-08 | 0.145861E-03 | 9003 [14238 718 19995 20367

GPS-36 | -0.812694E-08 | 0.525981E-08 | 0.145852E-03 | 8948 []13826 718 20020 20345

Table 6. Main characteristics of motion.

A further improvement would be the adjustment of these coefficients in at least one
year period time by making use, as well, of the most accurate radiometric
observations in L1 and E5. Though an empirical model like those used by CODE
orbit analysis center and implemented in the Bernese GPS software, would be further
investigated

For GPS 35/36 the presented comparison to the IGSsp3 final orbits for the two 10-day
arcs shows a high quality of SLR-only orbits derived with sparse data. RMS residuals
are of the order of 2-3 cm radially, 5-10 cm in along and 25-40 cm in cross-track. The
systematic patterns of the translation and scale parameters of the RF demonstrate the
dependencies in the geographic distribution of the SLR network.

Finally, only two s/c of the GPS constellation are equipped with LRR arrays for orbit
validation and the end of their life time could be within the next year. Nevertheless
Europe’s satellite navigation system Galileo will offer this valuable opportunity of
independent orbit validation procedures since all s/c of the constellation will be
equipped with LRR arrays.
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Orbit Determination and Analysis of Giove-A using SLR Tracking
Data.

Ramesh Govind*
1. Geoscience Australia, Canberra, Australia
Abstract

Using the early available SLR data since its launch, precise orbit determination of the
GIOVE-A satellite was undertaken in weekly arcs. A description of the contributing
data set, the computation process and the initial results of the orbit quality are
presented. From these solutions, the inferred data quality from the individual stations
is summarised. Using one estimate of the state vector from these solutions, a spectral
analysis of the orbit perturbations due to the Earth’s gravity field is shown.
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Abstract

The first European navigation test bed satellite GIOVE-A was launched on 28
December 2005. SLR observations of GIOVE-A, collected from the ILRS tracking
network, are available since 21 May 2006. SLR data are primarily needed for the
validation of the microwave-based orbit. As no microwave tracking data are available
until now, the orbit determination based on SLR data is of high interest. We present
GIOVE-A orbit determination results based on SLR-only data. In addition, the
contribution of SLR data to the microwave-based orbit determination is demonstrated.

For the SLR-based orbit determination of GIOVE-A SLR data of the first GIOVE-A SLR
tracking campaign were used. Orbits with different arc lengths were determined, as
well as orbit predictions. Orbit overlaps were derived to assess the orbit quality. SLR-
based orbits of 9-days arc length were determined with an accuracy of about 10 cm in
radial orbit component, and about 0.5 m and 1 m in along-track and out-of-plane
components.

The microwave-based GIOVE-A orbits as well as the first Galileo orbits in the In Orbit
Validation (IOV) phase will rely on microwave tracking data of a very limited number
of stations. Therefore, SLR would give an important contribution to the orbit
determination through a combined analysis of microwave and SLR data. The possible
improvement of the orbit accuracy including SLR observations is demonstrated on the
basis of an a priori variance-covariance analysis. For this purpose SLR range
measurements and simulated microwave data of GIOVE-A are used.

1. Introduction

Galileo, the European global navigation satellite system (GNSS), is presently being
developed. The first of two “Galileo In-Orbit Validation Element” test satellites,
GIOVE-A (GSTB/V2A), was successfully launched on 28 December 2005. It carries a
retroreflector array and can thus be observed by Satellite Laser Ranging (SLR). For
evaluating the characterization of the on-board atomic clocks a first SLR tracking
campaign on GIOVE-A was initiated. Between 22 May and 24 July 2006, 14 globally
distributed SLR stations participated in the campaign.

As no microwave tracking data are available for scientific use, the orbit determination
based on SLR is of high interest. In Section 2, we present first results of the GIOVE-A
orbit determination using SLR data of the tracking campaign. Different orbit solutions
with varying arc-length were determined. In order to assess the orbit quality, orbit
overlaps were computed and compared with each other. In addition, orbit predictions
were generated and evaluated by comparing the predicted orbits with the orbits derived
from real tracking data.

Orbit determination of GIOVE-A (and the first Galileo satellites as well) based on
microwave observations will rely on data of a very limited number of microwave
tracking receivers in the beginning. In view of this situation, SLR data would give an
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important contribution for precise orbit determination. SLR data may significantly
improve the orbit estimates used in addition to the microwave data in a combined
analysis. Section 3 shows results of an a priori variance-covariance analysis,
demonstrating the possible positive impact of additional SLR data on GIOVE-A orbit
determination. For this purpose, simulated microwave data and real SLR data from the
tracking campaign were used.

2. GIOVE-A orbit determination using SLR observations

In this Section, we present first GIOVE-A orbit determination results based on SLR
data only. SLR data collected during the first GIOVE-A SLR tracking campaign lasting
nine weeks (May 22 — July 24, 2006) were used. The SLR data are provided by the
International Laser Ranging Service (ILRS) (Pearlman et al., 2002). The triangles in
Figure 1 indicate the geographical location of the 11 SLR sites that were included in our
analysis. Note that we did not use SLR measurements of San Juan (located in South
America), as no official terrestrial reference frame coordinates have been available at
the time of analysis.

The temporal distribution of the SLR tracking data is shown in Figure 2. Each line
represents 24 hours of a particular day. SLR observation epochs are indicated with a
bar. The varying data coverage is clearly visible. Thus, the quality of the orbits derived
from these data will vary, depending on the available SLR data.
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Figure 1. Geographical location of the 11 SLR sites used for orbit determination

In each orbit determination process six osculating elements and nine dynamical orbit
parameters were estimated. The dynamical parameters represent solar radiation pressure
(SRP) parameters defined in the SRP frame (D,Y,X). The SRP frame origin corresponds
to the satellite’s center of mass. The D-axis points towards the Sun, the Y-axis points
along the solar panel axis, and the X-axis completes the right-handed system. The nine
estimated SRP parameters are three constant acceleration (in D,Y, and, X direction) as
well as six once per orbit revolution sinusoidal accelerations (sine and cosine in D, Y,
and X direction).

Different orbits solutions were prepared using arc-lengths of n-days (n=15, 7, 9, 11, 14)
in order to estimate the arc-length that leads to the best possible orbit quality. The
Bernese GPS Software Version 5.0 (Hugentobler et al., 2005) was used for the
parameter estimation.
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Figure 2. SLR data coverage of the GIOVE-A SLR tracking campaign

I I I I
Figure 3. Sketch illustrating the generation of orbit overlaps for 9-day arcs;
orbit overlap is the orbit difference between last and central day

For each solution we generated between 32 and 50 n-day arcs within the 60 days
interval of the SLR tracking campaign of GIOVE-A. Consecutive n-day arcs are shifted
by one day each. Thus, overlapping orbits can be generated. The resulting orbit
differences (referred to as orbit overlaps in the following) indicate the orbit quality.
Small overlaps indicate a good quality, whereas large overlaps indicate a bad quality of
the determined orbit. We assume that the central part of an arc is best defined and that
the boundary parts of an arc are worst defined. The overlap analysis concept is to
compare the last day of an arc with the corresponding central day of another arc of the
same arc-length, as illustrated in Figure 3. In the sketch each line represents a 9-day arc,
day boundaries are indicated. The arrows show the orbital parts that are compared with
each other.

Figure 4 shows the orbit overlaps of the GIOVE-A 9-day arcs. This arc length of 9 days
has proved to be the best one, as the overlaps of the other orbit solutions with arc
lengths of 5, 7, 11, or 14 days are larger. The orbit overlaps vary significantly, as the
orbit quality is highly correlated with the number and temporal distribution of the SLR
observations. Arcs with less or badly distributed observations are determined worse.
Satellite maneuvers might also cause problems, if they are not considered in the orbit
model. The radial orbit overlaps (top chart in Figure 4) show values of up to 10 cm. The
radial component is best defined, as the SLR ranges represent observations mainly in
radial direction. Orbit overlaps in along-track and out-of-plane components vary up to
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1 m and 2 m, respectively. For arcs with a good temporal distribution of SLR data the
orbit overlaps are smaller with values up to 0.5 m in along-track and 1 m in out-of-plane
component. The formal errors of the satellite positions in the orbit system (radial, along-
track, out-of-plane) show corresponding magnitudes similar to the overlap values.

Figure 5 displays the range residuals derived from the 9-day arc solution. The standard
deviation of the residuals is about 2 cm, which is within the range of the accuracy of the
SLR observations. SLR observations are assumed to be accurate at the 1-2 cm level.
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Figure 4. Orbit overlaps of SLR-based 9-day arcs of GIOVE-A, orbit overlaps are the orbit
differences between the central days and the last days of the corresponding 9-day arcs
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Figure 5. Range residuals derived from SLR-based 9-day arcs of GIOVE-A

In addition to the SLR-based 9-day arcs, we computed consecutive 5-day orbit
predictions. For the overlap computation, each predicted day is compared with the
corresponding central day of the orbit part covered by SLR observations, as illustrated
in Figure 6. Thus, for each 9-day arc overlaps of the five prediction days are generated.

Figure 7 shows the orbit overlaps for all prediction days of all orbital arcs. The
predictions are getting worse in time due to the accumulated orbit errors. The computed
prediction overlaps are dominated by the along-track error of the orbital arc, as this
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error increases exponential in time. The overlaps indicate a potential orbit accuracy of
about 20-30 m after 5 days of prediction.

Figure 6. Sketch illustrating the generation of orbit overlaps for 9-day arcs with 5 day predictions; orbit
overlap is the orbit difference between each prediction day and the corresponding central day of the orbit
part covered by SLR observations
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Figure 7. Orbit overlaps of 5-day predictions based on GIOVE-A 9-day arcs; orbit overlaps are the orbit
differences between the prediction days and the central days of the corresponding 9-day arcs

3. Combined analysis of SLR and microwave observation for GIOVE-A orbit
determination

This Section demonstrates the possible contribution of SLR to GIOVE-A orbit
determination through a combined analysis of microwave and SLR data. As no
microwave tracking data of GIOVE-A were available at the time of our analyses, we
performed an a priori variance-covariance analysis. For such an analysis the
observations are not needed, rather the number and temporal distribution and the
assumed a priori error of the observations. Note that model deficiencies are not
considered here.

Microwave phase observations were simulated for 13 GIOVE-A tracking sites, which
are chosen similar to the proposed sites of the first Galileo tracking network. Their
global distribution is indicated with circles in Figure 8. In addition we used the SLR
true observations of the SLR sites represented with triangles.

The microwave phase observations are sampled with 30 s and have an accuracy of
I mm. Observation equations were set up for microwave phase zero difference
observations and SLR normal points. Satellite clocks, ambiguities, and orbit parameters
were included in the parameter estimation. Other parameters, as station coordinates,

44



Proceedings of the 15th International Workshop on Laser Ranging

receiver clocks, tropospheric zenith path delays, and Earth orientation parameters are
assumed to be known accurately, as for example from a global analysis of GPS and
GLONASS data.
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Figure 8. GIOVE-A tracking sites (circles) and SLR tracking sites (triangles)
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The a priori variance-covariance matrix is derived from the obtained normal equation
system. The a priori formal errors of the orbit parameters are then computed from the
variance-covariance matrix. We used the same orbit parameters as in Section 2, i.e. six
osculating elements and nine solar radiation pressure parameters in D,Y,X- direction. In
summary 57 orbital arcs of 3 days length were determined, shifted by one day each.

To assess the impact of additional SLR observation on GIOVE-A orbit determination,
we performed three different analysis with different SLR observation weight scenarios.
The first solution corresponds to a pure microwave solution. The SLR observation
weight is set to zero by setting the a priori sigma ogsir to infinity. In the second case,
osir 1S set to 1em. In the third case, the SLR observation weight is increased (with osr
=1 mm), and corresponds to the microwave observation weight.

We calculate the a priori formal errors of the satellite position in the inertial system
from the a priori formal orbit errors by applying the law of error propagation. Figure 9
shows the a priori formal errors of the satellite position in radial, along-track, and out-
of plane component for the three different solutions of a GIOVE-A 3-day arc. The
absolute error values must be considered to be much too optimistic, as the error scales
with the number of observations. We used 30 s sampled microwave data, but did
neglect any temporal correlations between consecutive observations. A sampling rate of
180 s should rather be used for further studies.

The introduced parameters (e.g., station coordinates, troposphere parameters), which are
assumed to be known from the GPS/GLONASS analysis, are not error free. Neglecting
the formal errors of the introduced parameters, and of temporal correlations between
observations causes too optimistic formal errors. However, in this analysis we are not
interested in the absolute values of the formal orbit errors, but rather in the relative
difference of the formal orbit errors between the three solutions. We may from this
assess the impact of additional SLR observations on GIOVE-A (or Galileo) orbit
determination in terms of orbit improvement.

The major impact of additional SLR data on the resulting orbit accuracy is given in the
radial orbit component. A possible improvement of the radial orbit accuracy of about
60-80% may be feasible, depending on the SLR weight and the number and distribution
of SLR observations. The formal orbit error in along-track and out-of-plane components
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decreases with strong SLR weights, only. A good temporal distribution of the SLR
observations over the entire arc is always necessary. Otherwise, if e.g. SLR
observations are only available at the beginning of an orbital arc, the orbital errors as
well as the orbit positions will show periodic variations.
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Figure 9. 4 priori formal orbit errors in the inertial system, the three lines indicate the different

orbit solutions using different a priori sigmas os;r for the SLR observations; the bars on the
horizontal axis indicate the SLR observation epochs

4. Summary

We presented GIOVE-A orbit determination results based on SLR observations of the
first GIOVE-A SLR tracking campaign. Orbits of several arc-length were determined
and compared with each other. Nine-day arcs proofed to provide the best possible orbits
with the used orbit model. No a priori solar radiation pressure model was introduced in
the orbit determination, but constant accelerations and once-per orbit revolution
accelerations were estimated. The orbit accuracy of a 9-day arc is about 10 cm, 0.5 m,
and 1 m in radial, along-track, and out-of-plane component, unless the observation
coverage of the orbit is poor. If SLR observations are very sparse and not well
distributed over the entire arc, the orbit quality decreases. Orbit predictions are at the
20-30 m accuracy level after five days.

The impact of SLR observations used in addition to microwave observations for precise
orbit determination of GIOVE-A was demonstrated. An a priori variance-covariance
analysis shows a significant orbit improvement mainly in radial direction of about 60%,
if additional and well distributed SLR observations are used. This can be addressed to
the very low number of microwave tracking sites for the upcoming Galileo system in
the very beginning of the system implementation.
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Abstract

One of the significant strengths of the tracking of satellites with satellite laser ranging
(SLR) is the long time base of data available. This has been exploited to provide us
with monthly snapshots of the variations of the low-degree field from approximately
1980 to the present. The analysis of these data by Cox and Chao [2002] revealed an
anomaly in the zonal rate for J,. Cox and Chao [2002] clearly indicated that the
contributions to this zonal rate from the cryosphere and surface hydrology, such as
glacier melt and ground water storage, are just as important as post-glacial rebound.
In this paper, we extend the time series of low degree variations through 2006,
describing the satellite data incorporated into the solutions, the method of analysis,
and the satellite performance. We compare the SLR/DORIS recovered low-degree
variations with those derived from GRACE from 2003 to 2005, through degree four,
and investigate the climatological and geophysical connections revealed by the new
time series.

Introduction

Although GRACE provides us with a valuable source of high-resolution data for
assessment of surface mass transport, the analysis of SLR and DORIS tracking data to
low Earth orbiting satellites still provides valuable information. Intercomparison of
the GRACE and independent SLR & DORIS results can provide a validation of the
GRACE results where the data overlap after launch of GRACE, and an improvement
in the quality of the time series through improvements in the dynamic modeling, for
example through usage of the GRACE-derived geopotential. In this manner, the joint
analysis of GRACE and the SLR and DORIS tracking data can help to leverage these
data into the pre-GRACE era. In this manner we can obtain a snapshot of surface
mass transport on the Earth over the past 25 years.

Data and Processing

The gravity solutions are based on data to nine satellites: Lageos 1 & 2, Starlette,
Stella, Ajisai, Westpac, GFZ-1, TOPEX/Poseidon, and BE-C. The temporal coverage
of the tracking data is depicted in Figure 1. For most of the 1980’s, only three
satellites are available. From the 1990’s onward, between six and nine satellites are
used, including the SLR & DORIS tracking data to TOPEX/Poseidon.

The modeling applied the ITRF2000 reference frame [Altamimi et al., 2002] with
corrections for certain stations, derived principally by the TOPEX/POD team (N.
Zelensky, NASA GSFC, personal communications). The GGM01C GRACE-derived
gravity model was used [Tapley et al., 2004]. The IERS2003 solid Earth tides were
applied including anelasticity [McCarthy and Petit, 2004]. The GOT00.2 T/P-derived
ocean tide model was applied [Ray, 1999]. The atmospheric gravity was forward
modeled using atmospheric pressure data from NCEP to 20x20, with an inverse
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barometer correction assumed over the oceans. The observed annual gravity terms to
4x4 were forward modeled a priori, based on a previous SLR time series solution.
After 1992, the daily arcs are 10 days in length, and constructed to be commensurate
with the start and stop times of the near-ten day ground track cycle of
TOPEX/Poseidon. Prior to 1992, the arc length was 30 days for Lageos-1, and 15-
days for Starlette and Ajisai. For all the arcs, global station biases are adjusted for the
SLR data. The gravity solutions consisted of a 30x30 static field, a 6x6 field for the
secular rates of the geopotential, annual and semi-annual terms to 4x4, and a 4x4
monthly time series.

Lageos-1

Starlette

BE-C

Ajisai

Lageos-2

T/P SLR/DORIS

Stella

GFZ-1

Westpac

1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006
Year

Figure 1. Temporal coverage of SLR and DORIS tracking data used in the monthly
gravity solutions, the solutions for the annual and semi-annual harmonics and the
solutions for the secular rates.

Analysis of the J; signal

The full time series is depicted in Figure 2, with respect to the GGMO01C. The 1998 J,

(- Cy) anomaly discussed in Cox and Chao [2002], appears as an inter-annual
variation. The slope in J, obtained from 1980 to 1997 of 1.34 x 10™Y/year is similar to
the post 1997 slope of 1.36 x 10!/year. It now appears, especially after the
application of an annual filter, that a similar interannual variation was observed in
1987-1988. The J, time series is visibly much noisier before 1983. The addition of
Starlette to the solution, especially after 1983, acts to stabilize the solutions for J, and
the other low degree harmonics. An additional consideration is that the strength of
the network and the quality of the data for 1983 and later is far superior to the pre-
1983 SLR data. For reference, we note that a + 1 x 10 ™ in J, corresponds to a * 2
mm change for the geoid in a zonal sense from pole to equator.

In Figure 3 we compare the Cy time series for GRACE, and from the SLR & DORIS
solutions from 2002 to 2006. We show the comparisons for the CSR Release 01
fields (constrained and unconstrained), the NASA GSFC GRACE solutions based
solely on GRACE K Band Range-Rate data (KBRR) from Luthcke et al. [2006[, and
the corresponding SLR & DORIS solution. The unconstrained CSR release 01 (RL01)
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Cyo data have the worst agreement, especially around the period in late 2004 when
GRACE entered a deep resonance driven by a close ground track repeat. The
solutions lightly constrained by a Kaula constraint are smoother in their performance.
The Cy from the NASA GSFC spherical harmonic time series is smoother, but still
does not have good agreement with the SLR & DORIS solution. We conclude that the
GRACE spacecraft are not a good sensor of this very long wavelength harmonic.
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Figure 2. Monthly J2 solutions from SLR and DORIS tracking from 1976 through
2006. The solutions are shown w.r.t. the GGMOLC solution, and with the application
of an annual filter (red line).
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Figure 3. Comparison of solutions for Cy, from the SLR and DORIS
solutions, and from GRACE.
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Comparison of Other Low Degree Harmonics

The SLR and DORIS monthly time series is compared to the GRACE solutions in
Figure 4 for the other low degree harmonics (Ca1, Sz1, Ca2, S22, C30 and Cyg). For Cyy
and Sy, the agreement is exceptionally good; For S,; and C,; there is some agreement
on the amplitude of the variation, but the phases really do not match. For C3, we
obtain the interesting result that the time series for the two GRACE solutions (CSR
RLO1, and NASA GSFC, KBRR-only) agree perfectly. The SLR and DORIS time
series matches more closely the GRACE Cg + Csp solutions, suggesting that for the
Cso harmonic, what the SLR and DORIS time series discerns is really a lumped
harmonic. In contrast for the C4o harmonic, the GRACE solutions completely fail to
discern the variations that are visible in the SLR and DORIS time series. We conclude
that for Cyg, just as for Cy, the GRACE spacecraft are simply not good sensors of this
harmonic.
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Figure 4. Comparison time series for the low-degree harmonics between GRACE and the
SLR and DORIS solutions (Ca1, Sz1; Caz, S22; Cao, Cag). We show the formal errors for the
SLR/DORIS solutions. The agreement is exceptionally good for the C21 and S22 harmonics.
For the two GRACE solutions tested, the variations in the C40 harmonic cannot be properly
resolved.
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Recovery of Annual and Semiannual Harmonics

We are able to use the entire time series of SLR and DORIS data to recover the annual
variations in the geopotential through degree six, and the semiannual variations
through degree four. In Figure 5, the signal of the annual harmonics recovered from
the CSR RLO1 GRACE series, is compared to the signal recovered from the SLR &
DORIS time series, and the formal uncertainties of the SLR and DORIS recovery.
Thus, from this comparison of the degree variances, the SLR and DORIS data can
recover signals between degrees five and six.

SLR/DORIS Gravity Field Annual Signal
RMS Spectra
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Figure 5. Degree variances of the annual harmonics recovered from the SLR and
DORIS data, and from the GRACE monthly solutions, compared to the formal
uncertainties in the SLR/DORIS solutions. The SLR & DORIS time series can

resolve the annual variations in the geopotential through degree five over a
period of 25 years.

The SLR/DORIS time series is sufficiently long that we can reliably recover annual
and semiannual harmonics over different time scales. For example, if we compare the
time-variable gravity variations for two SLR/DORIS solutions (1979-1997, and 1998-
2005), we can observe for the most part overall similarities between the solutions.
Both show the same patterns of geoid highs and geoid lows in the Amazon region,
and Southeast Asia associated with the expected hydrology variations. If we compare
the 1998-2005 SLR/DORIS solution to the annual and semiannual harmonics
recovered from GRACE (in this case the CSR RLO01), both observe the geoid highs in
the Amazon in April and May, and the geoid lows in south east Asia and the Bay of
Bengal. In addition, both data sets observe the same phase of the Southeast Asia
monsoon with a prominent high in August and September over the Bay of Bengal,
Bangladesh and the Indian subcontinent. The geoid low observed over the Amazon in
November with the GRACE results is more prominent than with the SLR/DORIS
observed variations.

Recovery of Secular Geoid Rates

The long time series of SLR and DORIS data allows to solve for secular rates in the
geopotential, not just with the zonal harmonics, but for all coefficients through degree
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six. The recovered geoid rates are illustrated in Figure 6 for the period from 1979
through 1997. In this figure, the general pattern of post-glacial rebound is observed
over Antarctica, Greenland and the Arctic consistent with post-glacial rebound
models. Globally the scale of the variations is £ 1 mm/year, with an error of 0.14
mm/year. Secular geoid changes occur in other regions, for example over the Indian
subcontinent (+0.5 mm/yr). While we may ascribe the secular changes in the polar
regions for the most part to changes in the solid Earth (cf. post-glacial rebound), in
other regions, other considerations (long-term hydrology or ocean mass variations)
may also play a role. If secular solutions are obtained on shorter time scales (five
years) the solutions differ considerably, indicating that on those time scales, annual
and inter-annual variations in the geopotential are more prominent than the secular
variations.
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Figure 6. Geoid rates observed from 1979 through 1997 from SLR and DORIS
data. The global error is 0.14 mm/yr.

Summary

The long time series of SLR and DORIS data allow us to resolve periodic time
variations on the time scale of months, and secular variations over the period of many
years. These data allow us a window into geophysical mass flux variability over a
period prior to the launch of GRACE. We discern that that 1998 C,, anomaly was in
fact an interannual variation, and that similar variations are observable over the course
of the 25-year time series. The GRACE solutions for the low degree even zonals do
not agree with those obtained from SLR and DORIS data, although in an overall sense
the annual variations observed are similar. The SLR and DORIS data have sufficient
strength to resolve secular changes in the geopotential through degree 6 corresponding
to a spatial scale of 3300 km.
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Abstract

A very detailed theory of the global process of glacial isostatic adjustment (GIA) is
now available that is being employed to address a number of significant problems in
both solid Earth geophysics and climate dynamics. A recent focus of the work in this
area has been upon the impact of changes in the Earth’s rotational state upon
postglacial sea level history and the modern field of geoid height time dependence
that is being measured by the GRACE dual satellite system that is now in space.
Satellite laser ranging continues to play a critical role in the understanding of these
processes. This paper summarizes recent progress in modelling the impact of the GIA
process upon Earth’s rotational state.

Introduction

The origins of highly significant anomalies in the Earth’s rotational state, respectively
the so-called non-tidal acceleration of the rate of axial rotation and the secular drift
(true polar wander) of the pole of rotation relative to the surface geography, have
been associated for some time with the influence of the glacial isostatic adjustment
(GIA) process. The non-tidal acceleration is equivalent to a value for the time
dependence of the degree 2 zonal coefficient in the spherical harmonic expansion of

Earth’s gravitational field, commonly represented as J, of (-2.67 + 0.15) x 10"
year" (e.g. Cheng et al. 1989). The value for the rate of polar wander reported by
Vincente and Yumi (1969, 1970) using the data of the International Latitude Service
(ILS) was (0.95 £ 0.15) degree/million years, a value that is close to the most recent
estimation by Argus and Gross (2004) of 1.06 degree/million years. The latter authors
have suggested that the observed direction and speed of polar wander should be
corrected for the influence of plate tectonic motions and that this could be a
significant effect, depending upon the assumptions on the basis of which the
correction is made (see Table 1 of Argus and Gross, 2004).

The development of theoretical explanations for the above discussed anomalies in
Earth rotation has been dominated by work over the past two decades that has
suggested a close connection of them both to GIA. The earliest discussion of the
impact upon polar wander that should be expected due to time dependent surface
loading of a visco-elastic model of the Earth was that of Munk and MacDonald
(1960) who employed a simple homogeneous model to suggest that wander of the
pole could only occur in response to simultaneous variability in the surface mass
load. This point was obscured in the later papers by Nakiboglu and Lambeck (1980,
1981) and Sabadini and Peltier (1981) whose analysis was based upon the application
of a homogeneous viscoelastic model similar to that employed by Munk and
MacDonald (1960). These authors, however, suggested that polar wander would
continue on a homogeneous visco-elastic model of the Earth even after all temporal
variations of the surface mass load had ceased. This significant error of interpretation
was corrected in Peltier (1982) and Wu and Peltier (1984) who showed that, in the
case of cyclic loading and unloading, as is appropriate for the computation of the GIA
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effect following the series of glacial loading and unloading events that have
characterized the Late Quaternary period of Earth history (e.g. Broecker and van
Donk, 1970), there would be no polar wander effected once the cycle ended. The
homogeneous visco-elastic model of the planet would therefore exhibit no memory of
the past history of loading and unloading as correctly pointed out by Munk and
McDonald. This was traced to the fact that, specifically for the homogeneous visco-
elastic model, there exists an exact annihilation of the polar wander forced by the
internal redistribution of mass due to the free relaxation of Earth’s shape and that
forced by the deformation due to the changing rotation itself (see e.g. Figure 2 of Wu
and Peltier 1984).

Based upon the prior analysis of Peltier (1974, 1976), however, it was known that
realistic viscoelastic models of the planetary interior were significantly more complex
then could be accommodated by the homogeneous visco-elastic model of Munk and
MacDonald (1960). Whereas the relaxation under surface forcing of a homogeneous
visco-elastic model of the Earth is described by a single relaxation time that is unique
for each spherical harmonic degree in the deformation spectrum, realistically layered
spherical visco-elastic models have a much more complex relaxation spectrum, a
unique spectrum consisting of an (often essentially) finite number of modes for each
spherical harmonic degree. In Peltier (1982) and Wu and Peltier (1984) it was
demonstrated that this realistic level of complexity endowed the Earth model with a
memory of its history of surface loading and unloading such that the pole of rotation
would continue to wander even after the surface load had ceased to vary. Deep sea
core oxygen isotopic data based upon 8'°0 measurements on benthic foraminifera
were employed as basis for the construction of a model of cyclic ice-sheet loading
and unloading of the continents following the interpretation of such data as proxy for
the variation of continental ice volume through time (Shackleton 1967, Shackleton
and Opdyke 1973). Analysis based upon the application of rather crude models of
the growth and decay of the Laurentide, Fennoscandian and Antarctic ice sheets then
demonstrated that both the speed and direction of true polar wander as well as the
non-tidal acceleration of rotation could be fit by the model and that the radial visco-
elastic structure required to fit both of these observations was essentially the same.
This was construed to strongly suggest that both anomalies might to be entirely
explained as a consequence of the ongoing global process of glacial isostatic
adjustment.

A recent objection to this interpretation was raised in the paper by Mitrovica, Wahr et
al. (2005; hereafter MW) who have suggested that the theoretical formulation
employed in Peltier (1982) and Wu and Peltier (1984) was mathematically “unstable”
insofar as the computation of the polar wander component of the response to the GIA
process is concerned. This objection appears to be based upon an error of
mathematical comprehension as explicit analyses to be presented in what follows will
demonstrate.

Computation of the rotational response of the Earth to the GIA process

The time dependent impact on the Earth’s rotational state of the glacial isostatic
adjustment process is determined as a solution of the classical Euler equation
describing the conservation of angular momentum of a system subjected to no
external torques, as:

56



Proceedings of the 15th International Workshop on Laser Ranging

d
E(Jijmi)+eijkijk/€w1€=0 (1
in which the J;; are the elements of the moment of inertia tensor, the w; are as

previously and e, is the Levi-Civita (alternating) tensor. Restricting attention to

small departures from the modern state of steady rotation with angular velocity Q,,
we may construct a solution to (1), accurate to first order in perturbation theory, by
expanding:

; =Q, (83 +m;);m; =0,;/Q, (2a)
Jy=A+1, (2b)
J,, =B+1,, (2¢)
J33 =C+ 15 (2d)
Ji=Lizi (2¢)

Substitution of these expansions into equation (1), keeping only terms of first order,
leads to the standard set of governing equations for polar wander and the length of
day, respectively (see Munk and McDonald, 1960), as:

d;lzl + (€=B) Q, m, =Y,
polar wander (3a,b)
dm _
dt B
dm,
1 =¥, length of day (3¢)
in which the “excitation functions” are defined as:
v Q, . (dI5/dt) (4a)
_ Y a
1 A 23 A
Q, (dI,5/dt)
Y, =- I, - —MM—— 4b
2 ( B J 13 B (4b)
I3
\P3 = — LFJ (4C)

Now it is critical to recognize that there exist perturbations Iij to the inertia tensor due
to two distinct causes, namely due to the direct influence of change in the mass
distribution of the planet that accompanies the change in planetary shape due to
surface loading and unloading and that due to the additional deformation induced by
the changing rotation triggered by the surface mass loading and unloading process.
The contribution due to the former process may be represented as (e.g. Peltier, 1982):

19 (14 kL (0) = 1R (1) (5)
in which Kk (t) is the surface mass load Love number of degree 2 and the | iF} are the

perturbations of inertia that would obtain due to the variation in surface mass load if
the Earth were rigid. The symbol * in equation (5) represents the convolution
operation. The contribution to the perturbations of inertia due to the changing rotation
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follows from an application of a linearized version of MacCullagh’s formula (e.g. see
Munk and MacDonald, 1960) as:

kl*a’w o k!
[ROT _| 22 PO o 22 {#m, (C—A 6a
13 3G K,  ( ) (6a)

kl*a’w,w k!
[ROT _| 22 2 3 = 22 %m, (C-A 6b
2 3G k. 2 ( ) (6b)

3G

with ki=| ——| (C-A 6¢
f {35 ng( ) ( )

the value of which is determined entirely by the observed flattening of the Earth’s
figure. Assuming the validity of the data in Yoder (1995) as listed on the web site:
(www.agu.org/references/geophys/4_Yoder.pdf), one obtains the value k, = 0.9414,

a value that deviates somewhat from the value of 0.9382 employed in MW.

The General Solution for the Rotational Response in the Laplace Transform
Domain

Since the solution of equation (3c) for the change in the axial rate of rotation is
uncomplicated, it will suffice to focus first in what follows on the solution of (3a) and
(3b) for the polar wander component of the response to surface loading. Substitution
of (6a) and (6b) into (3a,b), the Laplace-transformed forms of the equations that
follow are simply:

kT
sm1+6{1 2(S)Jm2=‘l’1(s) (7a)

k¢

T
sm2+c{1—k2(S)Jml‘P2(s) (7b)

£
where c=Q, €-4 (7¢)

A

is the Chandler Wobble frequency of the rigid Earth, “s” is the Laplace transform
variable, and again A=B has been assumed. The Laplace-transformed forms of the
excitation functions in (4a) and (4b) are simply:

v, (s){ﬁ] I, (s)—(ij Is (s) (8a)
A A
¥, (s>=[Q—Oj 113(s)—[ij L (5) (8b)
A A
with 1 (9) = (1+Kk5 (5)) TR (5) (8¢)

Now equations (7a) and (7b) are elementary algebraic equations for m;(s) and my(s)
and these may be solved exactly to write:
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k¢

L T
m, (s) = sz(si ; [[Q"G}(l—kf{“)]—%} IRE () (9)
2 2( kZ(S)J f
s“+o0° |1+

kg

L T
m, (s) = 1+k2 (Sz : {[QOG]{I kf{@)}%} R1g1d( ) (9b)
2 2[ kz(s)} f
s“+o |1+

If we now neglect terms of order s*/c” in (9a,b), which delivers a highly accurate
approximation free of the influence of the Chandler wobble, we obtain:

Q) [ 1+k5(s) . .
m (s>=(A(J k% 5 15%4(s) = H(s) 1% (s) (10a)
e

m, (s) = H(s) Ingld (s) (10b)

A convenient short-hand form for the solution vector (m;, my) = m is to write:

_<s)=%(s()) H(s) (185 (s), 1835 (s) ) (11a)
2 S

-

where g%):[[i j(1+k (o) (1854 (), 1202 (5) ) (11b)

An Exact Inversion of the Laplace Transform Domain Solution
From equations (11) it will be clear that the polar wander solution m(s) will depend
critically upon the ratiok, (s) /K, . This fact was more fully exposed in the analysis

of Peltier (1982) and Wu and Peltier (1984) who re-wrote the Laplace transform
domain forms of Kk, (s) and Kk, (S) as (e.g. see equation 61 of Wu and Peltier 1984):

k, (s)=k, (s=0) stI (s+5)) (12a)
N (q5/s5)

kL —(=14/ )— ~2) )7 12b

2 () =(=1+10) Sj§=1 (515,) (12b)
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in which the superscript {=2 on qf ,r J-z , SJ? has been suppressed for convenience.

Substituting (12a) into (11a) this may be re-written as:
¥ ()
k;(s=0) s < (q'5/s5)
-+ _—
kg

(13)

m(s) =

ke o (s+s;)

In their discussion of the formal inversion of (13) into the time domain, Peltier (1982)
and Wu and Peltier (1984) made the approximation that the term in square brackets
in the denominator of 13 could be safely neglected. In MW it is claimed that this
renders the numerical structure employed to compute the time domain response
unstable. This appears to be connected to a misunderstanding of the Tauberian
Theorem (eg Widmer, 1983) which asserts that the infinite time limit of m(t) will be
equal to the s->0 limit of the product sm(s). Clearly the approximation in which the
square bracketed term in the denominator of (13) is neglected, in which case one is

(I

assuming thatk] (s =0) =k, , the multiplication by “s” on the lhs of (13) cancels the

Y21

s” in the denominator of (13), thus rendering the infinite time limit of the
approximate form of (13) entirely stable. In this brief paper my purpose is to

0.94F ]
0.93 |
0.92 |

_____ k:=0.9414

| e k:=0.9382

0.91 sz(s=0)

0 40 80 120 160 200
Lithospheric Thickness (Km)

Figure 1. Compares the value of the degree 2 “tidal Love number” in the limit of zero
frequency (s=0) with the two estimates of the “fluid Love number” discussed in the text
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demonstrate this fact by computing exact solutions for the inverse of (13) without
making the approximation involved in the neglect of the term in square brackets in
the denominator of (13). It is nevertheless useful to start this process by showing
explicitly that this term is small. This is demonstrated in Figure 1 where I show
k] (s =0) as a function of lithospheric thickness “L”. It will be clear by inspection of
this Figure, on which the two previously cited values for k, are also shown, that in

the limit of zero lithospheric thickness the approximation made in the analyses of
Peltier (1982) and Wu and Peltier (1984) becomes increasingly more valid. That the
Earth might be expected to respond to the GIA process such that the flattening of its
figure was accurately predictable by the infinite time limit of the first order linear
visco-elastic field theory of Peltier (1974) is entirely expected. The fact that it is not
“exactly” predictable by this field theory (see Figure 1) is also entirely expected
because processes other than the basic rotation of the object, such as mantle
convection, may also contribute to this flattening. To demonstrate the impact of the
approximation previously made in constructing the solutions for the polar wander
speed and direction caused by the GIA process we must invert the Laplace transform
domain solution (13) exactly. This was not done in MW and this appears to have
clouded their judgement as to what the impact might be.

When the assumption k) (s=0) =k, is abandoned , the Laplace transform domain

impulse response may then be written n the form:

. Q. 1+k%(s) 4
ave ii(qj/sj)+g e

ke o (s+s;)

where

k; (5=0)
ke

As will become clear, even though € is a small quantity (especially in the case that
the finite thickness of the lithosphere may be neglected in the limit t — o), retaining
it in expression (14a) for the impulse response could have a significant impact upon
the solution as the rotational stability of the system would be modified. Now the
construction of the solution for the time-domain form of the impulse response H(t)
proceeds in this case as in the case based upon the Equivalent Earth Model
assumption, although the result differs somewhat from a physical perspective. In this
case it is useful to make the distinction between the Chandler wobble frequency of a
rigid Earth ¢ and the Chandler wobble frequency of the visco-elastic Earth co, by
employing the definition:

(14b)

_(Ks=0-kF)

= 15
0 k;’ (S — O) ( )
We must then re-write the expression for H(s) as:

1+k5 (s
H(s)=| —2 1+ ) (16a)

A Gy 1 N gj

—€)s — |+€'
( ) ; S+

with
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e =€ G—, (16b)
CsO
and,
PO L
Z(qj/sj)
]

The inversion of H(s) into the time domain now proceeds by expanding the sum in
the denominator of (16a) in the form:

(16¢)

N-1
A
i g _ (i _}_Il ) (17)
i= (S+Sj)_ - N

H(s+sj) I1 (s+sj)

=1 i=
since Z g; =1 Then we have, suppressing for the moment the factor (€, / Ac,),
i

N L
I Gs+s)) 1okt )]
H(s) = 1= . (18)

N-1

(I-¢)s ] (s+1;)+¢' a (s+sj)
i=1 =1

Now substituting for the function 1 + klz“ (s) from (12b) we obtain:

N N
[T (s+s))¢, . (—q;/s;)s TT (s+s;)
i=1 i#]
H(s) = N—i N +Z N-1 : N
(I-g)sT s+A;) +€' [ (s+s;) i=1 (I-¢)s ] (s+A;) +¢' (s+s;)
i=1 i=1 i=1 i=1

(19a)

N N
[TGs+spt, o (-ay/s)sTT(s+s))
i=1 i#]
= — X +Z = . (19b)
(I-e+&") [T (s +x;) =l (1-g+g") IT (s+x;)
i=1 i=1

Where now the «, are the N roots of the polynomial in the denominator of the 2

terms in (19a). This expression for the impulse response may be further reduced by
re-writing the ratios of products as follows:

N
H(s+sj) '
S B ©) (20a)
H (s+x;) H (s+x;)
j=1 . 1=1N
where now qQ'(s)=T]6+x;) = ] (s+s;) (20b)
i=1 i=1
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SH (s+s;) '
and . R (21a)

N N

I] (s+x;) I] (s +x;)

j=1 i=1

with R'(s)= H (s+x; )—SH (s+s;) (21b)

i#]

We then have, for the Laplace transform of the impulse response, the expression:

Hs) = l o ade [, 1 i(_i] l_NR'j—(S)

(I-g+e") ﬂ (s+cy| A7EFE) 5L s T (s+x;)
i=1 i=l1
(22a)
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N
=) r1i/s;
H(s) = %" IR (O N 3 @
' N N
(1-e+¢) (1—&+e)]] (s+x,) (- 8+8)J=1 T (s+x))
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i=1

(22b)
Denoting /| Zr /s;=1+k,® =D,, say, then we may further reduce the

j=1
expression for the impulse response to:

N
l q'(s)_z (q;/s;)R';(s)
j=1

D,

A= ere) Cere)

N
I1 (s+x;)
i1
(23)

The inverse Laplace transform of this expression is such that the solution in the
present case, in which k] (s =0) =k, , is just:

P 2 ‘
ml()_(l—sﬂ-:') Ao, S_J
(24a)

m (t): 1 Q ir_J ngld(t) +Z Ey —Kit*IRigid(t)
? (1-e+¢')| Ao, 1S 2

pm
(24b)

=

™=z

S

I
—
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The polar wander velocity vector components are obtained simply by time
differentiation of equations (24a) and (24b). It is useful to compare the result in (24)
to the solutions that obtain under the approximation previously employed. In the
limit £ > owe have kN = 0 and i = Ai the N-1 relaxation times that govern the
system in this limit. In this case, the parameter E'N in the above becomes:

I tia@  tyq(0) 25)

N-1

N-1
H(Kj_KN) 1%
j=1

=1

And the previous approximate result is fully recovered.

In order to compare the temporal histories of the rotational anomalies in the two
cases, it will be important to proceed by keeping as many features of the Earth model
fixed as possible. To this end and for the remainder of this paper, I will focus entirely
upon the nature of the solutions that obtain when the recently published ICE-5G
model of the glaciation and deglaciation process of Peltier (2004) is employed to
determine the rotational excitation functions required for the evaluation of the
solution (24). In the next section results will be discussed for a sequence of simple
two layered viscosity structures as a function of the parameter € in order to explicitly
demonstrate the highly stable nature of the solution in the limit that this parameter
vanishes.

Results

Of particular importance for the purpose of this paper is the sensitivity of the
predictions of polar wander speed to the assumption that k] (S=0) may be assumed
to be equal to k. When this assumption is not made, then the solution is given by
equation (24). In the latter, there appears the quantity (1- £+¢'), the values in which

for the Earth model (VM2) in question are respectively 0.034, 0.05, and 1.017 (for
g, & and 1—¢+¢") when the thickness of the lithosphere is taken to be 90 km. In
Figure 2 (bottom) are plotted the predictions of polar wander speed based upon
equations (24) as a function of the viscosity of the lower mantle with the upper
mantle viscosity held fixed to the value in the VM2 model of Peltier (1996). Results
are also shown for several different values of a parameter A =¢ / 0.034 including the
value & = 0.034 (A = 1) which is appropriate for the VM2 model with a lithospheric

thickness of 90 km, in which case kj (s=0)= 0.9263, but also for significantly
smaller values of ¢ including the value ¢ = 0 (A = 0) so as to investigate the
“smoothness” of the transition from the value & = 0 which obtains when k] (s =0) is

assumed to be equal to ks. The two intermediate values of A for which results are
shown on Figure 2 correspond to the two values of k; shown on Figure 1 when the

lithospheric thickness L is assumed to be equal to zero. Also shown on Figure 2 (top)
is the dependence of the predicted value of the non-tidal acceleration as a function of
lower mantle viscosity.
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Inspection of Figure 2 clearly demonstrates the fact that the solutions for polar
wander speed that obtain in the limit A =0 are almost identical to those that obtain
for either of the two non-zero values that correspond to zero lithospheric thickness.
This demonstrates that the formulation of Peltier (1982) and Wu and Peltier (1984)

based upon the approximation Kk, (s=0) =k, was not mathematically unstable as

claimed in WM. In fact, careful inspection of Figure 2 will show that the preferred
solution for BOTH the non-tidal acceleration and polar wander speed is the model
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Figure 2. This Figure compares model predictions of the non-tidal acceleration of
rotation (top) and of the speed of polar wander (bottom) as a function of the viscosity of
the lower mantle when the upper mantle viscosity is held fixed to the value in the VM2
viscosity model of Peltier (1996). The polar wander speed predictions are shown for

several values of the parameter A which measures the importance of the difference
between the fluid Love number K, and K (S =0). The two values of A that are less

than unity, 0.22789 and 0.41146, correspond respectively to the K, values of 0.9382

and 0.9414 and are those that obtain in the limit of vanishing lithospheric thickness. The
value A =1 is the value appropriate for a finite lithospheric thickness of 90 km.
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with A =0.41146 AND L=0.0. This solution amounts to a very modest adjustment of
the earlier result obtained with A=0.0and L=0.0. The results for finite non-zero
lithospheric thickness cannot fit the observed polar wander speed except, marginally,
for a model with an upper mantle-lower mantle viscosity contrast that is incompatible
with the observed non-tidal acceleration. Such high contrast viscosity models are also
firmly rejected by relative sea level data from the previously ice covered area of
North America.
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Figure 3. Demonstrates the ability of the GIA model of Peltier(2004) to accurately explain
the observed time dependence of the gravity field over the North American continent. This
field is represented by the time rate of change of the thickness of an equivalent layer of water
at the earth’s surface. This analysis is based upon the level 2 release of the GRACE Stokes
coefficients. In this comparison, the degree 2 terms have been excluded, a consequence of the
fact that GRACE does not provide accurate measures of these coefficients.

The quality of this low contrast model is also strongly re-enforced by the recently
obtained time dependent gravity field data from the GRACE satellite system. Figure
3 compares the GRACE observed and hydrology corrected GRACE time dependent
gravity field observations with the ICE-5G(VM2) GIA model prediction of the same
field. In the third frame of Figure 3 the difference between these two data sets is also
shown, thus demonstrating the extremely high quality of the ICE-5G(VM2) model.
The neglect of the degree 2 coefficients, which are very large for the ICE-5G(VM?2)
model, as demonstrated in Peltier (2004), is required by virtue of the inability of
GRACE to accurately observe these coefficients..

Conclusion

The analyses described in the previous sections of this paper have considerably
extended the previously published theory that is employed to compute the response of
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the earth’s rotational state to the global process of glacial isostatic adjustment. These
analyses suffice to refute the claim in MW that the formalism described in Peltier
(1982) and Wu and Peltier (1984) was fundamentally unstable mathematically. This
error of interpretation appears to have been due to a lack of understanding of the
Tauberian Theorem that may be employed to predict the infinite time limit of a
solution from the Laplace transform of this solution. The extended version of the
theory described herein has allowed a direct investigation of the question of the
extent to which the finite thickness of a globally continuous and unbroken lithosphere
may contribute to the rotational response to surface mass load forcing. These analyses
demonstrate that, in this long timescale limit, the most accurate representation of the
rotational response of the Earth is that based upon the assumption of vanishing
lithospheric thickness. This is understandable on the basis of the fact that the
lithosphere of the planet is “broken” into a series of weakly coupled plates. For
planets whose lithospheres are not unbroken in this way, the same assumption would
clearly not be appropriate.
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Abstract

Satellite laser ranging provided for decades the most precise measurement of
positions and velocities of earthbound tracking stations, as well as the most precise
orbits of earth-orbiting artificial satellites. While the latter applies to any satellite
carrying the appropriate reflectors, the use of these orbits for precise geodetic
products requires the use of specially designed target satellites in high altitude orbits,
such as the two LAGEOS satellites. To achieve such high quality, the motion of these
satellites must be described with equally accurate models, such as those made
available recently, thanks to missions like CHAMP and GRACE. This led to the
synergistic application of such precise products to devise tests of fundamental physics
theories. Nearly twenty years after conceiving and proposing an initial concept for a
General Relativity (GR) prediction test, our recent experiment resulted in a positive
and convincing measurement of the Lense-Thirring effect, also known as the
gravitomagnetic effect of the rotating Earth. Using state-of-the-art Earth
gravitational field models based on data from the CHAMP and GRACE missions, we
obtained an accurate measurement of the Lense-Thirring effect predicted by GR,
analyzing eleven years of LAGEOS and LAGEOQOS 2 Satellite Laser Ranging (SLR)
data. The new result, in agreement with the earlier one based on Earth models JGM-3
and EGMO96, is far more accurate and more robust. The present analysis uses only the
nodal rates of the two satellites, making NO use of the perigee rate, thus eliminating
the dependence on this unreliable element. Using the EIGEN-GRACE02S model, we
obtained our optimal result: p = 0.99 (vs. 1.0 in GR), with a total error between
+0.05 and 0.1, i.e., between 5% and 10 % of the GR prediction. Results based on
processing with NASA and GFZ s/w will be presented, along with preliminary tests
with very recent improved GRACE models. Further improvement of the gravitational
models in the near future will lead to even more accurate tests. We discuss the
LAGEQOS results and some of the crucial areas to be considered in designing the
future LARES mission dedicated to this test.

Introduction

One of the most fascinating theoretical predictions of general relativity is “frame—
dragging” (Misner et al. 1973, Ciufolini and Wheeler 1995), also known as the Lense-
Thirring effect, after the two Austrian physicists who predicted the effect based on
Einstein’s General Relitivity (GR) theory (Lense and Thirring, 1918). The
equivalence principle, at the basis of Einstein’s gravitational theory, states that
“locally”, in a sufficiently small spacetime neighbourhood, in a freely falling frame,
the observed laws of physics are the laws of special relativity. However, the axes of
these inertial frames where “locally” the gravitational field is “unobservable”, rotate
with respect to “distant stars” due to the rotation of a mass or in general due to a
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current of mass—energy. In general relativity the axes of a local inertial frame can be
realized by small gyroscopes, as shown in Figure 1.
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Figure 1. The gravitomagnetic field and the mass-energy currents that produce the frame-
dragging effect on the node of the orbiting gyroscope.

Methodology

The gravitomagnetic force is by far smaller than the gravitational monopole, so we
can use the tools of celestial mechanics and consider this force as a perturbation on an
orbiting satellite. From the integrated (to first order) perturbation equations we obtain
the most significant effects on the orbital elements, the secular rates of the node and
perigee:

LT 2GJ
= c?a’(L—e?)¥?
LT -6GJ

=————cosl
C2a3(1_e2)3/2

In the past we used both quantities in our methodology (Ciufolini et al., 1998) due to
the lack of accurate enough gravitational models. Since the release of improved
models from the CHAMP and GRACE missions though, we only use the node rate in
our experiments. Our methodology uses as “source” of the field Earth with its angular
momentum, as a test particle the geodetic satellites LAGEOS and LAGEOS 2 at
present (and in the future LARES, see more on this later), and our basic observations
are the two-way precise ranging with laser pulses from the ground network of the
International Laser Ranging Service (ILRS), (Pearlman et al., 2002).
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Perturbations due to J, are much larger than the Lense-Thirring (LT) effect, so we
need to be able to eliminate such uncertainties in order to extract the sought-for LT
signal from our data. Thanks to Ciufolini’s 1986 idea however, (using a “butterfly”
configuration of counter-orbiting satellites in supplementary inclination orbits, Figure
2), the effect of J;, uncertainties is cancelled.
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Figure 2. The nearly-“butterfly” configuration of the retrograde
LAGEQS (i = 109.8°) and the prograde LAGEOS 2 (i = 52.6°) orbits.

When the two orbits are supplementary, one-half the sum of their nodal rate variations
would provide a direct observation of the LT effect. However, Ciufolini (1989)
generalized his original idea of the butterfly configuration to configurations of N
nodes of various orbits, to cancel out the effects of the first N-1 even zonals on the
nodal rates of these orbits. Using this modified constraint for the case of two orbits in
near- (but not exact) butterfly configuration, such as the LAGEOS and LAGEOS 2
orbits, we obtain:

5Q,+ kdQ, = 48.24 + othererrors [mas/y]

where k (= 1/2) is a function of the elements of the two orbits, and p is our LT
parameter to be determined. If p = 1, GR is correct, if 4 = 0 the Newtonian physics
are correct. Under “other errors” we lump a number of higher order errors and the
uncertainty in the background models mapped on the estimated quantity p. Extensive
error analysis of the experiment provides bounds on these errors and allows for a
realistic error budget for the result (Ciufolini, Pavlis and Peron, 2006). We separate
the error sources in two groups, the gravitational and the non-gravitational. A
summary of the results published in detail in (ibid.) are given in Figures 3 and 4.

This study supports the errors quoted for our most recent published results for p,
(Ciufolini and Pavlis, 2004), between 5 and 10% of the expected value of 1 for GR.
This improved (in accuracy) result compared to our 1998 result, is a direct
consequence of the highly improved gravitational model accuracy, thanks to the use
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of gravity mapping data from the CHAMP and GRACE missions (Reigber et al.,
2002, 2003, 2005 and Tapley et al., 2002 and 2003). These products are the enabling
factors for the success of these experiments. Pavlis (2002) and Ries et al. (2003) had
already forewarned of this leap in accuracy for these models and proposed the
continuation of the LAGEOS experiments in anticipation of their release.

Gravitational perturbations:

Even zonal harmonic coefficients J,, of Jeven zonals 2 340/, () O&
the geopotential (static part)

Odd zonal harmonic coefficients J,,, ;
(static part) auodd zonals < 1(0)-3 MGR

Non zonal harmonic coefficients
(Tesseral and Sectorial)

Solid and ocean Earth tides and other %
tide 0 GR
temporal variations of Earth gravity field 5M s < 1% u

e Solar, lunar and planetary perturbations

e de Sitter precession auother e 10_3 MGR
e QOther general relativistic effects

e Deviations from geodesic motion

Figure 3. The calibrated errors on |, due to realistic uncertainties
of the gravitational parameters.

Non-gravitational perturbations:

1 d. -3 GR
- Solar radiation pressure ettt 3

e Earth albedo 6ualbedo =19 MGR
 Anisotropic emission of thermal radiation
due to Sun visible radiation (Yarkovsky-

Schach effect) duYS < 1% pSk

« Anisotropic emission of thermal radiation
due to Earth infrared radiation YR 0/ «GR
(Yarkovsky-Rubincam effect) ou™* =< 1% w

» Neutral and charged particle drag 5|,I,Dmg'like < 103 uGR

» Earth magnetic field

Figure 4. The calibrated errors on |, due to realistic uncertainties
of the non-gravitational parameters.
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The 2004 experiment results

The most accurate results on the measurement of the LT effect were published in
(Ciufolini and Pavlis, 2004). The methodology and error analysis were subsequently
detailed in (Ciufolini, Pavlis and Peron, 2006). These two references describe in detail
the technique and the data that were used for the 2004 experiment. The basic points to
be noted here are that the analysis covered the period from 1993 (just after the launch
of LAGEQOS 2) up to 2004, including all SLR data from the two LAGEQS satellites.
The data were reduced using 15-day orbital arcs with a one-day overlap. The models
used were the most accurate and consistent with the IERS Conventions 2003. All
known perturbations were modeled except for the LT effect (set to zero). Once all
arcs were converged, for each LAGEOS we formed a time series of consecutive arcs’
nodal longitude differences, i.e. the nodal longitude at ts"~“="** and the same quantity
obtained for the same time from the previous arc at ti""°™". These were then
integrated and combined using our constraint equation to generate a single time series.
The secular trend of these series is the sought-for estimate of the u LT parameter.
Figure 5 shows the final result for the 2004 experiment.
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Figure 5. The linear trend of the LAGEOS and LAGEOS 2 integrated nodal longitude
differences time series for the EIGEN-GRACEO2S gravitational model. Six periodic signals
associated with well-known periods were filtered at the same time.

We have already discussed the accuracy estimates associated with the 2004 result and
the extensive work done to validate these error estimates as much as possible. It is
worth noting that the gravitational model improvements from additional years of
GRACE data result in an ever-improving estimate of these errors. The converging
progression of these accuracy estimates provides a means to validate our quoted
accuracy estimates for previous experiments. It is this point that makes the
forthcoming new and much improved GRACE model GGMO03S so anxiously awaited
by all.

Beyond the 2004 experiment

The LAGEQOS experiments are a zero-budget verification experiment for the much
more accurate (~0.1%) and expensive (>$700M) result expected from NASA’s
Gravity Probe B mission (Buchman et al., 2000). In particular, with the recent
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discovery of unanticipated errors in the gyro design of GP-B (Tomlin, 2007), it is
doubtful that the GP-B results will ever break the 10% accuracy level (Kahn, 2007),
so the LAGEOS experiments may eventually take a totally unforeseen center role in
the area of fundamental physics tests.

oo EIGEN‘GRACEGZS = Secular + 6 freq. fitted -

Geodetic precession

11— L e i

MILLIARCSEC

MILLIARCSEC

o S n=1.03

o+  Rawresiduals RMS = 7.4 mas

Figure 6. Results from the GFZ software package EPOS, replicating the 2004 experiment
(preliminary, pending small s/w improvements in the force model).

Figure 7. Results from the joint analysis for four different gravitational models from GRACE
(plotted is the value of the recovered p, with unity signifying GR is correct).

To improve the validation of our results our original group was extended to
encompass analysts from other institutions and allow an independent check of the
results with multiple software packages and alternate reduction philosophy. So far, the
GFZ group has become an integral and active participant with their software package
EPOS. First results from their initial attempts to replicate our 2004 experiment are
shown in Fig. 6. The small discrepancy with respect to our 2004 result is due to the
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fact that their software needs some small improvements to match the modeling that
was used in Geodyn. In addition to the test results for 2004, new models developed by
various GRACE science team groups were also used to derive new estimates of .
Using different gravitational models we also get a good sense of the variability of the
p-estimates due to the change in the model, the development group’s strategy and
their ability to properly calibrate the errors of their model. The results are shown in a
summary plot in Figure 7.

LAGEQOS results and LLR claims

It is sometimes claimed that gravitomagnetism, measured already by SLR with the
LAGEQS satellites, (might also be detected after refining the GP-B data analysis, see
Tomlin, 2007), has already been observed by Lunar Laser Ranging (LLR), (Murphy
in these proceedings and Murphy et al., 2007); however the gravitomagnetic effects
measured by LLR and the LAGEOS satellites are intrinsically different.

The gravitomagnetic effect measured by LLR depends on the motion of a gyroscope
(the Earth-Moon system in the case of the LLR analysis) with respect to a central
mass (the mass of the Sun in the LLR analysis) and, by changing the frame of
reference used in the analysis, is equivalent to the geodetic precession, already well
measured by LLR. The second gravitomagnetic effect measured by the LAGEQOS
satellites is an intrinsic gravitomagnetic effect (Ciufolini, 1994 and Ciufolini and
Wheeler, 1995, Ciufolini 2007) that cannot be eliminated by means of any coordinate
transformation.

In general relativity, in the frame in which a mass is at rest the so-called “magnetic”
components goi of the metric are zero (in standard PPN coordinates). However, if an
observer is moving with velocity v relative to the mass, the “magnetic” components
Joi are no longer nonzero in his local frame. These “magnetic” components go;i can be
simply eliminated by a Lorentz transformation back to the original frame. This is
precisely what has been observed by LLR since the first measurements of the geodetic
precession of the lunar orbit. In contrast, a mass object (such as Earth) with angular
momentum J generates a gravitomagnetic field intrinsic to the structure of spacetime
that therefore cannot be eliminated by a simple coordinate transformation or choice of
reference frame. This is the field producing the LT effect on Earth orbiting satellites
such as LAGEQS, measured by SLR.

In general relativity, given explicitly a general metric g, with or without magnetic
components goi, in order to test for intrinsic gravitomagnetism (i.e. which cannot be
eliminated with a coordinate transformation), one should use the Riemann curvature
tensor R and the spacetime invariants built using it (Ciufolini, 1994 and Ciufolini and
Wheeler, 1995). Ciufolini and Wheeler (1995) give the explicit expression of the
Riemann curvature invariant *ReR, where *R is the dual of R. Irrespective of the
frame of choice, this invariant is non-zero in the case of the Kerr metric generated by
the angular momentum and the mass of a rotating body. When however we evaluate it
for the Schwarzschild metric generated by the mass of a non-rotating body, it is equal
to zero for any frame and coordinate system of choice. In (ibid.) it is shown that the
gravitomagnetic effect measured by LAGEOS and LAGEOS 2, due to Earth’s angular
momentum, is intrinsic to the spacetime’s curvature and cannot be eliminated by a
simple change of frame of reference since the spacetime curvature invariant *ReR is
different from zero. However, the effect measured by LLR is just a gravitomagnetic
effect that depends on the velocity of the Earth-Moon system and whose interpretation
depends on the frame used in the analysis.
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Murphy et al. (2007) show that on the lunar orbit there is a gravitomagnetic
acceleration that changes the Earth-Moon distance by about 5 meters with monthly
and semi-monthly periods. In a frame of reference co-moving with the Sun, the lunar
gravitomagnetic acceleration in the Moon's equation of motion, is ~viy X (Ve X gme) ;
where vy and ve are the velocities of Moon and Earth in the frame of reference co-
moving with the Sun and gwme is the standard Newtonian acceleration vector on the
Moon due to the Earth mass; this is the term discussed in (Murphy et al., 2007).
However, in a geocentric frame of reference co-moving with Earth, the lunar
gravitomagnetic acceleration can be written: ~ vy % (Vs X gums): Where vy and vs are
the velocities of Moon and Sun in the frame of reference co-moving with Earth and
Owms IS the standard Newtonian acceleration vector on the Moon due to the Sun mass.
This acceleration can be simply rewritten as a part equivalent to the geodetic
precession (Ciufolini 2007) and another one too small to be measured at the present
time.

This argument can be made rigorous by using the curvature invariant *ReR. This
invariant is formally similar to the invariant *FeF equal to E<B in electromagnetism.
In the case of a point-mass metric generated by Earth and Sun, this invariant is: ~
GeH, where G is the standard Newtonian electric-like field of the Sun and Earth and
H the magnetic-like field of the Sun and Earth; this magnetic-like field is ~ v x G and
then clearly, on the ecliptic plane, the invariant *R<R is null. Indeed, this invariant has
been calculated (Ciufolini 2007) to be zero on the ecliptic plane, even after
considering that the lunar orbit is slightly inclined on the ecliptic plane, this
component would only give a contribution to the change of the radial distance too
small to be measured at the present time.

Figure 8. A 1:2 model of the proposed LARES (Bosco et al., 2006) geodetic
satellite for SLR applications in relativistic tests and geodetic TRF development.
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Summary and future plans

The analysis of nearly twelve years of SLR data from LAGEOS and LAGEOS 2 has
demonstrated the measurement of the LT effect at the 5-10% level for the first time.
This result was possible because of the extremely precise gravitational models
developed from the gravity-mapping missions CHAMP and GRACE. The results have
been validated with independently developed s/w and our future plans include further
additional validation with even more groups.

Interim results are also exchanged and compared with John Ries of Univ. of Texas,
who is now using the UTEX software UTOPIA, in a similar reduction approach and
obtains similar results. We hope to have UTOPIA results regularly in the near future,
as the UTEX group makes time for participation in these experiments. It is our
intention to have a new experiment using the new and soon to be released 3"-
generation UTEX model GGMO03S, using all s/w packages (GEODYN, EPOS and
UTOPIA) and groups, extending our LAGEOS data span by several years (3+) to the
present, and incorporating many small but significant model improvements, especially
in the temporally varying gravitational signals area due to climate change and global
mass redistribution.

In a parallel process we are actively pursuing the optimal design and likely
contribution of a new dedicated mission, LARES (Bosco et al., 2006), which is
currently in pre-phase B and expected to be in orbit in the next two years. Although
not identical to LAGEOS, the improved design of LARES will result in a better LT
measurement and expand the list of high-accuracy geodetic targets for TRF and low-
degree temporal gravity observations. As explained in (ibid.), LARES is being
designed with the utmost care for the definition of its “signature”, i.e. the precise
offset between the effective reflection plane and its CoM, to minimize errors that
affect the origin and scale of the TRF. A half-scale model of LARES is shown in

Figure 9. A visualization of the LT effect on frame coordinate lines and a
constellation of geodetic satellite targets which with a small effort could be a
reality by the end of this decade.
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Figure 8 along with a mechanical drawing of the current design.

The future launch of LARES and other similar geodetic targets will go a long ways
towards the development of a “SLR” constellation (Figure 9). The near-continuous
availability of targets at all SLR stations and the improved geometry from the mix of
inclinations and nodal longitudes, etc., will lead to a more robust set of SLR products
for TRF and POD. Improvement of the gravitational static and temporal models and
the availability of other data sets from Earth observing missions will soon allow us to
use most of the currently available and future geodetic satellites with laser arrays for
highly precise geophysical products.
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A ""Web Service" to Compare Geodetic Time Series
Florent Deleflie*

1. Geodesie and Mecanique Celeste Team, Grasse, France

Abstract

We have developed a geodetic database built on the concept of "Virtual Observatory"
(http://www.ivoa.net). These time series come from our solutions of Earth Orientation
Parameters, stations coordinates and velocities, polar motion, and start at the
beginning of the 1990's. Solutions deduced from various techniques are available
(SLR data, combined or not...)

This tool enables one to directly compare, in an easy, homogeneous and coherent
way, results coming, for example, from various groups. One of the scientific goals
consists in making different results be comparable one from another, and to check, for
example, if there is or not systematic differences, or if the used reference frames are
fully compatible or not.

I will show how this database works (directly through the Web, if it is possible), and |
will mention some interesting scientific applications for the future.
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Least-square mean effect: Application to the Analysis of SLR Time
Series
D. Coulotl, P. Berioz, A. Pollet!
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2. CNRS/OCA/GEMINI - Grasse - France
Contact: David.Coulot@ensg.ign.fr Fax: +33-1-64-15-32-53

Abstract

In this paper, we evidence an artifact due to the least square estimation method and, in
particular, to the current modeling used to derive station position time series from space-
geodetic measurements. Indeed, to compute such series, we in fact estimate constant
(typically over one week) updates of station positions with respect to a priori models
(ITRF2000, solid Earth tides, polar tide and oceanic loading effects). Thus, these estimations
must underline the physical models which were not taken into account in the a priori
modeling (atmospheric and hydrologic loading effects and even unknown signals, in our
case).

As shown through the example of the Satellite Laser Ranging measurement processing, it is
not the case: the weekly position time series exhibit weekly means of these physical signals
but with a supplementary signal at the level of a few millimeters. This is the so-called “least
square mean effect”.

To avoid this effect, alternative modeling such as periodic series can be used. A method to
compute such periodic series for the station positions together with the geocenter motion is
also presented in this paper.

Introduction

This paper comprises four parts. First of all, we present the least square mean effect from two
points of view, theoretical and numerical. Secondly, we propose alternative models to reduce
this effect. Then, we study a new method to process Satellite Laser Ranging (SLR) data. This
method should help to use alternative modeling for a global network. Finally, we provide
some conclusions and prospects.

1. Least square mean effect

The quality presently reached by space-geodetic measurements allows us to study geodetic
parameters (Earth Orientation Parameters (EOPs), station positions, Earth’s gravity field, etc.)
under the form of time series. The modeling currently used to derive such time series is the
following. The physical effects which are well understood are modeled (take as examples
solid Earth tides or oceanic loading effects for station positions). These models are used to
compute a priori values for the parameters worthy of interest and we compute the parameters
with respect to these a priori values. These estimations are supposed to be constant over a
given time (typically one day for EOPs and one week for station positions). And these
estimations should help us to study the underlying physical effects (atmospheric loading
effects, for instance). But, to do so, we need exact and judicious representations. We show
that it is not really the case for the current modeling in this section.

1.1. Theoretical considerations

We consider a vector of physical parameters X which vary with time. According to the
modeling used, we split this vector in two parts: the modeled effects X , and the effects we
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want to study through time series X, X (1) = X o () + X () .We know that the vector 8X varies
with time but, in order to get a robust estimation, we suppose it constant over a given

interval [t t ] And, doing so, we hope that the constant estimations SX will correspond to the

1°%m
averages of the underlying physical signals over this interval. The measurements used are
modeled with a function f (m(¢) = f(z, X)) which is linearized

= o , = S L Of 5
m()= f(t,X,()+——=(,X,(t)).0X with—— (¢, X, (1)),

(1) = f(t, X, (1) aX( 0 () 8X( 0 ()
the partial derivative matrix of f at the point(z, X 0 (1)) to get the least square model.
Furthermore, we can also linearize the measurements but with respect to the true signal to be

studied (m(t) = f(t, X, (1)) + %(z, X, (0).5X(1)).

As a consequence, on one hand, we have a relation between the measurements and the
constant updates to be estimated and, on the other hand, a relation between these
measurements and the true physical signal to be studied. From these two relations, we get the
following observation equation:

2,00+ L6 2, )88 = 70,y 0+ L., )7
JtX, (t))+a)~( (t, X, (0).0X = f(t, X, (1)) + o (t, X, ())-0X (1)

This observation equation allows us to build the following system:
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This system is then used to compute the least square solution with a weight matrix P:
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In this solution, we can see that the estimations effectively contain the averages of the
involved signals over the time interval but with a complementary term. We have called this
term the “least square mean effect”.

1.2. Numerical examples

In this section, we provide some numerical examples based on simulations. Here is the
method used to carry out these simulations (cf. Fig.1). The first step is the two LAGEOS
satellite orbit computation with GINS software. These orbits are used, in a second step, with
ITRF2000 [Altamimi et al., 2002a] and a model for atmospheric loading effects to compute
simulated range measurements and partial derivatives of these latter with respect to station
positions. Then, we estimate station positions without any atmospheric loading effect in the a
priori model. Thus, the estimated positions must reflect these non modeled effects. These
estimations are finally compared with the temporal averages of the atmospheric loading effect
models. We use real orbits and real SLR measurement epochs in order to get the most realistic
simulations. European Center for Medium-range Weather Forecasts (ECMWF,
http://www.ecmwf.int/) pressure fields were used to derive the atmospheric loading effect
models.

Physical models | Measurements

Simulated measurements

Partial derivatives

7-day
LAGEQS orbits

7-day
LAGEOS-2 orbits

POSELOB

ITRF2000

Atmospheric loading
effects

Signal weekly — Estimated
temporal means station positions

Figurel. Simulation method.
Fig. 2 shows the results produced for the station Yarragadee (7090) regarding the three

components East, North and Up, in mm. In the graphs above, black curves correspond to the
weekly temporal averages of the atmospheric loading effects and red curves to the estimated
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weekly time series. The graph below shows the absolute differences between black and red
curves, so the least square mean effects.

Table 1 provides maximum values of differences of a few millimeters (2 mm for the Up
component). And, on average, the least square mean effect is approximately 10 % of the
amplitude of the loading effects.

— temporal averages of the model
— weekly constant estimates
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Figure 2. Simulation results for the station Yarragadee (7090).
Graphs above: black (resp. red) curves correspond to the weekly temporal averages of the
atmospheric loading effects (resp. to the estimated weekly time series) in mm.
Graph below: absolute values of least square mean effects per component in mm.

Table 1. Statistics of the results shown on Fig. 2.

Values (mm) [Minimum [Maximum Average RMS
East 2.3710-4 |1.26 0.15 0.13
[North 1.86 10-5 10.95 0.13 0.12
Up 2.29 10-5 [J2.00 0.34 0.32
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Fig. 3 shows the equivalent results for the Monument Peak station (7110).

Table 2. Statistics of the results shown on Fig. 3.
[Values (mm) Minimum [Maximum  |Average RMS
East 1.57 10-4 |2.28 0.19 0.21
[North 3.87 10-4 [1.96 0.19 0.22
Up 3.14 10-5 H.49 0.42 0.51

As shown in Table 2, the effects are even stronger than those obtained for Yarragadee (see
Fig.2 and Tab. 1). Indeed, the maximum effect is 4.5 mm for the Up component.
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Figure 3. Simulation results for the station Monument Peak (7110).
Graphs above: black (resp. red) curves correspond to the weekly temporal averages of the
atmospheric loading effects (resp. to the estimated weekly time series) in mm.
Graph below: absolute values of least square mean effects per component in mm.

Thus, this effect is clearly not negligible and we have to take it into account in a

geodynamical framework. Indeed, due to this effect, weekly station position time series can
not be directly compared to geodynamical models, [Coulot and Berio, 2004] and [Coulot,
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2005]. Furthermore, the results provided in [Penna and Stewart, 2003], [Stewart et al., 2005],
and [Penna et al., 2007] show that this effect could create spurious periodic signals in the
estimated time series. To reduce this effect, we have studied some alternative models.

2. Alternative models

We have studied two alternative modeling. The first one uses periodic terms and the second
one is based on wavelets.

2.1. Periodic series

The first model is a periodic one. Each of the three positioning components ¢ is modeled as

periodic  series: ¢(f) = Zai cos(;—ﬂ-t)+bl. sin(;—ﬂt) where the periods(7; )., are the
i=1 i i

characteristic periods of the involved signals. Instead of estimating weekly ¢ time series, all

available measurements are stacked to compute the coefficients (a, )., and (b, ), .

Fig. 4 shows the results (in mm) provided by simulations for the station Yarragadee (7090).
The computational scheme is the same than the one shown on Fig. 1 but the simulated
measurements are now used to compute the periodic series. On Fig. 4, blue curves correspond
to the model of atmospheric loading effects used to compute the simulated measurements and
red curves to the estimated periodic series. We can see a good coherence for the Up
component and artifacts near the limits of the considered interval for all components. The less
satisfying agreement for the horizontal components is certainly due to the low amplitude of
the involved signals and to the poorest sensitivity of SLR measurements with respect to
horizontal motions.

N {mm)

50500 50750 51000 51250 51500
Modified Julian Day

Figure 4. Periodic series estimated with simulated measurements for Yarragadee station
(7090), in mm. Blue (resp. red) curves correspond to the atmospheric loading effect models
used to simulate the range measurements (resp. to the estimated periodic series).

The main advantage of this approach is that no sampling is a priori imposed for estimations

but
e the minimal period to be estimated may be imposed by the measurement sampling;
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e regarding unknown signals, it will probably be difficult to find the involved periods;
¢ this model can difficultly take into account discontinuities such as earthquakes.

2.2. Wavelets

To go further, we have also studied a model based on wavelets. We have used, as a first test,
the simplest wavelet, Haar’s wavelet, for which the core function y is defined as follows:

1i’f0£t<l
2

w(t) = —1if%£t<l
01if not

Each of the three positioning components ¢ is modeled by the decomposition of the involved

Jy
physical signal on the wavelet basis: ¢(¢) = z Za‘j’nt//j,n (1) with

J= n=0

2j_1ifj<0and 0 1 t—=2'n
Mo = : = ‘
e 01if not Vi [0 v 27
All available measurements are stacked to compute the coefficientsa;, . The discontinuities

can now be taken into account with the help of this time-frequency representation.

--- Model
= Estimation

59500 50750 51000 51250 51500

50500 50750 51000 51250 51500
Modified Julian Day

Figure 5. Wavelet decompositions estimated with simulated measurements for Yarragadee station
(7090), in mm. Blue (resp. red) curves correspond to the atmospheric loading effect models used to
simulate the range measurements (resp. to the estimated wavelet decompositions).

Fig. 5 shows the results provided by simulations for Yarragadee station (7090). We can notice
the good agreement for the Up component and also the great importance of the smallest scale
used for wavelets.

These preliminary results are encouraging but, whatever the model used, we need to guarantee
the homogeneity of the involved Terrestrial Reference Frames (TRFs) to carry out such
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computations for a station network. Furthermore, we can take the opportunity of such global
computation to derive geodynamical signals contained in global parameters such as
translations. To reach this goal, we have developed a new approach to process SLR data
[Pollet, 2006].

3. New model for SLR data processing
3.1. General considerations

In the “classical approach”, the starting point is the observation system Y=A.6X composed by
the pseudo measurements Y, the design matrix A and the parameters to be computed 6X. By
applying weak or minimum constraints, we are able to derive weekly solutions [Altamimi et
al., 2002b] (usually, daily EOPs together with weekly station positions for the considered
network). On the basis of these weekly solutions, with the help of Helmert’s transformation -
here are the well-known formulae for station positions and for EOPs [Altamimi et al., 2002a]:

Station positions Earth Orientation Parameters
OX=T+DX+RX, Se.R.
with T=(T,, T, T.)T { =R,
and 0 -R. R | SUT, }Rz
R=|R. 0 -R: ~
-R. R. 0 with f=1,002737909350795

we can compute station positions in the a priori reference frame (ITRF2000, for instance)
together with coherent EOPs and also 7-parameter transformation between involved TRFs.

The new model we have developed allows us to compute all these parameters in the same
process, directly at the observational level. To derive this new approach, we have directly
translated Helmert’s transformations at the level of the previous observation system: Y=A.0X
with 0X=0XC+T+DX0+RX0 and SEOP=3EOPC+eR{X,Y,Z}. Doing so, we have replaced
the parameters 6X and SEOP by new ones: 6XC, T, D, R{X,Y,Z} and 6EOPC.

Theoretical considerations and numerical tests with SLR data have shown that the rotations
R{X,Y,Z} were not needed at all in this model. We did not keep them.

The normal matrices provided by this new approach present a rank deficiency of 7, coming
from:

e the fact that SLR data do not carry any orientation information (deficiency of 3);
o the estimation of three translations and a scale factor (deficiency of 4).

This rank deficiency in fact corresponds to the definition of the totally unknown TRF
underlying the estimated XC for which the seven degrees of freedom need to de defined. To
do so, minimum constraints [Sillard and Boucher, 2001] are applied with respect to the
ITRF2000 and with the help of a minimum network.

3.2. First results

In this section, we provide the preliminary results produced with this new model for SLR data
processing over 13 years.

Fig. 6 shows the minimum network used to apply the minimum constraints to define the
homogenous weekly TRFs.
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§210

Figure 6. Minimum network used to apply the minimum constraints to
define the homogeneous weekly TRFss.
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Figure 7. Weekly time series of the three translations and the scale factor, in mm.
Red curves correspond to running averages.

Fig. 7 shows the four estimated transformation parameters between the weekly TRFs
underlying the SLR measurements and directly linked to the two LAGEOS orbit references
and the weekly TRFs constrained to be realized in ITRF2000. The three translations exhibit
periodic signals (mainly annual) certainly linked to the geocenter motion.
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Figure 8. Results produced with the new method for EOPs and station positions. Graph up left: EOP
residuals (mas) with respect to EOPCO04 time series [Gambis, 2004] consistent with the estimated
station positions. Three other graphs: Mount Stromlo - 7849, in blue- and Yarragadee - 7090, in red-
Sstation three positioning component estimated time series (cm).

Fig. 8 shows the results provided by the new method for EOPs and two Australian SLR
stations, Mount Stromlo (blue curves) and Yarragadee (red curves). Regarding EOPs, the
weighted biases (resp. the WRMS) are respectively Suas for Xp and 23pas for Yp (resp.
280pas for Xp and Yp). Regarding the station position time series, we can notice the
similarities between these series. The constant difference between the two Up time series is
certainly due to range biases which were not taken into account for these computations.

3.3. Toward global estimations over long period

How this new model can help us to reduce the least square mean effect? We can replace the
new parameters of the model by previous alternative models such as periodic series in the
following example (new parameters to be estimated are underlined in green):

Observation system : Y=A.0X’ 0X= 0X+T+DX,

EOP- 3EOP,

e

For each parameter 6Z, we can use the mode/
6Z(1)=0Z,+Z, [az; (D)cos(@nt/T, )+bz; (H)cos(Cnt/T, )]

But, each harmonic estimated on station positions generates new rank deficiencies.
Consequently, we have to generalize the minimum constraints for harmonic vectors.
Furthermore, the number of involved parameters is very large (close to 50 000 in the next
example).Thus, we have to use tools allowing the handling of large normal systems.

89



Proceedings of the 15th International Workshop on Laser Ranging

As a very preliminary computation, we have used this approach to compute amplitudes of
annual signals contained in the four global parameters involved. The computation was carried
out over 3 years of data. Amplitudes obtained are relatively satisfying (7X: 2.1 mm, 77Y: 3.6
mm, 7Z: 1.1 mm and D: 0.9 mm). Moreover, the periodic series really absorb the annual
signals as the annual harmonic totally disappears in the residual weekly parameters (the
previous parameters called 6Zy) computed with respect to this annual term.

4. Conclusions and Prospects
All these results are satisfying but we of course need to go further by:
e using this periodic approach not only for global parameters but also for station
positions;
e computing periodic series directly linked to oceanic loading effects together with
series corresponding to atmospheric and hydrologic loading effects;

e deriving diurnal and semi-diurnal signals affecting EOPs with this approach;

e studying the spurious effects provided by this least square mean effect in the
International Laser Ranging Service (ILRS) operational products.

We could also couple periodic series with more complex wavelet bases to get a more robust
model and, eventually, with stochastic modeling in a filtering framework.
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Abstract

Two combined solutions for the ITRF2005 were generated independently by two ITRS
Combination Centres, IGN, Paris and DGFI, Munich. A comparison of the two ITRF2005P
solutions shows in general a good agreement, but the scale and scale rate of the SLR network
differs significantly. To investigate this difference a number of tests were performed. It was
found that the actual SLR results are consistent with the ITRF2005 solution of DGFI, whereas
there is a bias of about 2 ppb compared to the IGN solution. The translation parameters
between both ITRF2005 solutions are in good agreement. We also compared the VLBI and
SLR scale through co-locations with GPS. This comparison showed the importance of a
proper choice and weighting of local ties at co-location sites for the connection of the
technique-dependent reference frames. Especially the sites at the southern hemisphere
influence the resulting scale of the combined product.

Introduction

Within the re-organized IERS structure, there are three Combination Centres for the
International  Terrestrial Reference System (ITRS) at Deutsches Geodatisches
Forschungsinstitut (DGFI), Munich, Institute Géographique National (IGN), Paris, and
National Resources Canada (NRCan), Ottawa. The ITRS Product Center at IGN is
coordinating the processing. DGFI and IGN provided each one solution for ITRF2005. Both
used their own software and applied their preferred strategy. This guarantees independent
results and allows a decisive validation and quality control of the results.

The combination strategy of IGN is based on the solution level by simultaneously estimating
similarity transformation parameters w.r.t. the combined frame along with the adjustment of
station positions and velocities. The ITRF2005 computations done at DGFI use unconstrained
normal equations from the solutions of the different techniques.

This paper briefly summarizes the combination methodology of the ITRS Combination Center
at DGFI. Main subject is a comparison of the ITRF2005 solutions of IGN and DGFI. The
focus thereby is on the SLR part of ITRF2005.

Combination methodology of DGFI

The general concept of the ITRS Combination Center at DGFI is based on the combination of
normal equations and the common adjustment of station positions, velocities and EOP. The
computations are performed with the DGFI Orbit and Geodetic Parameter Estimation
Software (DOGS). Details on the combination procedure and the mathematical background
are given in various publications (e.g., Angermann et al., 2004; Angermann et al., 2006;
Drewes et al., 2006; Kriigel and Angermann, 2006; Meisel et al., 2005). Figure 1 shows the
data flow and the combination methodology for the ITRF2005 computation.

The combination methodology of DGFI comprises the following major steps:

Analysis of ITRF2005 input data and generation of normal equations

Analysis of time series and accumulation per-technique (intra-technique combination)
Comparison and combination of different techniques (inter-technique combination)
Generation of the ITRF2005 solution by applying minimum datum conditions
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Figure 1. Data flow and computation procedure for the ITRF2005 solution of DGFI

The final ITRF2005 solution comprises station positions, velocities and daily EOP estimates
as primary results. In addition epoch position residuals and geocenter coordinates are obtained
from the time series combination. The reference epoch for station positions is 2000.0. The
rather inhomogeneous data quality and quantity of the space geodetic observation stations is
reflected in the accuracy and reliability of the ITRF2005 station position and velocity
estimations. This holds in particular for a number of SLR and VLBI stations, but also for
some GPS and DORIS stations with few observations. Another aspect is that the new type of
ITRF2005 solution contains many stations with several solution ID's. As a consequence the
station positions and velocities are valid only for a certain period of time, which has to be
known and considered by the users. Furthermore co-location sites may have different station
velocities for co-located instruments, if their estimated velocities differ significantly.

Comparison of the ITRF2005 solutions of DGFI and IGN

For comparisons we performed similarity transformations between both solutions. These
transformations were done separately for each technique by using good reference stations.
The RMS differences for station positions and velocities show a very good agreement (after
similarity transformations). This holds in particular for "good" stations with several years of
continuous observations without discontinuities (Table 1). For weakly estimated stations (e.g.,
observation time < 2.5 vyears, different solutions caused by discontinuities) larger
discrepancies do exist, which are in most cases within their standard deviations.

Most of the transformation parameters agree within their estimated standard deviations,
except for the scale and its time variation of the SLR network. A significant difference of
about 1 ppb (offset) and 0.13 ppb/yr (rate) between the ITRF2005P solutions of DGFI and
IGN has been found, which accumulates to nearly 2 ppb in 2006 (see Table 2). The scale
difference is not visible in the pure SLR intra-technique solutions of IGN and DGFI. This
indicates that the difference between both ITRF2005P solutions is caused within the inter-
technique combination.

From these comparisons it is obvious that the major problem of the ITRF2005 is the
significant difference in the SLR scale. The analysis of weekly SLR solutions in 2006 has
shown that the scale is in good agreement with the ITRF2005P solution of DGFI, whereas
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there is a significant scale bias of about 2 ppb w.r.t. the IGN solution (see Figure 2), which is
equivalent to a difference of 1.3 cm in SLR station heights. It was argued by IGN that this
“scale problem” is a consequence of a scale bias between VLBI and SLR. Because of the
apparent discrepancies the scale of the IGN solution was defined by VLBI only, whereas the
scale of the DGFI solution is defined by the SLR and VLBI data.

Table 1. RMS differences for station positions and velocities between
IGN and DGFI solutions for ITRF2005 for ““good”” Reference
stations (25 VLBI, 22 SLR, 57 GPS, 40 DORIS stations).

ITRF2005P Positions | Velocities
DGFI - IGN [mm] [mm/yr]
GPS 0.31 0.14
VLBI 0.79 0.34
SLR 1.82 0.66
DORIS 3.32 1.1

Table 2. Scale differences between the pure intra-technique and the
ITRF2005P solutions of DGFI and IGN.

SLR VLBI

offset drift offset drift
[ppb] | [ppbfyr] | [ppb] | [PPb/yr]
Pure intra-technique -0.17 0.01 0.16 0.01
solutions (IGN — DGFI) +006| x002| £0.05( =x0.02
ITRF2005 P solutions 0.86 0.13 -0.12 0.03
(IGN — DGFI) *012| *0.03| £0.06| +£0.03
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Figure 2. Scale of ITRF2005P solutions of IGN and DGFI
w.r.t. to the combined SLR solution (ILRSA)
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This scale difference is also reflected in the resulting satellite orbits. For a comparison we
solved a weekly Lageos-1 orbit with fixed station coordinates, one with the DGFI solution,
the other with the IGN solution, solving for all internal arc parameters and polar motion (X-,
Y- pole and dUT1). The resulting orbits were compared in radial, cross- and along track to
investigate the influence of the scale difference. In figure 3 the radial offset of about 5 mm is
clearly visible. The cross and along track components only show a revolution dependent
signal which results from the radial orbit bias, but there is no systematic error. This
comparison indicates that the scale of the IGN solution will produce biased satellite orbits.
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Figure 4. Available co-location sites between GPS, SLR and VLBI
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Figure 5. Observation period of southern hemisphere collocation sites

Investigation of the scale differences

We used the intra-technique solutions of the DGFI combination for ITRF2005 to investigate
the scale of VLBI and SLR. Since the number and spatial distribution of good co-location
sites between VLBI and SLR is not sufficient to get reliable results for a direct comparison of
the scale, we used an “indirect” approach via the GPS network and consider the GPS intra-
technique solution as reference for this specific study. We used "good" co-location sites and
local ties to refer the VLBI and SLR solutions to an "arbitrary” GPS frame (see Fig. 4).

The geographical distribution and quality of SLR tracking stations is in particular problematic
in the Southern hemisphere. Therefore we focus on these stations and on the co-locations with
GPS. Fig. 5 shows the GPS and SLR observation periods and the estimated ITRF 2005
precision for 8 SLR-GPS co-location sites on the southern hemisphere. DGFI used for the
connection of the reference frames all stations except Easter Island and Conception because of
poor SLR data. In the IGN solution the Australian sites Yarragadee, Mt. Stromlo, Orroral and
Tahiti are down-weighted. Thus the reference frame connection in the IGN solution was
realized mainly via the remaining 4 co-location sites on the Southern hemisphere, from which
Easter Island and Conception are poorly observed by SLR. This indicates that the integration
of GPS and SLR networks in the Southern hemisphere is rather poor in the IGN solution.
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Table 3: Scale difference between SLR and VLBI obtained from
DGFI ITRF2005P solution.

A Scale offset A Scale drift

[Ppb] [Ppblyr]
SLR - VLBI 040 +042 0.04 £0.10
SLR - VLBI * 0.26 £ 0.41 0.03%£0.09

* . Discontinuity for GPS station Maui introduced

We also investigated the position time series of co-location sites. As an example Fig. 6 shows
the GPS and SLR position time series for the co-location site Maui on Hawaii. A clear jump is
visible in the GPS time series at the end of 2002, which affects the height estimation by about
1.3 cm. We have introduced a discontinuity for the GPS station Maui and we solved for two
solutions. To test the influence of the jump we performed a 14 parameter similarity
transformation between the GPS and SLR solutions and compared the resulting residuals. As
shown in Fig. 7 the relatively large height residual for Maui disappeared completely.

The scale parameters obtained from the singularity transformations of the SLR and VLBI
solutions w.r.t. GPS are arbitrary numbers, but the difference of the scale parameters is
independent from the “arbitrary™ GPS scale. The estimated scale difference between VLBI
and SLR are shown in Table 3. If the discontinuity for GPS station Maui is introduced the
scale differences are 0.26 = 0.41 ppb for the offset and 0.03 £ 0.09 ppb/yr for the drift. Thus
the results of the DGFI ITRF2005P solution do not indicate any evidence for a scale bias
between VLBI and SLR.
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Figure 7. Station position residuals for 16 SLR-GPS colocation sites.
The left figure shows a height residual for Maui of 1.2 cm, which is reduced
to almost zero, if the jump for GPS station is introduced (see right figure).
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Conclusion

The DGFI and IGN for the ITRF2005 are in good agreement for the station positions and
velocities (after similarity transformations), but a significant difference has been observed for
the scale of the SLR network. As the discrepancies are not visible in the pure SLR intra-
technique solutions of IGN and DGFI, they are most likely caused by a different combination
procedure and in particular by the implementation of local tie information. Furthermore the
IGN solution reveals an apparent difference in SLR and VLBI scales, which led to the
exclusion of SLR data for the scale definition of the ITRF2005. The ITRF2005 solution of
DGFI does not show this apparent scale difference between SLR and VLBI and it relies on
the data of both techniques to define the scale. The analysis of the actual SLR tracking data
show a good agreement with the scale of the ITRF2005 solution of DGFI, whereas there is a
misfit of about 2 ppb w.r.t. the IGN solution.
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Determination of the Temporal Variations of the Earth’s Centre of
Mass from Multi-Year Satellite Laser Ranging Data

Ramesh Govind*

1. Geoscience Australia, Canberra, Australia

Abstract

Temporal variation of geodetic parameters (station positions, Earth’s gravity field)
that are used to monitor global change are referred to a time-varying terrestrial
reference system (geocentre, orientation). The time evolution of the geocentre
referred to the origin of the terrestrial reference system can be determined from
estimates of degree one spherical harmonic representation of the Earth’s gravity
field. Weekly estimates of the degree one coefficients were undertaken for the period
spanning 1993.0 to 2006.8 using SLR data from the global network for four satellites
(Lageos-1, Lageos-2, Stella, Starlette). The data set, computation process and results
of the geocentre estimates are presented. A comparison of the geocentre estimates
from the satellite pairs at two different altitudes is shown. A system to “visualise’ the
motion of the geocentre as an indicator of mass transport is proposed.
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Contribution of Satellite and Lunar Laser Ranging to Earth
Orientation Monitoring

D.Gambis!, R. Biancale?

1. Paris Observatory, France
2. CNES Toulouse, France
Abstract

Lunar and Satellite Laser Ranging have been contributing for several decades to
Earth orientation variations monitoring. UTO derived from LLR was used for the
period 1976 to 1982 and made the transition between Astrometry and VLBI
techniques. Polar motion derived from Lageos observations has a significant
contribution in the IERS combinations, mainly thanks to its long term stability. So far
Earth orientation parameters and ITRF are derived separately leading to
inconsistencies. Rigorous approaches to simultaneously determine a terrestrial
reference frame (TRF) and Earth Orientation Parameters (EOP) are now being
developed either using SINEX files derived from the different techniques or at the
observation level. We present here the results from a coordinated project within the
Groupe de Recherches de Geodesie Spatiale (GRGS). Observations of the different
techniques VLBI, SLR, LLR, DORIS and GPS) are separately processed by different
Analysis centres using the software package GINS DYNAMO. The strength of the
method is the use of a set of identical up-to-date models and standards in unique
software. The normal equation matrices obtained by the different groups are then
stacked to derive weekly solutions of station coordinates and Earth Orientation
Parameters (EOP). Results are made available at the IERS site (ftp
iers1.bkg.bund.de) in the form of SINEX files.

The analyses we have performed show that for the accuracy and stability of the EOP
solution is very sensitive to a number of critical parameters mostly linked to the
terrestrial reference frame realization, i.e. minimum constraints application and
localities. We present the recent analyses and the latest results obtained.
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Station Positioning and the ITRF
Zuheir Altamimi®
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Champs-sur-Marne, FRANCE

Abstract

The International Terrestrial Reference Frame (ITRF) as a realization of the
International Terrestrial Reference System is one of the scientific products of the
International Earth Rotation and Reference Systems Service (IERS). The ITRF is the
standard frame recommended for a variety of applications, from surveying to the very
fine studies in Earth Sciences. In order to satisfy science requirements, the ITRF
should be accurate, reliable and internally consistent over time with unambiguously
specified datum definition (origin, scale, orientation and their respective time
evolution). Starting with the ITRF2005, the input data requested for the ITRF
construction are under the form of time series of station positions and Earth
Orientation Parameters (EOPs). Such data do not only allow an appropriate
evaluation of the frame accuracy and internal consistency, but also are adequately
suited to measure the positioning performance of space geodesy techniques. This
paper attempts to review the positioning performance of space techniques via the
analysis of the submitted time series to ITRF2005. A special focus will also be given
to address the current accuracy level of the ITRF datum definition.

Introduction

The concept of reference systems and frames is one of the fundamental mathematical
foundations of modern geodesy with the advent of space techniques since the early
eighties. We refer to the pioneering work by a certain number of geodesists and
astronomers in (Kovalevsky et al., 1989) who established the foundation of the
concept of reference systems and frames followed and used as a basis for the ITRF
derivation. Indeed, it is fundamental to adopt that clearly defined concept which
distinguish between the system as a theoretical inaccessible mathematical model and
the frame as the numerical realization of the system. Moreover, the frame is not only
accessible to the users but it is also by essence perfectible, being based on and derived
from space geodesy observations.

Using the commonly accepted model of 7(14)-parameter euclidian similarity (also
known as Helmert or Bursa-Wolf parameters), it becomes then straightforward to
estimate discrepancies between solutions over the frame physical parameters. This is
the case for instance where large translation components are often found between
SLR on one hand and GPS or DORIS solutions on the other hand. Less scattered
temporal behavior of the SLR translation components (as seen from time series
analysis), compared to GPS or DORIS, leads to privilege SLR for the ITRF origin
definition. Regarding the scale, it is of course admitted that from the theoretical and
technology point of view, VLBI and SLR techniques should agree on the TRF scale.
However, because we have the possibility to check for their scale consistency (or
inconsistency), then when comparing their respective solutions, the possible
inconsistency is obviously due to some systematic errors that should be investigated.

The ITRF Product Center hosted by the Institut Géographique National, France,
together with the contribution of the ITRF combination centers (DGFI and NRCan)
released the ITRF2005 solution in October 2006. Contrary to previous ITRF versions,
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the ITRF2005 integrates time series of station positions and daily Earth Orientation
Parameters (EOP’s). The ITRF2005 input time-series solutions are provided in a
weekly sampling by the IAG International Services of satellite techniques: the
International GNSS Service-IGS (Dow et al. 2005), the International Laser Ranging
Service-ILRS (Pearlman et al., 2002) and the International DORIS Service-IDS,
(Tavernier et al., 2006), and in a daily (VLBI session-wise) basis by the International
VLBI Service-1VS (Schlueter et al., 2002). Each per-technique time-series is already a
combination, at a weekly basis, of the individual Analysis Center (AC) solutions of
that technique, except for DORIS where two solutions are submitted by two ACs,
namely the Institut Géographique National (IGN) in cooperation with Jet Propulsion
Laboratory (JPL) and the Laboratoire d'Etudes en Geophysique et Oceanographie
Spatiale (LEGOS) in cooperation with Collecte Localisation par Satellite (CLS),
designated by (LCA).

Reasons for which it was decided to use time series of station positions and EOPs as
input to ITRF2005 include:

e monitoring of non-linear station motions and all kinds of discontinuities in the
time series: Earthquake related ruptures, site instability, seasonal loading
effects, etc;

e rigorously and consistently including EOPs in the combination and ensuring
their alignment to the combined frame;

e examining the temporal behavior of the frame physical parameters, namely the
origin and the scale;

e assessing space geodesy positioning performance, through the estimation of
the weekly (daily) Weighted Root Mean Scatter (WRMS) with respect to the
long-term solution resulting from the stacking of the time series.

In the following sections we will primarily focus on two main issues: the positioning
performance of space geodesy techniques and the temporal behavior of the SLR
origin and the scale and the VLBI scale of the contributed solutions to the ITRF2005.

Combination Methodology

The approach that is currently adopted for the combination of various TRF solutions
provided by a single or several space geodesy techniques is built on the construction
of a unique (combined) TRF, making use of the mathematical (7)14-parameter
euclidian similarity. It considers defining the combined TRF at a given (arbitrary)
reference epoch and adopting a TRF time evolution law that is supposed to be linear
(secular). Consequently, 14 degrees of freedom are always necessary to completely
ensure the TRF datum definition: 6 for the TRF origin and its rate (time derivative), 2
for the scale and its rate and 6 for the orientation and its rate. The inclusion of EOPs
into the combination requires additional equations where the link between the TRF
and EOPs is ensured via the 6 orientation parameters. The combination model
considered by the ITRF Product Center allows the estimation of station positions and
velocities, transformation parameters of each individual TRF solution with respect to
the combined TRF and, if included, consistent series of EOPs. The input solutions
usually used in this kind of combination are either (1) time series of station positions
and EOPs or (2) long-term solutions composed by station positions and velocities and
EOPs. In the first case where the combination amounts to rigorously stacking the
time series, the un-modeled non-linear part of geodetic parameters are implicitly
embedded in the combination output: possible seasonal (e.g. annual or semi-annual)
station or/and geocenter motions are respectively left in the output time series of
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station residuals and the transformation parameters. For more details, regarding the
combination methodology the reader may refer to (Altamimi et al. 2007a, 2007b).

Positioning Performance

When stacking station positions time series (weekly for satellite techniques and daily
for VLBI), global WRMS per week (day) is computed, that is to characterize the
internal precision and repeatability over time of each individual position time series.
Figure 1 illustrates the WRMS per week (day) for each one of the 4 technique time
series over the horizontal and vertical components and Table 1 summarizes the
WRMS range. It is to be noted that the WRMS values do not qualify the techniques,
but rather the solutions of the techniques which were submitted to the ITRF2005, and
they are highly dependent on the quality of each station/instrument. Other factors are
also important such as the number of the satellites available, e.g. in case of DORIS it
was shown (Altamimi et al. 2006) that the quality (WRMS) improves when the
number of satellites increases. However, from Figure 1 and Table 1, we can postulate
that the current positioning performance for the best cases is around 2 mm for the
horizontal component and around 5 mm for the vertical component.
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Figure 1. Weekly (daily) WRMS as results from the time series stacking.

Accuracy of the ITRF Origin and Scale
The Origin

Although it is hard to assess the origin accuracy of the single ILRS solution that is
submitted to ITRF2005, we attempt however to evaluate its consistency with respect
to ITRF2000. Figure 2 shows the 3 translation time variations with respect to
ITRF2000, using a reference set of 12 stations. Given their observation history and
good performance, these are the only stations that are usable to link the combined
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Table 1. WRMS range per technique

Solution 2-D WRMS Up WRMS
mm mm
VLBI 2-3 5-7
SLR 5-10 5-10
GPS 2-3 5-6
DORIS 12-25 10-25

SLR TRF resulting from the stacking of the time series to the ITRF2000 frame.
Because the estimated transformation parameters are heavily sensitive to the network
geometry, the distribution of the reference set of 12 stations is far from being optimal;
only two of them are in the southern hemisphere (Yaragadee, Australia, and Arequipa,
Peru). Apart from the seasonal variations that could be estimated over the translation
parameters, the linear trends are of great importance to the ITRF origin stability over
time. From Figure 2 we can easily see that the most significant trend is that of the Z-
translation component, being of the order of 1.8 mm/yr. This bias will therefore exist
between ITRF2000 and ITRF2005, and could be regarded as the current level of the
origin accuracy as achieved by SLR. From that figure we can also distinguish a
"piece-wise" behavior of the Z-translation: between respectively 1993-1996; 1996-
2000 and 2000-2006. In our opinion, this is completely related to and correlated with
the change of the ILRS network geometry over time. In order to illustrate that effect,
we plotted on Figure 3 the number of SLR stations available in each weekly solution.
From this plot, one can easily see the decreasing tendency of the number of stations,
starting around 2000, which should be correlated with the Tz component that starts to
significantly drifting at this same epoch (see Figure 2). In addition, among the
approximately 80 SLR stations available in the ITRF2005, approximately 20 of them
have sufficient time-span of observations to be considered as core stations for useful
and comprehensive analysis.

SLR Crigin and Scale wrt ITRF2000
Using 12 Core Stations

B2o2HEEE

£

B3BE22-38888

TY (mm

# of stations

Scale (mm)

1994 1996 1968 2000 2002 2004 2006

1954

1906 1698 2000 2002 2004 2006

Figure 2. Translations and scale variations with
respect to ITRF2000 of the ILRS SLR time series
submitted to ITRF2005.

The Scale

ILRS Weekly # of points

G T T T T T T T T T T T T T T
1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006

ILRS Week
Figure 3. Number of stations included in the

weekly ILRS SLR time series submitted to the
ITRF2005.

The ITRF2005 combination (making use of local ties in co-location sites) revealed a
scale bias of 1 ppb between VLBI and SLR solutions at epoch 2000.0 and a scale
drift of 0.08 ppb/yr. VLBI scale selected to define that of ITRF2005 is justified by (1)
the availability of the full VLBI history of observations (26 years versus 13 for SLR)
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embedded in the submitted time series and (2) the the non-linear behavior
(discontinuities) observed in the ILRS scale (see Figures 3). In order to illustrate more
the inconsistency between the two scales, Figure 4 displays both scales with respect to
ITRF2005, showing a clear bias both in the offset and the linear trend.

The accuracy assessment of the ITRF scale is not easy to evaluate, being dependent
on several factors, as for instance, the quality and distribution of the local ties, the
SLR range bias effect, the tropospheric modeling in case of VLBI and other possible
systematic errors of the two techniques. However, given the level of consistency
mentioned above between VLBI and SLR scales and despite the optimistic accuracy
estimate of the ITRF2000 datum definition as stated in (Altamimi et al., 2002), and to
be more conservative, we can postulate that the current level of accuracy of ITRF
scale is around 1 ppb and 0.1 ppb/yr.
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Figure 4. VLBI and SLR Scale factor variations with respect to ITRF2005.
Conclusion

The ITRF2005 experience, using time series as input data, showed how sensitive the
frame parameters are to the network geometry and in particular in case of SLR and
VLBI and their co-locations. The scale bias between VLBI and SLR solutions
revealed by the ITRF2005 combination is most probably due to multiple reasons that
include poor VLBI and SLR co-locations, local tie uncertainties, systematic errors and
possible differences in correction models (e.g. troposphere, SLR range bias, relativity)
employed in the data analysis of both techniques. As results from the ITRF2005
analysis, the positioning performance at the weekly/daily basis, range between 2 to 25
mm, depending on the measurement technique, the instrument quality or station
performance.
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Abstract

Time series of station coordinates, Earth rotation parameters, and low degree
harmonics of the gravity field are generated in weekly batches from Satellite Laser
Ranging (SLR) measurements by two independent German institutes, the Deutsches
Geodaetisches Forschungsinstitut (DGFI) and the GeoForschungsZentrum Potsdam
(GFZ) and their two software packages for parameter and orbit determination, DOGS
(DGFI Orbit and Geodetic Parameter estimation Software) and EPOS (Earth
Parameter and Orbit System) respectively.

The products are based on common standards laid down by a consortium of some
more German institutes joined in the GGOS-D (Global Geodetic Observing System -
Deutschland (Germany)) project. GGOS-D strives for a rigorous and proper
combination of the various space-geodetic techniques. The details of the processing
and model standards and the differences with the International Laser Ranging Service
(ILRS) "pos&eop™ products are presented. A first series covering the years 1993 to
2006 has recently been provided by DGFI and GFZ to the project, initial results are
shown and compared.

Introduction

The overall objective of the GGOS-D project is the investigation of the technological,
methodological and information-technological realization of a global geodetic-
geophysical observing system. The main fields of research are the development and
implementation of data collection and data management systems as well as the
generation of consistent and integrated geodetic time series for the description and
modelling of the geophysical processes in the Earth system. The time series have to
be referred to a unique, extremely accurate reference frame, stable over decades, and
should be generated in such a way that they can be made available in near real-time to
all users in science and society. Methods for a careful internal and external validation
shall guarantee a very high reliability.

The space-geodetic techniques, i.e. Global Positioning System (GPS), SLR, and Very
Long Baseline Interferometry (VLBI) with the exception of Doppler Orbitography
and Radiopositioning Integrated by Satellite (DORIS), contribute to the processing
with the models and as far as possible with the same set of parameters being applied
by all the participating institutions, the Forschungsgruppe Satelliten Geodaesie (FSG),
the Geodetic Institute of the University of Bonn (GIUB), the GFZ, the Bundesamt
fuer Kartografie und Geodaesie (BKG), and the DGFI. The SLR part is covered by
two independent contributions from DGFI with its DOGS and from GFZ with its
EPOS software packages. The analysis should span the period 1983 until present date.
A first solution beginning in 1993 up to early 2007 has recently been provided.
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Processing

Geometric and dynamic models mainly coincide with those recommended for the
routine processing of the so-called “pos&eop” product, weekly station coordinates
and Earth Orientation Parameters (EOPSs) based on SLR, by the ILRS (see Pearlman
et al., 2002) analysis centers (DGFI and GFZ being part there as well). In case of the
dynamic models however, the ocean tide model FES2004 (Letellier et al., 2007), and
the gravity field model EIGEN-GLO04S1 (the satellite-only solution of the EIGEN-
GL04C model, see Foerste et al., 2006) have been chosen. Also the ocean tide loading
site displacements as provided by Bos and Scherneck (2007) corresponding to the
FES2004 are applied.

In a first step we processed weekly arcs for the years 1993 to 2006 solving for weekly
stations coordinates, daily EOPs, i.e. X-, Y- pole, and UT1 at 0:00 h UTC, all
piecewise linear and continuous (in case of “pos&eop” instead X-, Y- pole, and,
notably, LOD at 12:00 UTC, all piecewise constant, are solved for). The GFZ solution
additionally incorporates the low degree coefficients of the spherical harmonic
representation of the Earth's gravity field (shortly “low degree harmonics™) of degree
0 to 2 (in case of “pos&eop” the low degree harmonics are not solved for). In order to
overcome the datum defect, the coordinates, the EOPs, and the low degree harmonics
are endowed with an a priori sigma of 1 meter or its equivalent.

First Results

The overall orbital fit and statistics for the whole period are shown in Table 1. The
intention was to include as many stations as possible in the solutions. As a minimum
however, stations should contribute with more than 10 observations per weekly arc.
Besides that, iterative editing has been performed according to some criteria chosen
individually by both institutes. This becomes evident in the number of observations
used for the processing and the resulting orbital fit, and could end up in some
differences of the solved-for parameters. In a next step, DGFI and GFZ are going to
compare their editing procedures and to analyse the effect on the solution.

Table 1. Global orbital fit of the two solutions.

EPOS DOGS
No. of Arcs 742 759
Period 25-0ct-1992 - 13-Jan-2007 11-Nov-1992 - 20-May-2007
Global Orbital Fit RMS (cm) 1.04 1.07
No. of Observations 1,749,965 1,997,569
No. of Observations per Arc 2,358 2,632

In Figure 1 the weekly orbital fits of the DGFI solution show that some weeks are
determined with worse accuracy, especially prior to 1999 or GPS week 990. This is
mainly induced by some poorly performing non-core stations, the orbital fit for the
core stations remains stable mostly below 1 cm all over the analysis period. In
general, Lageos-1 turns out slightly more accurate than Lageos-2. Once up-to-date
corrections for the Stanford-counter range bias problems or for the station dependent
centre of mass corrections become available, we expect improved orbits and hence an
improved quality of the resulting parameters.
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Figure 1: Weekly orbital fits of the DOGS solutions.
Figure 2 shows a comparison of the GFZ Cy, time series to the recently published
series by Cheng and Tapley (2005). Obviously the GFZ series shows a larger scatter,
being mainly an effect of the dense resolution of the parameters and of the multitude
of solved-for parameters. A generalization of the coordinate and low degree harmonic
parameters would presumably stabilize the solution. Underneath the scatter, the
general agreement of the curves is visible.
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Figure 2: Comparison of the EPOS C,, time series to the Cheng and Tapley (2005) series.

The scale differences between the DOGS and the EPOS coordinate solutions are
shown in Fig. 3. A small offset of about 1 ppb is visible and may be related to the
different editing and to the fact that the GFZ solution has solved in addition for the
low degree harmonics including Coo, the dynamic scale parameter. The alignment of
the editing criteria for DOGS and EPOS, and solving for the low degree harmonics in
the DOGS solution as well, should improve the agreement. Also, Fig. 3 reveals a
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Figure 3: Scale differences between the DOGS and EPOS coordinate solutions 1993-2007.

decrease of the scatter in the course of time, demonstrating the improvement and
stabilization of the SLR technique.

Conclusions

Within the GGOS-D project, DGFI and GFZ are processing SLR data with their
independent software packages DOGS and EPOS based on common, modern
standards. In a first iteration, a 14 year long time series of weekly solutions for
coordinates, EOPs, and, in case of GFZ, for low degree harmonics, has been
generated. The standards adopted here are different with respect to those of the
routine ILRS analysis centre processing.

First results show an excellent quality of the two SLR solutions. Some efforts have to
be undertaken to harmonize in particular the editing of the weekly arcs and to include
the low degree harmonic parameters to the DGFI solution.

The combination of all space-geodetic techniques within GGOS-D is pending, but
first preliminary combinations of GPS and VLBI results indicate an excellent
agreement, better than that experienced earlier during the ITRF2005 combinations by
DGFI (Meisel et al., 2005).
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Abstract

Although they are permanently calibrated, the Satellite Laser Ranging (SLR) stations
can present residual systematic errors, the well-known ““range biases. These biases
must be considered in any SLR data processing. Indeed, they are strongly correlated
with the Up component of the station positions. Thus, if they are not computed
together with these positions, they can induce jumps in these latter and consequently
damage the global scale factor of the underlying Terrestrial Reference Frame with
respect to any given reference.

On the other hand, estimating range biases together with station positions is not so
easy, due to the previously mentioned correlations. In this paper, we describe a new
approach to derive range bias values together with station positions: the so-called
“temporal de-correlation” approach. This method consists in computing station
range biases per satellite over a “long” period of time (determined by instrumental
changes) together with weekly station position time series in order to significantly
reduce the correlations.

Introduction

This paper comprises four parts. First, we provide general considerations about the
Satellite Laser Ranging (SLR) technique range biases. Second, we demonstrate the
strength of our temporal de-correlation approach through numerical illustrations based
on simulations. Then, we analyze the first results produced by this method which has
already been used for CALVAL (CALibration/VALidation) experiments and for a
SLR data analysis carried out over 12 years. Finally, we describe the recent method
improvements, provide the results of this new approach, and produce some
conclusions and prospects.

1. General considerations

Fig. 1 shows the Grasse SLR station (7835) Up component time series computed in
ITRF2000 without considering any range bias. We can clearly detect a jump in these
time series and the epoch of this jump (September 1997) corresponds to a
modification of the detection system of the station. This detection system
modification has certainly modified the station detection and, as a consequence, its
associated systematic errors. As shown by this example, a great attention must be paid
to the SLR biases.

As shown on Fig. 2, the International Laser Ranging Service (ILRS) monitors these
range biases. Indeed, among all the quality criteria used to qualify the tracking
stations, two are directly linked to these biases: the short and long-term bias
stabilities.

e The short-term stability is computed as the standard deviation about the mean
of the pass-by-pass range biases.
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e The long-term stability is the standard deviation of the monthly range bias
estimates.

Regarding the data analysis, the situation does not seem to be so clear. Indeed, there
are various strategies used to take into account these range biases: not to take biases
into account, to correct a priori data with estimated bias values, to compute weekly
range biases, etc. This paper aims to describe a method close to the instrumental
evolutions of the considered stations. This method allows us to derive range biases by
taking into account the problems linked to the simultaneous computation of these
latter and station positions.

T - - T r -T — . - T

1994 1w |I:lm 0 302 2004
Year
Figure 1. Up component time series (in cm) of Grasse SLR station (7835) in ITRF2000. No
range bias has been estimated nor applied during this computation.
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Figure 2. Example of short-term range bias stabilities provided by ILRS for 2003.
Source: http://ilrs.gsfc.nasa.gov.

2. Numerical illustrations

The simulations provided here aims to evidence the impact of range biases on any
SLR data processing results. Fig. 3 shows the global simulation scheme. The first step
consists in estimating the two LAGEOS satellite orbits. Then, these orbits are used
with SLR measurements together with ITRF2000 [Altamimi et al., 2002], a model of
atmospheric loading effects, and some range bias values to derive, on one hand,
simulated range measurements and, on other hand, the partial derivatives of these
simulated data with respect to station positions and, eventually, to range biases.
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Figure 3. Simulation method.

Real orbital arcs and real SLR measurement epochs are used in order to get the most
realistic simulations. Atmospheric loading effects are derived from the European
Center for Medium-range Weather Forecasts (ECMWF, http://www.ecmwf.int/)
pressure grids. As these loading signals are not modeled in the a priori values used,
estimated station position time series must evidence them.

For the first simulation (cf. Fig. 4), range biases are applied in simulated
measurements but they are not estimated with the Yarragadee SLR station (7090)
position time series. The results clearly show that the range biases make a great
impact on the Up component time series. Indeed, the time series is completely biased
(the mean difference value almost reaches the centimeter level) and is no more stable
(the RMS value of the differences is near 5 mm, while the horizontal component RMS
values of differences are only at the millimeter level). Thus, range biases must be
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Figure 4. Results of the first simulation carried out for the Yarragadee SLR station (7090).
Values are provided in mm for the three positioning components East, North, and Up.
Graphs on the left: black (resp. red) curves correspond to the position time series
computed without any bias in simulated measurements (resp. the time series computed
with biases applied in simulated measurements). Graphs on the right: differences between
red and black curves. Numerical values correspond to the mean and the RMS values.
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estimated together with station positions.

In a second simulation, range biases are applied in simulated measurements and
weekly range biases are estimated with the Yarragadee SLR station weekly position
time series.

The results shown on Fig. 5 are clearly improved in comparison with those shown on
Fig.4. Indeed, the mean value of the Up component differences is divided by 23 and
the RMS value by 3.5. Furthermore, the values are also improved for the horizontal
components (the difference RMS values are almost divided by 2), proof that range
biases can also make an impact (of course lower than the one on the vertical
component) on these components. But,

e we can notice large correlations between estimated bias and Up
component values (96% on the average);

e spurious signals clearly appear in the weekly estimated biases, even if
these latter have made the piece-wise behavior of the Up component
time series disappearing.

Thus, range biases must be estimated over a longer period. For the third and last
simulation (see the results on Fig. 6), range biases are still applied in simulated
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Figure 5. Results of the second simulation carried out for the Yarragadee SLR station
(7090). Values are provided in mm for the three positioning components East, North, and
Up. Graphs on the top left: black (resp. red) curves correspond to the position time series

computed without any bias in simulated measurements (resp. the time series computed

together with weekly range biases with biases applied in simulated measurements).

Graphs on the top right: differences between red and black curves. Numerical values

correspond to the mean and the RMS values. Graphs below: weekly computed range

biases and correlations between bias and Up component estimated values.
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measurements but range biases are now estimated over “long” periods together with
the weekly Yarragadee SLR station position time series. The produced results are very
satisfying. Indeed, the differences are quite negligible (the mean and the RMS values
are below 0.5 mm). Moreover, estimating range biases per satellite allows us to take
into account the possible constant signature effects. The correlations have decreased
but they are still large (86% on the average).

This approach (that we have called the “temporal de-correlation method”) is the most
satisfying one. Moreover, it is fully justified from an instrumental point of view.
Indeed, the range biases are directly linked to the tracking instrumentation and we can
suppose (at least for the most stable stations) that these instrumentations do not
change all the time. As a result, the range biases can be supposed constant over given
time intervals.
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Figure 6. Results of the third simulation carried out for the Yarragadee SLR station
(7090). Values are provided in mm for the three positioning components East, North, and
Up. Graphs on the top left: black (resp. red) curves correspond to the position time series

computed without any bias in simulated measurements (resp. the time series computed
together with the “long-period” range biases with biases applied in simulated
measurements). Graphs on the top right: differences between red and black curves.
Numerical values correspond to the mean and the RMS values. Graphs below: *““long-
period” computed range biases per satellite and correlations between bias and Up
component estimated values.
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3. First results of the temporal de-correlation method
3.1. CALVAL experiment

These experiments were carried out with the French Transportable Laser Ranging
System (FTLRS, see [Nicolas, 2000]) in Corsica in 2002 [Exertier et al., 2004] (and,
more recently, in 2005) and in Crete in 2003 [Berio et al., 2004]. As an illustration of
the use of our temporal de-correlation method, here is the example of the GAVDOS
project, e.g. of the Crete campaign carried out in 2003. During such campaign, the
FLTRS aims to calibrate the satellite altimeter (see Fig. 7) with the help of a short-arc
technique [Bonnefond et al., 1995]. Thus, we need the most accurate positioning for
this transportable station as well as an exhaustive knowledge of its error budget and,
in particular, an accurate estimate of its range bias.

Map of Corsica

Experiment

417 40N f

417 35'N

41" 30N i Senejé
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| —— — P
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Figure 7. CALVAL experiments with the FTLRS in Corsica and in Crete.

Regarding the number of normal points collected on the two LAGEQS satellites by
the FTRLS during this campaign (see Tab. 1), it is clear that we need to use the four
satellite data to compute the FTLRS positioning. To do so, we have carried out two
kinds of computations:

1. the FTLRS position and the range biases per satellite are computed
over the whole period of time;

2. we compute weekly FTLRS positions together with range biases per
satellite which are computed over the whole period of time (temporal
de-correlation approach).
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Satellite  |Number of normal points
LAGEOS-1 108
LAGEQOS-2 315

STARLETTE 2902

STELLA 1479

Table 1. Number of normal points collected by the FTLRS during
the Crete campaign carried out in 2003.

In the both computations, the FTRLS positions are computed with respect to the
ITRF2000 position [Altamimi et al., 2002] corrected for the solid Earth tides and the
solid Earth pole tide in agreement with [McCarthy, 1996]. With the first method, the
mean FTLRS position is directly computed, while, with the second approach, the
mean FTLRS position is provided as the weighted mean value of the weekly
estimated positions. The results produced by these two methods are summarized in
Table 2.

The horizontal component estimated values are left unchanged between both
approaches. And, the correlation is strongly decreased with the temporal de-
correlation method. We can also notice a transfer between the biases and the Up
components (the value is close to 1 cm) between both methods. Only the results of the
second method are retained and, as a result, the mean FTLRS range bias value is -13,8
mm. [Nicolas et al. 2002] provides - 5 mm. This difference is explained. Indeed,
during the whole campaign, the internal and external FTLRS calibrations exhibited a
constant 1-cm difference.

Method East| North | Up | BLAG1 | BLAG2 |BSTE| BSTA |Corr.
Method 1 25| 59 | 0,3 -19,7 -206 | -28,3 | -22,4 | 0,93
Method 2 16| -58 | 125 -9,6 -9,7 -20,2 | -15,7 | 0,57

Absolute differences| 09| 0,1 | 12,2 10,1 10,9 8,1 6,7

Table 2. Results (in mm) produced by the two methods studied to compute the FTLRS mean
position and range bias during the Crete campaign carried out in 2003. The FTLRS mean
positions are provided in the ENU local frame. BXXXX corresponds to the FTLRS bias
computed for the satellite XXXX and corr. is the maximum value of the correlations between
the estimated FTLRS range bias values per satellite and its Up component positioning values.

Finally, we can see differences between the bias estimated values per satellite (both
LAGEOQOS satellites versus STELLA and STARLETTE satellites). These differences
could be explained by a radial constant error of 1 cm found for STELLA [Bonnefond,
2006] and by the fact that the signature effects depend on satellite and on detection
system [Nicolas, 2000].

3.2. 12-year SLR data analysis

The temporal de-correlation method has also been applied over 5-month running
windows in the framework of a 12-year SLR LAGEQS satellite data analysis (see
[Coulot et al., 2005] and [Coulot, 2005] for more details).
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Figure 8. Bias (in cm) time series with a 5-month sampling computed for the
Yarragadee (on the left) and the Grasse (on the right) SLR stations during
the 12-year SLR LAGEOS satellite data analysis.

Fig. 8 provides two examples of bias time series computed during this study.
Regarding the Yarragadee (7090) SLR station results, we can first notice that the bias
values per satellite are very close: the RMS of the difference is 0.03 mm! A jump is
clearly detected in the two time series. And, the epoch of this jump (January 1998) in
fact corresponds to a detection system change.

Regarding the Grasse (7835) SLR station results, a jump is also detected in September
1997 and this jump corresponds to the detection system change previously mentioned
in section 1 (cf. Fig. 1). We can finally notice the great stabilization of the range
biases after this discontinuity. Indeed, the bias RMS value after this latter is 3.0 mm
whereas this value is 20.5 mm before the jump!

4. Method improvement
4.1. New approach

Up to now, the limits of the time interval over which biases are supposed to be
constant were not rigorously determined. As previously mentioned, range biases are
directly linked to SLR instruments. Thus, biases are now supposed to be constant
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43000 49000 50000 51000 52000 53000 54000 48000 49000 50000 51000 52000 53000 54000

8.01 Calibration Type : PRE+POST
Target Location : EXTERNAL

Target Type : CORNER CUBE

Target Structure : CONCRETE PIER
Target Distance [m]: 150.4229

Date Measured : 1998-08

Accuracy (mm) [mm]: 2

Verification : Local Tie Survey Comparison
Return-rate Controlled : YES

6.01.01 Primary Chain

Signal Processing : CFD
Manufacturer : Tennelec
Model : TC454

Date Instalied : 1993-04-23
Date Removed : (yyyy-mm-dd)
Amplitude Measurement : YES
Return-rate Controlled: YES

9. Time and Frecuency Standards Mode of Operation : FEW PHOTON

9.01.01 Frequency Standard Average Cal Interval [min]: 75

Type : Rubidium disciplined by GPS Single Shot RMS [mm]: 4.5 6.02.02 Secondary Chain
Model : XL-DC 151-358-108-2 Edit Criterion 1st Chain : ITERATIVE 3.0 SIGMA Signal Processing : CFD
Manufacturer : TrueTime Edit Criterion 2nd Chain : N.A. Manufacturer : Tennelec

Short Term Stab. [e-12]: 10 Application of Cal Data : AVERAGE Model : TC454

Long Term Stab. [e-12]: 3 Date Installed : 1992-07-20 Date Installed : 1998-08-13
Time Reference : GPS Date Removed : (yyyy-mm-dd) Date Removed : (yyyy-mm-cd)
Synchronization : GPS Epoch Additional Information : (multiple lines) Amplitude Measurement : YES
Accuracy [ns]: <100 Return-rate Controlled: YES
Date Installed : 2000-06-29 Mode of Operation : Single to Multi Photons

Date Removed : (yyyy-mm-dd)

Mode of Operation : Few to Multi Photons

Figure 9. Examples of instrumental change epochs found in the log file of the Yarragadee
SLR station (7090).
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between two instrumental changes. We use station log files to determine these
changes. Fig. 9 shows examples of instrumental change epochs used for the
Yarragadee station (7090). Examples of so computed biases per satellite are provided

in [Coulot et al., 2007].
4.2. Results

Fig. 10 compares the results produced with our improved temporal de-correlation
method with those produced without considering any range bias during the data
processing. Results are satisfying. Indeed, for instance, the scale factor time series is
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Figure 10. Translation and scale factor parameters (in mm) computed between the weekly
Terrestrial Reference Frames and ITRF2000 and four station Up component time series
computed in ITRF2000 (in cm). Black (resp. red) curves correspond to the computation
carried out without considering any bias (resp. the computation for which our improved

temporal de-correlation method has been applied).
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more stable (RMS value of 8.5 mm to be compared with the 11.2 mm value provided
by the computation carried out without bias). Moreover, the drift exhibited by the
black scale factor time series disappears when our approach is used. Finally, the
station time series are clearly more stable even if some discontinuities are still
detected.

5. Conclusions and prospects

The two approaches (“running windows” or “instrumental change epochs™) produce
very satisfying results. They could be coupled to detect jumps which are not clearly
linked to reported instrumental evolutions. Furthermore, it would allow us to
rigorously apply the method to “poor quality stations”, e.g.. stations for which biases
are not stable.

Our method takes into account the correlation between station position Up
components and range biases. We should also pay attention to the correlations with
the possible radial orbital errors in the framework of a semi-dynamical approach (see
[Coulot et al., 2007]). It would thus require a global estimation of all parameters for
the whole network involved.
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Abstract

The quality presently reached by space-geodetic techniques, regarding precision,
accuracy such as spatial and temporal distributions of their measurements, allows us
to compute time series of geodetic products.

In this context, we have developed a method to compute time series of Earth
Orientation Parameters (EOPSs) and terrestrial station positions through the analysis
of Satellite Laser Ranging (SLR) data. This technique being an important basis for the
computation of the International Terrestrial Reference Frame, it is crucial to derive
accurate time series with a rigorous approach. Furthermore, this method will be used
by the scientific department GEMINI of the Observatoire de la Cote d’Azur when it
will become an official ILRS analysis center.

These times series are obtained with a good accuracy and a reasonable sampling (1
day for EOPs and 1 week for station positions). This good accuracy is ensured by i) a
rigorous weighting of SLR measurements per satellite and per station; ii) a kinematic
approach to compute orbital residual errors; iii) a rigorous control of range biases
which is detailed in [Coulot et al.,2007].

In this paper, we first present the two aspects i) and ii) of our method. In a second
part, we analyze 13 years (1993-2005) of SLR data on both LAGEOS satellites in
order to study the Terrestrial Reference Frames and the EOPs so computed.

Introduction

This paper comprises four parts. First, we detail the two LAGEOS satellite orbit
computation. Second, we provide general considerations about the Satellite Laser
Ranging (SLR) data processing, regarding the data weighting, the orbital residual
errors, and the range biases. Then, we describe the time series computation method
and produce the results and, finally, we provide some conclusions and prospects.

1. Orbit computation

This section aims to briefly describe the two LAGEQOS satellite orbit computation.
Tables 1, 2, and 3 respectively show the physical models used for the orbit
computations and for the Earth Orientation Parameters (EOPs) and the station
positions during these computations.

Fig.1 shows the orbit residual WRMS and the numbers of data used and rejected for
both satellites. Tab. 4 provides some statistics of these values. We can see that, on
average, the residual WRMS are at the centimeter level for both LAGEQOS satellites.

The sampling used for these computations is the GPS week but, in order to reduce the
impact of the residual orbital errors, we in fact compute 9-day orbital arcs and only
keep the 7-day central arcs. As a result, our orbital arcs provide 2-day overlaps. Fig. 2
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shows the bias and the RMS values of the orbit differences so computed in RTN
frame for both satellites. Table 5 provides the mean values of these difference bias
and RMS values.

Table 1. Physical models used for the orbit computations.

Type Description
Earth’s gravity field GRIM5_C1 [Gruber et al., 2000]
Atmospheric density DTM94 [Berger et al., 1998]
Planetary ephemerides DEA403 [Standish et al., 1995]
Earth’s time varying gravity field
Solid Earth tides Model in [McCarthy and Petit, 2004]
Solid Earth pole tide Model in [McCarthy and Petit, 2004]
Oceanic tides FES2002 [Le Provost, 2002]
Atmospheric pressure ECMWEF, http://www.ecmwf.int/

Table 2. Physical models used for the EOPs during the orbit computations.

Type Description
Reference time series EOPCO04 [Gambis, 2004]
Quasi-diurnal Variations Model in [McCarthy and Petit, 2004]
Precession Model [Lieske et al., 1977]
Nutation Model in [McCarthy, 1996]

Table 3. Physical models used for the stations positions during the orbit computations.

Type Description
Terrestrial Reference Frame ITRF2000 [Altamimi et al., 2002]

Celestial Reference Frame ICRF [Arias et al., 1995]

Solid Earth tides Model in [McCarthy and Petit, 2004]

Solid Earth pole tide Model in [McCarthy and Petit, 2004]
Oceanic loading (only tidal components) Computed with FES2002

Atmospheric loading (only non-tidal Computed with ECMWEF fields
components)

Table 4. Statistics of the values shown on Fig. 1.

Satellite Mean residual Mean number of data Mean number of
WRMS used rejected data
LAGEOS 1.11cm 1433 49
LAGEQOS-2 0.95cm 1320 35

Their interpretation is not easy, and yet these overlaps provide a way of controlling
the orbit quality. From Table 5, we can see that the two LAGEOS satellite orbits
provide differences with mean RMS values between 1 and 4.5 cm.
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Figure 1.0Orbit residual WRMS (cm) (black curves) and numbers of data used (blue curves)
and rejected (red curves) per orbital arc for both LAGEOS satellites
(LAGEOS on the left and LAGEOS-2 on the right).

Table 5. Statistics of the values shown on Fig. 2.

Satellite R (cm) T (cm) N (cm)
LAGEOS -0.02 -0.01 0.01 Mean bias
2.57 4.37 2.59 Mean RMS
LAGEOS-2 0.01 -0.05 0.00
1.32 2.26 2.66

2. General considerations

The SLR data processing method we have developed is divided in three steps. Fig. 3
shows the global computational scheme. First, GRGS (french Groupe de Recherche
en Geodésie Spatiale, Spatial Geodesy Research Group, in English) GINS (Géodesie
par Intégration Numérique Simultanée, Geodesy by Simultaneous Numerical
Integration, in English) software provides the two LAGEOS satellite orbits with the
help of physical models and SLR measurements (see previous section 1). Second,
GRGS MATLO (MAThematiques pour la Localisation et I’Orbitographie,
MAThematics for Localization and Orbitography, in English) software uses these
orbital arcs and the SLR data to compute pseudo measurements as well as partial
derivatives of these latter with respect to the parameters worthy of interest. Finally, an
estimation software (POSGLOB for POSitionnement GLOBal or GLOBal
POSitioning in English) produces parameter estimates from MATLO outputs.
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Figure 2. Orbit dlfferences (biases - in black - and RMS values - in red -, in cm) in the
RTN frame computed over the two overlapping days for both LAGEOS satellites
(LAGEOQS on the left and LAGEOS-2 on the right).
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As shown in green boxes on Fig. 3, there are three critical issues in such computation:
the range bias and residual orbital error handling and the data weighting. Thus, we try
to build the optimal method to take these issues into account.
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Figure 3. SLR data processing scheme.
2.1. Data weighting

SLR stations do not provide measurements of the same quality. As a consequence, we
can not use the same weight for all SLR measurements but we have to find weights
which really correspond to the quality of these measurements. To do so, we use an
optimal variance component analysis method: the degree of freedom method inspired
by [Persson, 1982]. The following scheme on Fig. 4 summarizes the method (see
[Sillard, 1999] and [Coulot, 2005] for more details).

As shown on Fig.4, this method (as a great part of such variance component analysis
method) is based on common parameters for all considered observation groups. In our
case, the only real common parameters are EOPs as we consider that observation
groups are measurements per station and per satellite. Thus, our variance component
analysis approach only relies on these EOPs.

Fig. 5 shows the method used to derive the optimal weighting per station and per
satellite. First of all, MATLO software is used to derive pseudo measurements and
partial derivatives of these latter with respect to station positions and EOPs from the
7-day LAGEOQOS satellite orbits and the range biases computed with the temporal de-
correlation method (see section 2.3 and [Coulot et al., 2007]. Then, a first
computation is carried out with an empirical weighting derived from the mean orbit
residual WRMS per station and per satellite.

For this computation, we apply weak constraints on station positions and EOPs. From
this data processing results, we get estimated station positions which are used for the
second computation. Indeed, for this latter, station positions are held fixed to the
previous estimated values and, consequently, the only parameters to be computed are
EOPs, the common parameters. From this computation, we then get the weekly
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optimal weights per station and per satellite which can now be used for any SLR data
processing.

Common parameters
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Figure 4. Scheme of the degree of freedom method.
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Figure 5. Scheme of weekly optimal weight per station and per satellite computation.

Table 6 provides the mean WRMS values of residuals per station and per satellite
computed with the optimal weighting. On the whole, the values are consistent with
the a priori knowledge one can have on the SLR network station quality but our
approach should be more improved by the use of all the involved parameters to
compute the optimal weighting. Indeed, orbital residual error parameters (see next
section) are common parameters for measurements per station and we should study
the impact of the non common parameters (namely, the station positions) on the
results produced by variance component analysis methods. Moreover, these values
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also evidence the fact that the model used to compute the optimal weighting does not
explain the SLR measurements at the millimeter level (the best values are few
millimeters). It is certainly mainly due to the fact that the residual orbital errors were
not estimated.

Table 6. Mean WRMS (in cm) values of residuals per station and per satellite computed with
the weekly optimal weights derived from the method shown in Fig. 5. For each station, the
first (resp. second) column corresponds to the mean WRMS for LAGEQS (resp. LAGEOS-2)
satellite. Evidenced stations are present in less than 50 weeks over the 13-year time interval.

1824]120.5(20.3|7210| 1.0 | 0.9 |7502] 2.3 | 1.9 |7840] 0.9 | 0.9
1831| 4.0 | 3.9 |7231| 5.1 | 6.2 |7505] 1.6 | 2.0 |7841] 1.1 | 1.1
1863] 2.6 | 2.5 |7236]11.4110.4]7520] 1.5 | 1.3 |7843] 18 | 1.6
1864] 4.0 | 3.6 |7237] 2.0 | 1.9 |7548]11.6] 6.8 |7845] 1.0 | 0.9
1867130.9116.2 17249 5.1 | 45 |7597] 2.5 | 3.1 |7847] 9.9 |12.9
1868] 9.4 | 8.1 |7295] 0.9 | 0.9 |7805]13.2115.0)7848] 23 | 1.9
1873113.8114.117308| 2.0 | 1.9 |7806] 1.9 | 1.5 |7849] 23 | 1.1
1884] 2.3 | 2.1 |7335] 1.0 | 0.9 |7810] 1.4 | 1.4 |7850| 0.7 | 0.8
1885] 8.9 [13.0|7337| 1.0 | 2.2 |7820] 2.3 | 2.4 |7882] 0.5 | 0.6
1893] 3.3 | 3.3 |7339| 1.2 | 0.8 |7821] 2.0 | 2.9 |7883] 0.5 | 0.6
1953] 9.9 |11.5|7355| 43 | 3.7 |7824] 2.4 | 2.3 |7884] 1.2 | 0.6
/7080| 1.0 | 0.8 |7356| 2.8 | 2.8 | 7825 1.8 | 1.9 |7918] 09 | 1.1
7090 1.7 | 1.4 |7357] 49 | 6.0 |7830] 1.6 | 1.5 |7939| 6.9 | 6.8
7105] 0.9 | 0.8 |7358| 5.0 | 6.9 |7831f 2.7 | 2.0 |7941] 0.9 | 0.8
7106] 7.6 . |7403] 1.5 ] 1.1 |7832] 1.2 | 1.2 |8833| 2.8 | 2.7
7109] 0.7 | 0.6 |7404| 49 | 1.8 |7835] 1.0 | 0.9 |8834] 14 | 14
7110} 0.9 | 0.8 |7405| 2.7 | 2.7 |7836f 1.0 | 0.9 |7811] 1.8 | 1.6
7122] 0.7 | 0.7 |7410| 0.7 | 0.6 |7837] 2.1 | 2.0
7124) 1.7 | 1.2 | 7411} 0.5 | 0.6 |7838] 1.7 | 1.6
7130] 1.3 | 1.4 |7501f 2.2 | 2.1 |7839] 0.8 | 0.8

2.2. Orbital residual errors

As previously shown in section 1, the LAGEOS satellite orbital arcs may be affected
by some residual errors (cf. Fig. 2 and Tab. 5). The integration of Hill’s satellite first-
order motion differential equations ([Cretaux et al., 1994] and [Coulot, 2005])
provides the empirical form of such orbital residual errors in the RTN frame:

OR(t) = ayt cos(itt) + bt sin(itt) + ¢, cos(it) +d,, sin(int) + e, + fi1
ST (1) = ayt cos(7it) + byt sin(7it) + ¢, cos(iit) +d, sin(iar) +e, + fr1+g,1°
ON(t)=atcos(nt)+ b tsin(int)+c, cos(int)+d, sin(inr)+e,

The coefficients evidenced in yellow can be estimated. Thus, doing so, we can carry

out a kinematic (or semi-dynamic) estimation of the orbital residual errors; see Fig. 6
for examples.

In order to avoid spurious transfers between the terrestrial and the orbital parameters,
we should compute all the involved parameters (station positions, EOPs and orbital
residual errors) in a same process. But, doing so gives rise to problems. Indeed, it
creates supplementary reference system effects [Sillard and Boucher, 2001] on the
third translation and on the scale factor of the underlying Terrestrial Reference Frame
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Figure 6. Examples of orbital residual errors estimated, in cm,
for both LAGEOS satellites in the RTN frame.

(TRF). These parameters are thus damaged and the estimated orbital errors so
computed are completely eccentric! Consequently, we have to find a rigorous balance
between minimum constraints used to define the weekly TRFs and possible
constraints applied on the orbital error coefficients. Furthermore, we have to take into
account the physical coupling between the radial and tangential components [Coulot,
2005]. Finally, we have to carry out a sensitivity analysis to determine which
coefficients can be optimally computed each week.

2.3. Range biases

Regarding range biases, we have developed a temporal de-correlation method in order
to get the most accurate and consistent range bias values (see [Coulot et al., 2007] for
more details). Fig. 7 provides an extract of the raw output file provided by this
method. We can see that, when they are estimated over long periods, biases per
satellite are very coherent. In other cases, the differences are at a few millimeter level.

s Validity Value for LAGEOS (m) Values obtained for LAGEQS-2 (m)
tation enes . Dates) OCiSi Bias + precision

7835 16340 16544 1.39582854T040809E-002 ] 1.234432517595224E-002 1.2
7835 165644 16564 28985E-002 6.300895927387962E-002

7835 16564 16679 3.32093337488 E-00: 1 2.891112857748582E-002
7835 16679 17413 1.664937112299916E-002 1.4 ; 1.540554934193744E-002 1.5
7835 17413 18143 : 930¢ ( -6.434411963804878E-004
7835 18143 18873 2.12971 3.901844189266957E-003 !
7835 18873 9 5.700719983120365E-003 4.7
7835 19603 20300 2.842151050185370E-003 1.004

7845 17521 18305 -4.428851680859768E-003 ] 4 -1.201192209408536E-003 6
7845 18305 19305 8.113087278820413E-003 4 ( 004 7.840983271450021E-003
7845 19305 20035 1.285646431835049E-002 5 4 : 14 1.654336641325428E-002
7108 16317 16047 -3.746952854385001E-003 14 -6.864306478378965E-003 5
7105 16047 16777 -1.064881791710468E-002 7
7108 16777 16940 -7.750502221599706E-003 &
7105 16940 17670 -4.33040323 -2.921756834785135E-003 4
7105 17670 17877 -8.7973531 -4.826611780213416E-003 6.
7105 17877 17959 -8.74149 -1.019322123979381E-002 1.
7105 17959 18039 -4.6486907 -2.871015614103231E-003 9
7105 18039 18666 -5.1691115804 -4.312745700605802E-003 4

7105 18666 18877 -3.472024871

-2.899406111483316E-003 6.01
7105 18877 19607 003 3.8 -5.491238818875488E-003 4
7106 !CIG‘"" 20337 -6.548560807830205E-003 4.924 H } { .7.645452603994796E-003 5
71056 20337 20500 -7.040431351813800E-00 4 .6.322205532930170E-003 1

Figure 7. Examples of range bias values (m) per station and per
satellite computed with the temporal de-correlation method
[Coulot et al., 2007]. CNES JD=MJD-33 282.
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Figure 8. Time series computation method scheme.

3. Time series computation
3.1. Method

Fig. 8 shows the global method scheme. For the time series computation, the range
bias values computed with our new method as well as our optimal weights are
applied. For this first “long period” data processing carried out with
MATLO/POSGLOB software, no orbital residual error is estimated nor applied.

3.2 Results

Fig. 9 shows the results produced with TRANSFOR software (cf. Fig. 8) for the three
translation parameters. We have carried out frequency analyses of these time series.
These analyses have been carried out with FAMOUS (Frequency Analysis Mapping
On Unusual Sampling) software developed by F. Mignard (OCA, France) in the
framework of the GAIA project [Mignard, 2004]. The TX (resp. TY) time series
exhibit a 2.9 mm (resp. 3.2 mm)-amplitude annual signal and the TZ time series
exhibit a 2.4 mm-amplitude annual signal as well as a 1.7 mm-amplitude semi-annual
signal. Moreover, the scale factor time series are shown in [Coulot et al., 2007], Fig.
10. They exhibit a 2.6 mm-amplitude annual signal. This annual signal may be an
artifact due to the SLR network geometry and the fact that the atmospheric loading
effects have not been considered in the a priori modeling used for station positions
(see next results for these station positions).

Regarding EOPs, the results are shown on Fig. 10. The weighted biases are
respectively -119 and 7 pas for Xp and Yp and the WRMS are respectively 299 and
256 pas for Xp and Yp. Moreover, the opposite drifts detected between 2000.0 and
2006.0 certainly come from some network effects.

The station position time series are estimated with respect to the ITRF2000 mean
position corrected for plate tectonics (ITRF2000 velocities), Earth solid tides, pole
tide and oceanic loading effects in agreement with the IERS conventions [McCarthy
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Figure 9. Weekly translation parameter time series (mm) between weekly SLR TRFs and
ITRF2000. Red curves correspond to the periodic signals detected and estimated with
FAMOUS software.
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Figure 10. Daily EOP time series (mas) computed with
respect to the EOPCO04 time series.

and Petit, 2004]. These time series must consequently evidence the atmospheric and
hydrologic loading effects.

Fig 11 shows 7839 and 7840 SLR station position time series in ITRF2000. Annual
and semi-annual signals with amplitudes between 5 mm and 1 cm are detected by
FAMOUS software in such Up component time series for some stations. These annual
signals may be linked to the previously mentioned loading effects.

128



Proceedings of the 15th International Workshop on Laser Ranging

T839 (Graz) T840 (Hersimoneeux )
"n*H M‘M»«wjr«l(wﬂw w%www 54 JWWWMMMW rJM« "y

15 HH

E’W WMT*LWWWWL%WH Ww

1998

P WW‘WWT""WWW“ 'ﬁw]n,« Wh‘pm X

)
- T JJ! N

\' (mm)

‘WWT P '*Twev‘fﬁwm"r W\f‘v\m W*

1 )‘H il

ﬁw ww“’“‘ (*‘i“m"v“m*‘h'fhmwwm W‘j

mm)

1.[

-40

40

1994 1998

Iw-l 1-m’. 15 NH

Figure 11. Examples of station position time series computed (in mm) in the ENU local
frame in ITRF2000. On the left: Graz, 7839. On the right: Herstmonceux, 7840.
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Figure 12. Empirical orbital errors (biases - in black - and RMS values - in red -, in cm)

in the RTN frame computed with our semi-dynamic approach for both LAGEOS satellites
(LAGEOS on the left and LAGEOS-2 on the right).

Table 7. Statistics of the values shown on Fig. 12.

Satellite R (cm) T (cm) N (cm)
LAGEOS 0.38 0.06 -0.13 Mean of means
1.71 2.73 1.32 Mean of RMS
LAGEQOS-2 0.31 -0.11 0.20
0.90 1.65 1.46

Finally, although our global method (cf. Fig. 8) does not provide any orbital error
estimate, we have tested our semi-dynamic approach by keeping station positions and
EOPs fixed. Almost all effects are included in the a priori modeling then used for
station positions: plate tectonics, solid Earth tides, pole tide, and oceanic and
atmospheric loading effects (European Center for Medium-range Weather Forecasts -
ECMWEF, http://www.ecmwf.int/- pressure fields were used to derive the atmospheric
loading effect models) as well as the range biases provided by the temporal de-
correlation method. Fig. 12 shows the bias and the RMS values of the empirical
orbital errors so computed in RTN frame for both satellites. Tab. 7 provides the mean
values of these error bias and RMS values. These values are coherent with the 2-day
LAGEQOS overlaps (cf. Fig. 2 and Tab. 5).
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4. Conclusions and prospects

Our time series estimation method should be operational soon. To do so, we still have
to:

- finalize our method regarding orbital errors;

- use all available common parameters to get optimal weekly weightings;

- go further with our temporal de-correlation approach for range biases [Coulot et al.,
2007].

New computations should be carried out with ITRF2005 and the improved EOPC04

time series. And, in the near future, we plan to:

- carry out computations with atmospheric loading effect models in the a priori
modeling for station positions to quantify their impact;
- use other satellites and study the impact on the involved TRFs.
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NETWORK PERFORMANCE AND RESULTS SESSION SUMMARY
C. Luceri and M. Torrence, co-chairs

This workshop session was a forum for the assessment of network data production, quality,
and ILRS products.

The regular quality control assessments performed by several ILRS analysis centers was
discussed by R. Noomen. He showed range bias estimates for LAGEOS 1 and 2 improved in
consistency from 2004 through 2006 from 30 to 20 mm level. Other analysis centers
contributions to regular and rapid data quality analyses will help the overall assessment of the
results as there are, as of this writing, only two AC contributing to this effort. T. Otsubo
showed that characterization of possible intensity-dependence station effects should be
considered to achieve mm level data accuracy and calibrations may show possible
correlations with seasonal loading effects. M. Torrence showed examples of plots of station’s
data as a function of local time and range measurement.

J. Luck reported on upgrades to the WPLTN sites and reported the data yield from southern
hemisphere tracking sites has increased to 40% of the total data available data with the quality
generally comparable with the data from the northern hemisphere. Luck also commented that
all stations should pay close attention to their system delay and calibrations. A report on mm
level bias due to measurement characteristics of the Stanford counter in the data from
Herstmonceux was given by P. Gibbs, with the suggestion that all Stanford counters should be
characterized. F. Pierron showed results of the FTLRS occupations at the Ajaccio site,
achieving stable position estimation from multi-satellite data analyses using the Eigen-
Grace03s gravity model for the two occupations (2002 and 2005).

E. Pavlis discussed the global SLR network and the origin and scale of the TRF in the GGOS
era and an SLR-based evaluation and validation studies of candidate ITRF2005 products. An
assessment of the ILRS-A standard product was presented by G. Bianco. This routine
production process is stable and reliable and those ILRS standard products allow monitoring
of site coordinates and EOPs. Additionally, the geocenter motion, geometrically derived from
the weekly solutions, could be included among the future ILRS standard products. R. Govind
showed results of a simulation to evaluate the contribution of an additional SLR station in
northern Australia to the Earth center-of-mass determination.

The session concluded with a light-hearted presentation by P. Shelus on “Evolution of
SLR/LLR in Response to Mission Needs.” From the summary slide: “As scientific
experiments become more complicated, greater pressures are placed upon operational
logistics in order to perform necessary operations, and yet retain personnel safety and
instrumental integrity. Thorny logistical problems have been solved by a combination of
computer power, internet communications, orbital dynamics and precisely defined inter-
relationships among several reference frames.”

There were several posters presented for this session. C. Noll described the laser ranging
archive available at the ILRS data centers and plans for future enhancements. J. Luck showed
the result of a minico system delay for the Mt. Stromlo site. C. Moore presented a summary of
the observations of GioveA taken from Mt Stromlo SLR Station, the identified patterns that
have impacts on tracking productivity and the use of Giove A data for an empirical analysis
of link budget requirements for potential gain in tracking GioveA, Galileo and similar
satellites. T. Otsubo showed plots of intensity-dependent effects for all stations. M. Torrence
displayed plots of data as function of local time and range for all stations.
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The SLR network from a QC perspective
R. Noomen'
1. Delft University of Technology, Kluyverweg 1, 2629 HS Delft, The Netherlands.
Contact: r.noomen@tudelft.nl / Fax: +31-15-2785322
Abstract

Although it can be considered as a traditional if not classical technique, Satellite
Laser Ranging (SLR) (still) plays a crucial role when it comes to assessing and
monitoring a number of global aspects of System Earth: scale and origin of the
terrestrial reference frame. A proper and timely monitoring of the performance of the
network of laser stations is a prerequisite to provide an optimal contribution to the
space geodetic community. In order to detect possible data problems at an early
stage, a number of analysis centers perform a regular quality control (QC) of the SLR
measurements on a variety of satellites. This paper addresses a number of issues
relating to that: the development of the global network in terms of stations and their
distribution, and the development of the (raw) data quality. The quality and
consistency of reported range biases will be studied in this paper as well. Although
the analysis done here covers the years 2004-2006 only, the results show an
improvement in consistency for most of the QC centers, from about 30 mm in 2004 to
about 20 mm in 2006 (total network) or from 25 mm to 15 mm (AWG core network).
Two points of concern are the global coverage of the network of SLR stations and the
decrease in the number of QC centers.

Introduction

With its highly accurate absolute distance measurements between satellites and
ground stations, the International Laser Ranging Service (ILRS) supports a wide
range of space geodetic missions: gravity field missions, altimetry missions, missions
aimed at the assessment and monitoring of the terrestrial reference frame, and others.
To obtain the best possible contribution from such SLR observations, a good global
coverage of the network of ground stations, a good production rate and a high quality
of such observations are prerequisites.

In this paper, both network geometry and data quality aspects are addressed. In
particular, the overall development of the network in terms of geometry, data yield
and data precision is described. Also, the various possibilities to monitor the quality of
these observations and to alert stations in case of systematic errors (range biases) are
examined. The paper compares a number of QC institutes, and derives
recommendations for the threshold at which a reported bias can be considered to be
real. This is primarily done by comparing independent bias estimates for common
passes on LAGEOS-1 and on LAGEOS-2.

SLR network development

Figure 1 shows the number of stations that have tracked the satellites LAGEOS-1
and/or LAGEOS-2, during a particular year. Considering the central role of these two
spacecraft, an inventory of the data acquisition on either of these satellites can be
considered as a direct measure for the amount of stations that were active in a
particular year. It is clearly visible that the number of stations in the global network
has increased from about 30 in the mid-1980s to about 40 now; variations and
developments in this number are typically related to the operations of transportable
SLR stations, and the installation of new stations at various places around the world.
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Figure 1. The yearly number of stations that tracked LAGEOS-1 and/or
LAGEOS-2, and their production in terms of number of passes.

In spite of the reasonable stability of this number over the past decade, the plot shows
a remarkable reduction from a recent maximum of 39 in 2003 to 34 in 2005. This will
be discussed further shortly.

The figure also shows the total number of passes (on LAGEOS-1 and LAGEOS-2)
that have been taken during the same year. In spite of the reduction of the number of
stations, the total number of individual passes has been stable if not on the rise: in
2005, about 13,000 passes were obtained, or almost 400 on average per station.
Clearly visible is the increase of this number of passes in 1993, the first full year after
the launch of LAGEOS-2, on October 25, 1992. Contrary to the decline in number of
stations in the past few years, the total data yield of the network appears to be stable
(if not increasing). This can be attributed to a higher level of efficiency (automation),
improvements in scheduling and increasing number of shifts.

The geometry of the SLR network is illustrated in Figure 2. Here, the tracking
network in 2003 is compared to that in 2005; note that no allowance for the number of
passes is made. It is clearly visible that the majority of the network has been in
operation permanently, whereas a relatively small number of stations (Hawaii,
Arequipa/Peru, Chania/Crete and Komsomolsk-na-Amure/Russia; open red circles)
did not range in 2005 whereas they did in 2003. New stations in 2005 (or 2004, at
least w.r.t. 2003) are Ajaccio/France and Tanegashima/Japan. The plot shows that the
distribution of stations has a preference for the Northern Hemisphere, and that the
termination of activities in Hawaii and Arequipa has dramatic consequences for the
coverage in particular in the Pacific region. In view of the important role of SLR in its
unique determination of global parameters of System Earth like geocenter and scale,
such flaws in station distribution are an absolute point of concern. Fortunately, the
situation has improved again with the installation of new stations in San
Juan/Argentina, Hawaii and Arequipa in mid-2006.

To get an idea of the advancement of the technical quality of the network, Figure 3
gives a comparison of single-shot precision values of raw SLR observations. It is
clearly visible that these values have improved dramatically in 2002 when compared
to 1997. These numbers are to be considered as representative for the current network
of stations: on average, the single-shot precision is at the level of a few mm for the
major part of the network.
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Figure 2. The global network of SLR stations, Black circles indicate stations that have been
active in both 2003 and 2005. Open red circles represent stations that were active in 2003,
but not in 2005. Solid red circles represent stations that were active in 2005, but not in 2003.
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Figure 3. A comparison of the single-shot precision of a number of representative SLR
stations, in 2002 as compared to 1997 (courtesy Van Husson).

Bias detection capability

SLR observations are reputed for their absolute, unambiguous value, and therefore
they play an essential role in the determination of the origin and scale of the
International Terrestrial Reference Frame (ITRF) (e.g. [Altamimi et al., 2002]). In
order to do so properly, it is of utmost importance to monitor the quality of the
observations taken by the SLR stations, not only on a precision level (i.e. in terms of
internal consistency) but especially on absolute accuracy. To this aim, possible
systematic errors (range biases) need to be computed and evaluated on a pass-by-pass
basis and scrutinized constantly. To do so, a number of options exist. First, one can do
so at the tracking station itself; actually the monitoring of such items is already being
done, on the basis of orbit predictions and/or short-arc, rapid-return orbit solutions.
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Although the capabilities are limited, the stations and analysis centers involved in this
are encouraged to continue to do so. The second option is to derive such biases from
the official ILRS product; here, a group of 6 analysis centers cooperate in a concerted
effort to generate a weekly solution for station coordinates and Earth Orientation
Parameters (EOPs) [ILRS, 2006]. A drawback of this technique is that station position
and biases become highly correlated below a certain level, and the possibility to
monitor range biases at the level of a few mm is therefore not possible. Also, by virtue
of the (inherent) scatter in the weekly coordinates solutions for an arbitrary station,
the corresponding range biases would also reflect this scatter to say the minimum. The
third option is most attractive: a dedicated analysis in which the satellite orbit and
related parameters are estimated to come to a most accurate description of the relevant
elements of our system, but in which the position of the stations is kept fixed at a
highly accurate model value (of course, allowing for temporal effects like crustal
deformation, tidal motions, and ocean and atmospheric pressure loading deformation).
This paper focuses on results obtained by the latter techniques.

An overview of the analysis centers active in such analyses (not necessarily
exhaustive) is given in Table 1. In order to assess the quality of the bias values as
reported by these groups on a regular (daily, weekly) basis, only values reported for
the satellites LAGEOS-1 and LAGEOS-2 will be treated further here.

Institute Altimetry, | LAGEOS- | Navigation
gravity 1,-2 missions
missions

Astronomisches Institut Universitat X

Bern, Switzerland

Center for Space Research, Texas, USA

Deutsches Geodatisches Forschungs
Institut, Minchen, Germany

Delft University of Technology,
Netherlands

Mission Control Center, Moscow, Russia

el T B e

National Institute of Information and X
Communications Technology, Kashima,
Japan

Shanghai Astronomical Observatory, X
China

Table 1. Overview of the dedicated QC efforts done by various SLR analysis groups.

Although Table 1 shows that quite a number of analysis centers are involved in the
operational QC assessments, and might suggest that the results are consistent, a
simple illustration (Figure 4) shows that this is not necessarily the case: differences in
the “verdict” for individual passes of up to several tens of millimeter can easily be
present, sometimes even exceeding decimeter values. This aspect has been known for
quite a number of years already [ILRS, 1999]. One of the main reasons for this is the
modeling of the ground station positions: differences in this analysis component will
immediately show up as consistent bias differences. To remedy this (aspect of the)
situation, QC centers have been urged to use a common representation, which has
been put into practice during the last years with reasonable success: at this moment,
almost all QC centers use the ITRF2000 [Altamimi et al., 2002] model, with just a
single exception: MCC still uses its own set of station coordinates (status October
2006).
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The consistency of the reported bias values is the subject of the remainder of this
paper. The results as they are included in the weekly so-called ILRS Combined Range
Bias Reports [Gurtner, 2006] are used as input for this evaluation. These reports
basically merge the information from a number of individual bias reports, and have
been available since 2004. An example of (a few lines from) such a report is given in
Table 2, for one (arbitrary) station only.

1864 MAIL Maidanak CSR DGF1 DUT MCC NICT SAO
sc wl rb pr rb pr rb pr rb pr rb pr rb

1864 2005-11-30 19:49 L2 532 -8 6 -72 12 5 5 -27 12 -2

1864 2005-11-30 21:03 L1 532 -18 5 -49 23 -14 10 -28 16 13

1864 2005-12-01 17:43 L2 532 29 14 -36 11 -10 15 48 6 13 11 23

1864 2005-12-01 19:41 L1 532 4 11 -27 12 -54 11 8 5 -15 12 30

1864 2005-12-02 19:40 L2 532 -35 0 -91 11 82 4 * * -8 5 171

1864 2005-12-05 18:10 L2 532 -31 7 29 8 -62 7 -38 7

1864 2005-12-05 21:07 L1 532 -50 15 19 14 -16 18 -2 16

1864 2005-12-05 22:19 L2 532 -40 5 4 9 -64 12 -74 6

1864 2005-12-06 16:15 L2 532 4 7 50 9 -36 6 -17 7

1864 2005-12-06 16:29 L1 532 12 4 -52 4 -12 3 -6 3

1864 2005-12-08 14:03 L1 532 -16 13 -55 12 -64 12 -53 13

1864 2005-12-08 16:35 L2 532 -5 9 10 15 -70 21 -56 13

1864 2005-12-08 17:12 L1 532 28 1 -8 6 -32 O -49 9

1864 2005-12-08 20:36 L1 532 3 10 -3 9 -5 10 -32 10

1864 2005-12-08 20:42 L2 532 8 7 26 10 -24 11 -27 11

1864 2005-12-09 16:02 L1 532 10 5 -61 9 -59 9 -29 9

1864 2005-12-10 14:29 L1 532 22 13 -13 12 -7 12 12 13

1864 2005-12-10 16:39 L2 532 -5 11 40 27 -54 28 -27 20

1864 2005-12-10 17:58 L1 532 -5 16 -29 15 -39 15 -28 16

1864 Average 532 -4 8 -20 12 -38 11 11 6 -29 11 47

Table 2. An example of en entry in the ILRS Combined Range Bias Report [Gurtner, 2006],
for station Maidanak in December 2005. All values are in mm.

To compare the reported biases in a useful fashion, statistics on a large number of
values will be derived. In principle, one can do so in two ways. First, it is possible to
do a covariance analysis (cf. Figure 5), where common biases from an arbitrary pair
of QC centers are plotted against one another and trend line(s) and correlation
coefficients are computed. The advantage of this method is that it allows/eliminates
systematic differences between the two series. However, the results can be interpreted
with either of the two series as a reference, so this comparison technique will not yield
unambiguous results. Instead, a direct comparison is opted for here, where the bias
values reported for common passes as reported by an arbitrary QC center pair will be
subtracted (cf. Figure 4) and simple, straightforward statistics will be computed. It
should be noted that the QC centers may have developed/refined their analysis
procedures over the course of time, and therefore allowance will be made for time-
depending answers, reflecting differences in quality. An indication of this is shown in
Figure 6, which gives the rms-of-fit of orbital solutions on LAGEOS-1, as obtained by
Delft University of Technology over the period 1985-2005; improvements in the
quality of the orbital fit and therefore also in the bias detection capabilities are clearly
visible.

Results

A summary of these computations is given in Table 3: the rms values of the
differences. Typically, some 20,000 common LAGEOS-1 and LAGEOS-2 passes
went into the computation of a single entry in this table. It should be noted that
individual biases of 100 mm and larger (in absolute terms) were ignored here for
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various reasons: (i) they may be real in some cases, but not representative for a
normal situation; (ii) they may be very weak because of a small number of

observations during such a pass; and (iii) they may reflect problems with the model
station Y105 [Creenbelt)
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Figure 4. A comparison of bias values reported for common LAGEOS-1 passes over station
Greenbelt by QC centers CSR and Delft, as an illustration of the scatter and uncertainties in
these values (direct comparison).
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Figure 5. A comparison of bias values reported for common LAGEOS-1 passes over station
Yarragadee by QC centers CSR and NICT, as an illustration of the scatter and uncertainties
in these values (covariance-style comparison).

for station coordinates for the pertinent QC center. However, this represents a very
small fraction of the total number of common passes. Another aspect to be noted is
that the statistics have been computed in an unweighted fashion. Although passes with
a relatively large number of normal points will lead to more stable (consistent) bias
values, it is expected that this actually will average out, and straightforward statistics
are given here only. After all that is what a station operator or manager is confronted
with when reviewing the various bias reports.
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As reported, the values have been computed for various periods: the years 2004 (when
the Combined Bias Reports were initiated), 2005 and 2006. To better illustrate any

trend, the rms differences are also shown in a graphical form: Figure 7.
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Figure 6. Overview of the LAGEOS-1 rms-of-fit of the weekly orbital
computations as done by Delft University of Technology.

DGFI DUT MCC NICT SAO
CSR |-/26/-125/22/-128/25/-| 29/18/- | 34/21/-
DGFI -/28/34| -/29/- | -/29/28 | -/30/32
DUT 22/22/-125/22/21(24/22/22
MCC 26/25/- | 28/25/-
NICT 32/26/21

Table 3. Statistics of the differences between bias values for common LAGEQOS-1 and
LAGEQS-2 passes observed by the global network of SLR stations, as reported by various
pairs of QC centers. Entries are for 2004, 2005 and 2006,
respectively. All values are in mm.

The discussion of the results is postponed until the next section. It is an unfortunate
but real fact that the quality of the global SLR network is quite diverse: it is a mixture
of top-quality stations and stations that do a little bit less in terms of performance.
This might lead to the situation where the numbers reported in Table 3 and Figure 7
are indeed representative for the global network, but do not reflect the bias detection
capabilities for the state-of-the-art stations properly. To that aim, the consistency
computations have been repeated, but now for a subset of stations which has been
given a preferential role in the derivation of the weekly official ILRS product on
station coordinates and EOPs only: Graz, Greenbelt, Hartebeesthoek, Herstmonceux,
McDonald, Monument Peak, Mount Stromlo, Riyadh, Wettzell, Yarragadee and
Zimmerwald. These stations excel in terms of data quantity and quality, and it is
expected that the bias values reported for these stations are more consistent than the
values reported for the overall network. Results are presented in Table 4 and Figure 8,
with similar definitions.

Discussion

The numbers as reported in Tables 3 and 4 and illustrated in Figures 7 and 8 give a
very clear message: on average, the reported range bias values are consistent at the
level of about 20 mm when considering the total network of SLR stations, and at the
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level of about 15 mm when considering the so-called AWG core stations only. If these
numbers were to be reduced to an average quality verdict on a bias value reported for
an individual pass in an individual analysis report, these numbers can be divided by
\2 (first order; one can argue about the level of formal correlation between the pairs

of numbers).
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Figure 7. Statistics of the differences between bias values for common LAGEOS-1 and

LAGEQS-2 passes observed by the global network of SLR stations, as reported by various
pairs of QC centers. Entries are for 2004, 2005 and 2006, respectively. All values are in mm

The plots in particular show that the general trend of the agreement between QC
center pairs is positive: the consistencies become better with time for most of them. A
good illustration of this trend are all statistics involving NICT, where the level of
agreement has gone down from about 30 mm (2004) to about 20 mm (2006) (Figure
7, all stations). Similar observations can be done for the AWG core stations only.

DGFI DUT MCC NICT SAO
CSR [-/22/-120/15/-120/15/-| 25/15/- | 29/17/-
DGFI -/24/32 | -/26/- | -/26/25 | -/28/30
DUT 17/15/-122/18/1422/18/18
MCC 23/19/- | 22/18/-
NICT 29/23/18

Table 4. Statistics of the differences between bias values for common LAGEOS-1 and
LAGEOS-2 passes observed by the so-called AWG core stations, as reported by various pairs
of QC centers. Entries are for 2004, 2005 and 2006, respectively. All values are in mm.
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Figure 8. Statistics of the differences between bias values for common LAGEOS-1 and
LAGEQOS-2 passes observed by the so-called AWG core stations, as reported by various pairs

of QC centers. Entries are for 2004, 2005 and 2006, respectively. All values are in mm.

Two points of concern remain: first of all, it is clear that the number of analysis
centers involved in such analyses fluctuates quite a bit over time. In particular, the
situation has become quite worrisome for 2006, with CSR and MCC not contributing
anymore (and, although not visible, DUT in a similar situation since mid-2006) for
various reasons. Every effort should be undertaken to improve this situation.
Secondly, the plots also show that the trends are not so favorable for every QC center
involved, and the consistency numbers get worse with time. This holds in particular

for DGFI, and an effort should be started to remedy this.

Finally, coming back to the subject of the first part of the paper, the SLR network
itself remains a continuous point of attention: only if the laser stations are distributed
evenly on a global scale, can the space geodetic (and geophysical) community really
take benefit from the unique capabilities of the technique to its fullest.

References

[1] Altamimi, Z., P. Sillard and C. Boucher: A new release of the International Terrestrial Reference Frame for
earth science applications, J. Geophys. Res., 107(B01), 2214, doi:10.1029/2001JB000561, 2002.

[2] Gurtner, W., ILRS Combined Range Bias Report, http://aiuas3.unibe.ch/ftp/slr/summary_report.txt, 2006

[3] ILRS, http://ilrs.gsfc.nasa.gov/working_groups/awg/awg_activities/awg_min_florence1999.html, 1999.
[4] ILRS, ftp://cddis.gsfc.nasa.gov/pub/slr/products/pos+eop/, 2006.

140


http://aiuas3.unibe.ch/ftp/slr/summary_report.txt
http://ilrs.gsfc.nasa.gov/working_groups/awg/awg_activities/awg_min_florence1999.html
ftp://cddis.gsfc.nasa.gov/pub/slr/products/pos+eop/

Proceedings of the 15th International Workshop on Laser Ranging

The ILRS Standard Products: A Quality Assessment
G. Bianco', V. Luceri?, C. Sciarretta®

1. Agenzia Spaziale Italiana, Centro di Geodesia Spaziale, Matera, Italy
giuseppe.bianco@asi.it / fax: +39-0835-339005

2. e-Geos S.p.A., Centro di Geodesia Spaziale, Matera, Italy
3. Telespazio S.p.A., Roma, Italy
Abstract

In June 2004 the Space Geodesy Center (CGS, Matera, Italy) of the Agenzia Spaziale
Italiana (ASI) has been selected by the International Laser Ranging Service (ILRS) as
its Primary Official Combination Center for station coordinates and Earth
Orientation Parameters.

From the beginning, the CGS has been providing the weekly operational combined
ILRS solutions (SSC/EOP), also supporting the IERS B Bulletin production;
moreover, CGS has produced the official ILRS contribution to ITRF2005, by
combining the weekly solutions, from 1993 to 2005, submitted by the contributing
ILRS Analysis Centers.

The CGS combination methodology relies on the direct combination of loosely
constrained solutions. This methodology has been implemented and tested to handle
site coordinates, site velocities, EOP, LOD coming from the same and/or different
techniques.

The whole set of weekly combined solutions, those produced in support of ITRF2005
as well as the operational ones, is analyzed in detail in this contribution, to show the
coherence and robustness in terms of global parameters as well as station
coordinates.

Introduction

Soon after the establishment of the ILRS a strong need was felt to coordinate the work
and combine the results of the various SLR data Analysis Centers (AC’s) in order to
define and distribute a series of “certified” ILRS products to the users community.

In 1999 the ILRS Analysis Working Group, chaired by Ron Noomen (TU Delft),
outlined two Pilot Projects for the estimation of site coordinates and EOP, separately,
from different AC solutions; the year after the two Pilot Projects were joined and the
first results discussed. In 2003 the ILRS issued a formal Call for Participation for the
generation of ILRS products,

In 2004 the ILRS AC structure was finalized and official delivery of standard
products started; the CGS was selected as the Primary Official Combination Center,
referred to as ILRSA, while DGFI was selected as Backup Official Combination
Center or ILRSB.

In 2005 the ILRS contributed to the definition of ITRF2005 with its official time
series.

The ILRS Standard Products

Presently, the following six AC’s regularly contribute to the production of the ILRS
standard products by means of weekly solutions:

ASI, Agenzia Spaziale Italiana, |
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BKG, Bundesamt fuer Kartographie und Geodaesie, D
DGFI, Deutsches Geodatisches Forschungsinstitut, D
GFZ, GeoForschungsZentrum Potsdam, D

JCET, Joint Center for Earth System Technology, USA
NSGF, NERC Space Geodesy Facility, UK

Those ACs have been recognized after passing the benchmark tests as requested by
the AWG. Other institutes are now under test and on the way to become official ILRS
Analysis Centers.

The standard weekly ILRS combined solutions (either the primary and the backup)
are made available each Wednesday at CDDIS and EDC, together with the single
contributing AC solutions. The complete time series, starting from 1993, is available
at CDDIS and EDC. A backwards extension of the time series, back to 1980, in now
under construction.

A complete description of standards and methods adopted in the combination is given
in [Bianco et al, 2003].

The ILRS coordinate solution in the ITRF 2000 and ITRF 2005

The first quality assessment has been done comparing the ILRS coordinate solution
with the ITRF2000 as well as with the newly issued ITRF2005.
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Fig 1 Time series of weekly 3-D coordinate residuals w.r.t. ITRF2000 for ILRS core sites
from individual AC solutions as well as from the combined ILRSA solution.

Generally speaking, the plot in Fig. 1 shows that the combined solutions represents a
real improvement, in terms of consistency and dispersion, with respect to the
individual AC solutions. The average 3-D residuals with respect to ITRF2000 are
consistently at or below the 1 cm level, as confirmed by the plot in Fig. 2, which
shows the 3-D coordinate residuals WRMS as a function of time.

It shows very clearly the fundamental role of the so called “core” sites (i.e., SLR
stations with a consolidated tracking history in terms of data quantity and quality).
The behavior of the total network worsens after year 2000 due to the introduction of
several new observing sites which are not properly modeled in ITRF2000.

As expected, the situation improves with the ITRF2005, as shown if the plots in
Figures 3 and 4 below. In particular, the new stations appear properly accounted for;
moreover, the 3-D coordinate residuals for the *“core” stations behave remarkably
well, with an average value constantly below the 1 cm level.
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Fig. 3 Time series of 3-D coordinate residual WRMS for all ILRS sites with respect to
ITRF2000 and ITRF2005, as computed in the ILRSA combined solution
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Fig. 4 Time series of 3-D coordinate residual WRMS for ILRS “core” sites with respect to
ITRF2000 and ITRF2005, as computed in the ILRSA combined solution

ILRS TRF origin with respect ITRF 2000/2005 origins

Another quality assessment has been done by looking at the time series of the 3-D
distances of the ILRS Terrestrial Reference Frame origin with respect to another ITRF
origin. Each TRF realized by the SLR stations in a loose solution places naturally its
origin in the center of mass of the Earth: its Cartesian coordinate offsets from a
conventional origin describe the geocenter location. This time series, often referred to
as “geocenter motion”, is particularly interesting since it can be proposed as a new

standard ILRS product.
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The plots in Fig. 5 represent respectively the X, Y and Z components of the distance
between the ILRS weekly origin with respect to the ITRF2000 and ITRF2005 origins,
computed by roto-translations (“geometric” method) in the period 2002-2006. A clear
annual signature is visible in all three components. The two series look pretty similar,
with a slightly more evident drift in the Z component with respect to the ITRF2005
origin.
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Fig. 5 Time series of distance between the ILRSA geometric origin and the
ITRF2000 and 2005 origins

The translations of the ILRS TRF origin can also be obtained with a more rigorous
data analysis strategy: through the estimates of the Cio, Cii, S11 geopotential
coefficients, (“dynamic” method).

The plots in Fig. 6 show a direct comparison between the geometric and the dynamic
ILRS TRF origin translations, with the latter obtained via the dynamic solution done
by ASI. The behavior of the two time series is remarkably similar; the dynamic origin
evolution looks smoother but the main features are present in both series.

This confirms that the geometric offsets, as defined by the standard ILRS combined
solution, could be used to properly represent the geocenter motion.
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Fig. 6 ILRSA geometric vs ASI dynamic geocenter motion.
The scale factor

Much debate has been generated soon after the publication of the ITRF2005, whose
scale has been defined without taking into account the ILRS contribution, due to an
apparent strange behavior of the ILRS scale itself.

However, based on our work, we do not find evidence of any strange effect in the
ILRS scale, as shown in the plots hereafter, covering the period January 2002 to mid
2006.

The ILRS scale with respect to the ITRF2000 is nicely flat, while a clear trend shows
up in the scale time series with respect to the ITRF2005.

The selection of the core sites to be used when comparing different reference frames
is crucial and can introduce artifacts.

Earth Orientation Parameters

In Fig. 8, ILRS X-pole, Y-pole and Length of Day (LOD) residuals with respect to the
USNO “finals.daily” EOP time series, are plotted. The ILRS EOP products look
pretty good and stable, with a WRMS of the residuals of the order of 0.25
milliarcseconds.
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We’ve also made an external comparison between ILRS EOP’s and those computed
by other space geodetic services, namely IVS and IGS (CODE solution). The results

for the Y component are shown in Fig. 9 below.
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Fig. 7 ILRSA scale with respect to ITRF2000 and ITRF2005
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Fig. 8 ILRSA EOP residuals with respect to USNO ““finals.daily” EOP’s
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Fig. 9 ILRSA EOP differences with respect to IERS EOPC04
Conclusions

After two years of continuous operations, the routine ILRSA combination production
process is stable and reliable. The processing chain has been made almost completely
automatic and has already demonstrated a high degree of dependability.

Other than for the definition of origin and scale, almost unique to SLR, the ILRS
standard products are a very valuable monitoring tool for site coordinates and EOPs,
with a very fast response time.

This work has also shown that the geocenter motion, geometrically derived from the
weekly solutions, is reliable enough to be included among the future ILRS standard
products.
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Systematic range bias 2005-06
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Introduction

Most of modern laser ranging systems potentially have 1-millimetre-precision
measurement ability in a normal-point basis. However, when it comes to 1-millimetre
‘accuracy’, it has not been fully achieved yet and it is still a challenge for the
International Laser Ranging Service (ILRS) network.

At National Institute of Information and Communications Technology (NICT),
Kashima, Japan, we check the quality of laser ranging data from the whole ILRS
network, in two folds. One is routine automated quality check analysis which gives
quick alarms for large and obvious anomalies, and the other is precise residual
analysis for sub-centimetre systematic range biases.

Routine quality check analysis

We started the 3-satellite (two LAGEQOS and AJISAI) routine bias report in 1997
(Otsubo and Endo, 1998) and enhanced it to the 7-satellite (plus STARLETTE,
STELLA and two ETALON) analysis in 1999 (Otsubo, 2000). It was again
significantly upgraded in May 2005 as follows.

Firstly, we further added satellites: ERS-2, JASON-1, ENVISAT, GPS-35, GPS-36,
GLONASS-87, GLONASS-89 and GLONASS-95. Note that some of these satellites
might be omitted from the analysis report in the case of failing a certain criteria in
terms of data quality and quantity. Nevertheless, the analysis reports constantly
include well more than 10 satellites. The increase of number of satellites and the
variety of satellite altitudes will certainly help the ILRS stations easily point the
problem and the cause.

We have switched the orbit analysis software from ‘concerto v3’ to ‘concerto v4’.
The new version is almost compatible to the physical models recommended in IERS
Conventions (2003). The station coordinates basically unchanged to ITRF2000, but
those of new or significantly improved stations after the year 2000 were readjusted.
Therefore the quality of our analysis reports should be more accurate.

We now publish the report every day, which used to be a week interval before May
2005. The report timing was also improved from 48-hour delay to 24-hour delay.
Every morning in Japanese Standard Time (around 0 to 1 hr UT), a report covering up
to two days before is being released. Such a quick reporting scheme became possible
thanks to the rapid submission (typically within a few hours after the observation) and
the rapid archive service (at CDDIS and EDC) of normal point data. The daily reports
are available at our website and also via email. See figure 1 for previous website page.
New website is: http://www.science.hit-u.ac.jp/otsubo/slr/bias/ [ed].

The reports are distributed through the SLReport mailing list every Wednesday, and
they are being sent to registered users even on a daily basis.
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= Multi-zatellite bias analysis - Windows Internet Explorer
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# passi# NP Site Name(ID) # passi# NP Site Name(ID)
h 47/619 Yarragadee (7090) h 40/623 Yarragadee (7090)
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Etalon1 BB 9/42 Yarragadee (7090) Etalon2 8/39 Riyadh (7832)
7/64 Graz (7839) 8/34 San Juan (7406)
h 51/683 Yarragadee (7090) h 30/306 Yarragadee (7090)
Starlefte 471448 San Juan (7406) Stella 20/255 Graz (7839)
46/467 Mt Stromlo (7825) 20/188 San Juan (7406)
e h 63/1121 Yarragadee (7090)
Ajisal 49/623 Mt Stromlo (7825) more satellites (GNSS and LEC

39673 Graz |?839: included in the daily reports!
39/679 Changchun (7237)

Archive: (each covers 14 days from the date)  Year 2005
01 Dot 3006 20 031 Aug 2008 21 Jul 2008 20 Jun Z008 21 May Z008
0820 Aug 2008 20 Jul 2008 28 Jun 2005 20

28 Sep 2008 28 Aug 2006 25 Jul 2006 28 Jun 2006 28 May 2006 28 Apr

& AR —Fub #100% -

-

Figure 1. Multi-satellite bias analysis webpage at NICT.

Range bias vs intensity

We have proposed a quality assessment method for the intensity-dependent biases
(Otsubo, 2000). The post-fit residual data were sorted by the number of single-shot
returns per normal point bin which should be strongly related with the signal intensity
into a detector. If the detection signal intensity varies, and if the detection timing is
dependent on it, there will be intensity dependent bias. Our previous studies also
pointed out it is also related to the so-called target signature effect, which is now the
major error source of laser ranging technique due to the reflection from multiple
retroreflectors on board. The range measurement can differ, at maximum, by 4 to 5
cm for AJISAI and ETALON, and 1 cm for LAGEQOS (Otsubo and Appleby, 2003).

We applied the same procedure to the 2005-2006 data set. Three sets of satellite types
were chosen: LAGEOS-1 + LAGEOS-2, AJISAI, and STARLETTE + STELLA. For
each satellite, the worldwide laser ranging data for 360 days from September 2005 to
August 2006 were used for orbit determination. Orbits were solved for every 5 days
for LAGEOS satellites and 2 days for others. The station coordinates and range bias
were adjusted for all stations. The post-fit residual weighted rms of normal points was
1.0to 1.2 cm for LAGEOS satellites and 1.5 to 2.5 cm for others.

The intensity dependent tests were carried out for most productive 24 stations during
the period. The whole results are available at:

http://www.nict.go.jp/w/w122/control/pod/bias-intensity-0506.pdf
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Fig. 2 (@) to (c) shows the three typical samples of them. The first case of
Herstmonceux is the station where the return signal energy is almost strictly
controlled to single photoelectron. This observation policy successfully results in the
flat trend, that is, no intensity dependence seen for this station, in Fig. 2 (a). The
Yarragadee station in Fig. 2 (b) represents good MCP stations. There is no intensity
dependence larger than a few millimeters either. The typical result of (C-) SPAD
stations is shown by Mt Stromlo in Fig. 2 (c). As the target signature studies
suggested the strong signal makes the range measurement shorter. The AJISAI case is
the largest in most cases, but a number of stations show significant trend (mostly
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negative) even for LAGEOS and STARLETTE + STELLA.
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Figure 2 (a). Intensity dependence test. Single photon Herstmonceux station.
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It is strongly recommended for every ILRS station to look into the result, and consider
how the intensity dependent bias can be removed if it exists. As proven in previous
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Figure 2 (b). Intensity dependence test. MCP Yarragadee station.
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Figure 2 (c). Intensity dependence test. C-SPAD Mt Stromlo station.

studies (Otsubo and Appleby, 2004), the signal intensity is closely related to the
elevation angle, and as a result the height component of station coordinates can be
affected. This study probably underestimates the true intensity dependence. Note that
the results from this study are just a guideline - it is the best to check the intensity
dependence at each station, for example by inserting and removing the neutral density
filter in front of the detector.

Range bias vs applied system delay

The alternative approach is the use of the applied system delay (given in the ILRS
normal point format) as a sorting parameter.

The applied system delay is the value to be subtracted from the raw range
observations, and it is not constant. Therefore it is to be regularly observed by ranging
to terrestrial targets, what we call “calibration’. There should not be any correlations
between the range residuals and the applied system delay, in the ideal case. If there
were, the station would have a systematic error in its ranging procedure to a terrestrial
target or in its data processing stage.

We used the same set of the residual data as the previous section. At a number of
stations, there have been jumps in the applied system delay itself probably due to
some changes in optical or electronic path. Some stations seem to have multiple
configurations (dual detectors, etc.) each of which gives different applied system
delay. Such discontinuities themselves are not a problem at all as long as the reason is
exactly known.

The bin size was set to the two-way range of 66 ps (1 cm in one-way distance). We
applied the sorting procedure to the same 24 station as the previous section. The
sorting procedure was chopped into a few portions for stations with large jumps. The
graphs are also available at our website:

http://www.nict.go.jp/w/w122/control/pod/bias-delay-0506.pdf
(graphs for calibration dependent bias)

http://www.nict.go.jp/w/w122/control/pod/delay-0506.pdf
(auxiliary graphs for variation of applied system delay for the 1-year period)
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Figure 3 (b). Calibration dependence test. Matera station.

152



Proceedings of the 15th International Workshop on Laser Ranging

Two results are shown in Fig. 3 (a) and (b) among the 24 cases. The first case (Fig. 3
(@)) is probably the best one of all: Mt Stromlo. Its applied system delay has been very
stable throughout the year, almost within £ 1 cm (top). There has been no significant
calibration dependent bias (bottom). Such long-term stability of calibration ranging
helps the long-term stability of satellite ranging. The next graph of Fig. 3 (b) shows
those for Matera station. The stability of applied system delay is also good (x 3 cm)
for this station. However, there is a steep negative trend for all three types of
satellites. A possible reason is that a part of the variation in calibration ranging might
not be true and therefore the raw observation would be ‘wrongly calibrated’ by the
calibration procedure.

The long-term variation of terrestrial target ranging is hardly separable from the
seasonal or secular variation of station height. Therefore, the result from this approach
has a risk of sending a wrong alarm if the station coordinates experience unmodelled
effects like loading displacement. It is strongly recommended for each station to
understand why the calibration measurement varies and strive to reduce the variation.

Conclusions

In addition to the multi-satellite daily bias reporting system, we demonstrated the
more precise ways for quality assessment of laser ranging data. We use the single shot
returns per normal point bin, and the applied system delay, as a sorting parameter.
Some correlations were found between the range data and these sorting parameters.

It is important to note that most of the information that is potentially useful to assess
the quality is lost in the process of normal point generation. It is essential that each
station performs extensive tests on site in order to eliminate any systematic bias and to
keep the data quality stably high.
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A reassessment of laser ranging accuracy at SGF Herstmonceux, UK
Philip Gibbs', Graham Appleby' and Christopher Potter'

1. Space geodesy facility, Herstmonceux, East Sussex, UK.

Introduction

Gibbs et al (2007, these proceedings) reports on a major upgrade and expansion of
capability at the Space Geodesy Facility, Herstmonceux, UK. A prerequisite of the
laser ranging upgrade to kHz repetition rate is the in-house build of a ps-level
precision event timer, based on Thales clock units and dubbed HXET. Extensive use
has been made of HXET since it was completed during the summer of 2006 to
calibrate the existing cluster of Stanford counters prior to making routine use of
HXET. In particular, we are very interested in back-calibrating all the Herstmonceux
data for the period 1994-present, during which time the Stanford counters had been
exclusively used. In this paper we detail the results of this re-calibration, and also
consider the effect the correction to our LAGEOS data will have on the published site
coordinates in the ITRF.

Previous calibrations

Extensive tests on the linearity of the Stanford counters at satellite ranges, from a few
to approximately 150ms were carried out by Gibbs (Appleby et al, 1999, Gibbs et al,
2002) using an early version of the Portable Pico Event Timer (P-PET, Hamal et al,
2007). The method used is to record start signals and subsequent noise events
simultaneously by the P-PET and by the Stanford counter(s) that are under test. A
hardware delay is used to move the average interval between start events and detected
noise events from a few ms up to 150ms, the range encountered during real satellite
ranging. For each event, comparison of the time interval as measured by each
Stanford relative to that determined by the highly-linear P-PET, gives an estimate of
the error in time interval determined by each Stanford. From this work, a correction
table as a function of range was compiled and issued in SLRMail 0891 in 2002
January. The effective dates of application of the results are 1994 October to 2002
January and the magnitude of the corrections reaches 8mm. From 2002 February the
corrections are applied at the station as part of pre-processing.

With the availability of HXET, these linearity tests were repeated during 2006
October; the results were found not to be significantly different from those determined
in 1999 and 2001, confirming the ongoing validity of the correction table given in
SLRMail 0891. The comparison between HXET and the three Stanfords in use at
Herstmonceux (coded SRa, SRb and SRd) is shown graphically in Figure 1. The
horizontal axis gives the time delay after which each set of measurement comparisons
are made of ‘flight time’ as recorded by the Stanford counters and by HXET. The
vertical axis records the mean difference of each Stanford-recorded flight time from
that recorded by HXET. It is noted that SRd, the counter currently in use at the station,
exhibits close-to linear behaviour over the entire time-range. Excursions from
linearity of up to 100ps (15mm in range) are seen for the other two counters.

New Calibrations

The availability of HXET has meant that more detailed measurements of non linearity
effects can be made on the Stanford counters. In particular, we are interested in the
behaviour at close ranges, within the first few micro-seconds. Time constraints on our
previous experiments with the PPET precluded such a detailed study, and errors in
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Figure 1 SGF long-range linearity determination of three Herstmonceux
Stanford counters relative to the event timer HXET.

this time-region will directly affect calibration ranging results and thus all satellite
ranges from the station. We expect some significant effects in this region since the
Stanford manual shows both high-frequency periodic signatures and more random
departures from linearity in the critical range of about 1micro-second, the distance of
the prime SGF calibration target. A figure from the Stanford manual is reproduced
here as Figure 2, with the time-range locations of the calibration targets marked. We
carried out our tests on the behaviour of SRa, SRb and SRd against HXET in this
critical range of from zero to Sus; the results are shown in Figure 3 below and are to
be compared with the Stanford manual results reproduced here in the right-hand plot
of Figure 2.

In the range of from zero to 2us the measured behaviour of our three Stanford
counters is close to that expected from the specifications, with maximum departure
from linearity of from 50 to 100ps, at a range of 1us. Beyond a range of 2us, the
behaviour of the counters diverges. A probable explanation for the inter-counter
scatter evident in these results is the high-frequency periodic structure shown in the

ti i
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time-to-amplitude convarters.

Figure 2 Short-range non-linearity of Stanford counters as given in specification
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specification (Figure 2, left-hand plot) and in our high-resolution results shown in
Figure 4 where we find 22ns periodic effects (cf 11ns expected from specifications) of
amplitudes up to 20ps (~3mm). This final result places a limit to the accuracy with
which we will be able to determine corrections to range measurements made with the
Stanford counters.

Comparisons between HxET and SRa,SRb & SRd

100

Dato is collected at multiples of Z2ns

50
T

ET — SREZ0 (ps)
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Figure 3 SGF close-range linearity determinations of three Herstmonceux
Stanford counters relative to the event timer HXET.

In summary, at the effective range of the SGF primary calibration target (890-930ps,
dependent on electronic set-up), the non-linearity of the counters imparts an average
of ~50ps error into the observed range; this value is dependent on the range itself and
the uncertainty of the value is ~20ps due to the observed 22ns periodicity in the non-
linearity function.

Effect on LAGEOS data 1994-2006

We have taken from Figure 3 the results for the appropriate counter and also
recovered the actual calibration range as given in the ILRS normal point header of

Comparisons between HxET and 5Ra,5Rb & SRd
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Figure 4 Observed periodic behaviour in Stanford counters’ error functions.
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Figure 5 Correction to calibration values used for LAGEQOS during 1994-2006

SGF LAGEOS data for the period 1994-2006. From these values we have estimated
the corrections in mm to be applied to our calibrations taken over that period.The
results are displayed in Figure 5, where it is apparent that errors of between 5 and
8mm have been made to the calibration values. However, given our estimate of the
uncertainty of these average values, we finally derive an average calibration error of
7+2 mm, and in the sense that the calibration correction is too large by that amount.
During this re-assessment we also discovered that no account had been taken for the
effect on total delay of a glass neutral density filter that is placed in the optical path
during calibration but not during satellite ranging. This correction amounts to 1.5mm,
again in the sense that the calibration correction derived from target-board ranging is
too long. Therefore our calibration corrections in the period 1994-date are too long by
8.5+2 mm and thus calibrated satellite ranges short by the same amount. This
correction, which affects all satellite data equally, is of course in addition to the range-
dependent correction discussed under ‘previous calibrations’ above and announced for
the period 1994 October to 2002 January in SLRMail 0891 in 2002 January.

Assuming that the corrections presented in SLRMail 0891 have been made to the
Herstmonceux ranges, it is interesting to look at the implications for and evidence in
geodetic solutions of this newly-discovered correction of 8.5+2 mm. The centre-of-
mass (CoM) correction for LAGEOS for 7840 Herstmonceux single photon data is
245 + Imm (Otsubo and Appleby, 2003). However, in computing ITRF2000, the
Analysis Centres used the ‘standard’ 251mm CoM for all stations, thus effectively
increasing Herstmonceux ranges by 6mm and nearly cancelling the bias of -8.5mm
present since 1994. Thus the coordinates (height) of Herstmonceux in ITRF2000
should have only a small bias from the true value, given that a range bias (RB) affects
primarily the solution for height. Indeed, the mean of Herstmonceux LAGEOS 1/2
residuals in our daily QC based on fixed ITRF2000 coordinates is currently -11 +
2mm, close to the expected bias of -8.5mm. Thus it appears that the coordinates have
not absorbed the range error and the full range bias remains. Further evidence comes
from an analysis of LAGEOS 1/2 data between 1992 and 2006, where J Ries
(personal communication, April 2006) finds a range bias of -10 to -12mm and a height
change of ~7mm; from an analysis of LAGEOS 1/2 data in the period from 2001-

157



Proceedings of the 15th International Workshop on Laser Ranging

2005, Otsubo, Appleby, Gotoh and Kubooka (2006) find a range bias of -9mm, and a
similar value for Etalon data.

For the ILRS combined product included in ITRF2005, the individual Analysis
Centres used the correct value of 245mm for Herstmonceux’s LAGEOS CoM, and did
not solve for a bias for this station (AWG resolution at ILRS Fall Meeting, Eastbourne
2005). Thus it is likely that in particular station height will be in error in the
ITRF2005. To test this, we apply the +8.5 mm range correction to LAGEOS 1/2 data
for 2004, and solve simultaneously for correction to station coordinates as given in
ITRF2005, and a range bias for 7840 Herstmonceux. On average, we find RB = +1 +
2 mm and AH = -5+ 1 mm, implying that station height in ITRF2005 had absorbed
half the RB and is in error by +5mm.

Conclusion

All range data from 7840 Herstmonceux will from early 2007 be determined using
HxET and will then be free of systematic error greater than 1 or 2mm. An SLRMail
will announce the date and confirm that 8.5 mm should be added to all Herstmonceux
satellite ranges from 1994 to that date, and re-iterate that the range dependent
corrections given in SLRMail 0891 should also be applied for the period 1994
October to 2002 January. As a consequence of these counter problems, we estimate
that the station height for 7840 Herstmonceux as given in ITRF2005 is approximately
Smm too large. We regret this long-term error that affects all laser data from
Herstmonceux and encourage other stations, mostly among the EUROLAS sub-
network, that use or have used Stanford counters, to investigate possible similar
effects in their data. To this end, we will work with the ILRS Network and
Engineering and Signal Processing Working Groups to calibrate the counters of all
stations that are interested in collaboration.
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Abstract

Satellite Laser Ranging (SLR) data contribute to the realization of the Terrestrial
Reference Frame (TRF), defining primarily its origin—geocenter, and in combination
with VLBI, its scale. Both entities are fundamental in monitoring vital global change
parameters, such as mean sea level, Earth rotation and orientation, etc. The Global
Geodetic Observing System (GGOS), places the utmost importance on the development,
maintenance and wide distribution of a TRF with very stringent attributes, an origin
definition at 1 mm or better at epoch and a temporal stability of 1 mm/y, with similar
numbers for the scale and orientation components. The stability, integrity and
applicability of the TRF are directly related to the accuracy and fidelity with which mass
redistribution can be observed or modeled during its development. Variations in the very
low degree and order harmonics, produce geometric effects that are manifested as
changes in the origin and orientation relationship between the instantaneous and the
mean reference frame.

The unambiguous nature of SLR measurements and absence of significant biases, results
in a very precise height determination, and thus the scale of the TRF. SLR has
demonstrated millimeter level accuracy for weekly averages. Nevertheless, weather- or
failure-induced changes in the network, and the small number and poor spatial
distribution of the sites comprising the SLR network, generate additional signals aliased
in the results. “Secular trends” seen in the recovered geocenter time series for example
cannot be explained by any geophysical phenomena, and are primarily the result of these
deficiencies of the present SLR network (poor geometry, lack of redundancy, N-S
hemisphere unbalanced distribution, etc.). We investigate here through a number of
alternate solutions the robustness of our results, using our SLR analyses spanning the
past thirteen years.

Introduction

The Global Geodetic Observing System (GGOS), places the utmost importance on the
development, maintenance and wide distribution of an International Terrestrial Reference
Frame (ITRF) with very stringent attributes, an origin definition at 1 mm or better at
epoch and a temporal stability of 1 mm/y, with similar numbers for the scale and
orientation components (Pearlman et al., 2006). The stability, integrity and applicability
of the TRF are directly related to the accuracy and fidelity with which mass redistribution
can be observed or modelled during its development. Satellite Laser Ranging (SLR) data
contribute to the realization of the Terrestrial Reference Frame (TRF), defining primarily
its origin—geocenter, and in combination with VLBI, its scale. Both entities are
fundamental in monitoring vital global change parameters, such as mean sea level, Earth
rotation and orientation, etc., (Altamimi et al, 2002). The motivation behind this
contribution was to examine the robustness of the ILRS (Pearlman et al, 2002)
contribution to the ITRF in light of the forthcoming developments under GGOS and
NASA’s effort to upgrade and integrate the space geodetic networks of the future.

159


mailto:epavlis@umbc.edu

Proceedings of the 15th International Workshop on Laser Ranging

AMetsahovi
3 b4 aftler AMendeleevo
y ots
Hemmonceu;.ﬁ ﬂf"mﬁl‘av Komsomolsky
zell
s Zlmmm:i‘*ib“;‘l“ jimeiz 'ummq. AChngehn
NRLy - Gras A ntubyely e Beljing,

AG_ reenbelt San Fmslbdw Matera ‘Ia janal . ,‘"1 G
McDonald Wohan ‘gtmusm
Helwan‘ Kunmlni rﬂ AI'anegashima

‘Rivad.h

Haleakala

Arequipa
-
A ILRS System

an Juan Hartebeesthoek
£ A
Concmioi
/" Prospective Laser System

W Mobile Systems: FTLRS (France)
TROS {China)

Figure 1. The current ILRS network with mark-ups of sites that were
recently established (green), poor-yield southern hemisphere
sites (blue),and sites that were shut down in 2004 (red).

SLR contribution to ITRF

The SLR network never achieved an optimal, uniform distribution of stations globally
(Figure 1). Furthermore, the closing of two key-sites, Arequipa, Peru and Haleakala,
Hawaii in 2004 led to a disastrous lopsided distribution, where one-half the globe is
totally void of any SLR observations! This eventually manifested itself in the SLR
products as a serious and systematic degradation of the network scale as realized through
the SLR observations. Aside from this recent degradation (which is addressed with the
re-establishment of the closed down sites and improved performance for the others), this
network has produced valuable TRF contributions over the decades. ITRF2000,
(Altamimi et al., 2002), was a product that for the first time included a vast number of
sites around the world and input from all geodetic techniques with rather strict and
rigorous editing in its development. Weekly “geocenter” monitoring with respect to that
frame yields a significant and systematic motion in the z-axis, at a rate of ~ 1.7 = 0.1
mm/yr! Most of this is eliminated in the new realization ITRF2005, but not all. In
particular, our SSC (JCET) L 06 analysis resulted in the following rates for the three
axes:

Ax =-6.55 — 0.0848x%(2-2000) + periodic terms [mm]
Ay = 4.99 — 0.0898x%(2-2000) + periodic terms [mm]
Az= 091+ 1.6981x% (t-2000) + periodic terms [mm]

The formal accuracy of these estimates is at 0.1 mm/y, however, without an independent
estimate to compare, we have no sound way to calibrate this error. Interpreting these
signals is even more difficult, since they can be caused by a number of different
geophysical phenomena, none of which is easily or fully understood. Table 1 gives some
estimates due the main sources that could cause such a systematic signal. It’s worth
noting that recently, Peltier (private communication), has been able to develop models
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for Greenland and Antarctica melting in recent times that support this level of
“geocenter” motion, especially in the axial component.

Table 1. Secular geophysical signals in the axial component of the “‘geocenter”.

Source Magnitude Induced motion Reference
Sea level 1.2 mm/y 0.064 £0.02 mm/y  [2]
Ice sheets (G) 2 mm/y 0.046 £ 0.20 mm/y  [2]
Tectonics AMO- 0.309 £ 0.05 mm/y  [2]
Postglacial rebound ICE-3G 0.2 - 0.5 mm/y [1]

(1) Marianne Greff-Lefftz (2000)
(2) Yu. Barkin (1997)

Methodology

Our conjecture is that the remaining unaccounted-for motion is due to the evolving
network, the uneven global distribution of the tracking sites with strong yields, and the
poor coverage of some of the major tectonic plates. To test the effect of the “network
evolution” we have performed a number of re-analyses of the data, defining TRFs from
independent sub-sets of the data in various combinations. As for the effect of the lopsided
distribution of the main tracking sites, a large-scale simulation is in progress, within a
technique-wide coordinated effort to design the optimal space geodetic networks of the
future. The initial results of this investigation will be available by late 2007. A third test
involves the so-called effect of the “missing” historical SLR data, i.e. SLR data to
LAGEOS prior to 1992. ITRF2000 contained that data, while ITRF2005 does not, due to
its tight and firm release schedule. We have generated a TRF that includes the data
obtained from LAGEOS since 1976. A comparison of this TRF to a similar one that does
not include that data and spans exactly the same period with ITRF2005, should give
some idea of whether the missing data contribute to the z-axis secular evolution or the
scale difference observed between the SLR and VLBI contributions to ITRF2005.

The effect of the “missing” historical SLR data on the SLR-definition of the scale

To test whether the addition of the “historical” LAGEOS data (1976 to 1992) to the
definition of the TRF would eliminate the differences seen between the ITRF2000 and
ITRF2005 realizations, we simply reduced that data and added them to the 1993 — 2005
data, generating a new TRF and comparing that through a 14-parameter similarity
transformation to the two realizations, ITRF2000 and ITRF2005. The results are
tabulated in Table 2.

Our solution is identical to neither ITRF2000 nor ITRF2005, although very close to both.
This is expected of course since this is a SLR-only TRF and not a combination product
with input from other techniques. Examining the differences in the scale and its rate, we
notice that in the case of ITRF2000, our TRF indicates the same level of disagreement as
it was originally seen between the SLR-only contributed inputs to this model. Similarly,
we see the same for ITRF2005, and the combined difference is exactly what is seen when
comparing one ITRF to the other. The fact that a TRF that contains the historical
LAGEOS data shows similar differences to the ITRF2005 as does the one without that
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data, indicates strongly that the lack of that data cannot be the main reason of the
observed differences.

Table 2. Similarity transformation parameters between
SSC (JCET) L 06 and ITRF realizations.

Parameter SSC (JCET) L 06.97 vs. ITRF2000 SSC (JCET) L 06.97 vs. ITRF2005

Dy -8.82 +/- 1.02 [mm] 1.25+/- 0.91 [mm]
Dy 3.21 +/- 1.01 [mm] 8.37 +/- 0.91 [mm]
D, -5.65 +/- 0.95 [mm] -6.59 +/- 0.86 [mm]
D, 0.52 +/- 0.15 [ppb] -0.87 +/- 0.13 [ppb]
Ry« -0.24 +/- 0.04 [mas] 0.05 +/- 0.04 [mas]
Ry 0.06 +/- 0.04 [mas] -0.07 +/- 0.04 [mas]
R, 0.15 +/- 0.03 [mas] 0.32 +/- 0.03 [mas]
Dx-dot 0.75+/- 0.95 [mm/y] -1.22 +/- 0.85 [mm/y]
Dy.dot 0.56 +/- 0.94 [mm/y] 1.37 +/- 0.85 [mm/y]
D, dot 3.10 +/- 0.73 [mm/y] 1.89 +/- 0.65 [mm/y]
Dy dot -0.10 +/- 0.14 [ppbly] 0.05 +/- 0.12 [ppbly]
Ry-dot 0.12 +/- 0.03 [mas/y] 0.12 +/- 0.03 [mas/y]
Ry.dot -0.02 +/- 0.03 [mas/y] 0.02 +/- 0.03 [mas/y]
R.dot 0.02 +/- 0.03 [mas/y] 0.01 +/- 0.03 [mas/y]

In addition to the ‘geometric’ test of the scale implied by different spans of SLR data, we
have also examined the dynamic definition of the scale, through the estimation of the
GM; constant from the different data sets. The SLR technique obtains the definition of
the scale from the adopted speed of light in vacuum, v, however, because it involves
satellite orbits, this scale should also be consistent with the size of the orbit as it is
constrained by Kepler’s third law. With v, fixed, we can monitor any changes in the
intrinsic SLR scale through the estimation of GM;. The historical data were reduced in
three different ways (arc-lengths), in order to verify that this is also not a factor in the
development of the TRF: fortnightly (F), monthly (M), and quarterly (Q) arcs. With each
expansion of the arc-length, any unaccounted systematic errors in the description of the
site-motions is smoothed out by averaging, since more data from other, non-affected sites
contribute to the definition of the TRF over that interval of time. Table 3 indicates that a
comparison of the GM; estimates from these solutions to the value that we obtain from
the weekly-arc (W) analysis for the 1993- 2005 period, shows no systematic difference,
and certainly no scale change larger than the calibrated uncertainty of the estimates.

Table 3. GM, estimates from two SLR data spans: 1993 — 2005 and 1976 — 2005.

Source of displayed GMe Value of GMEe

IERS Conventions 2003 398600.441500 x 10’ [ m'/s’]
SSC (JCET) L 06 W 1993 - 2005 398600.441659 x 10’ [ m'/s’]
SSC (JCET) L 06 F 1976 - 2005 398600.441634 x 10°’[ m'/s’]
SSC (JCET)L 06 M 1976 - 2005 398600.441633 x 10°’[ m'/s’]
SSC (JCET)L 06 Q 1976 - 2005 398600.441633 x 10°’[ m'/s’]
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We can reach two main conclusions from the above table: (a) the effect of the historical
data in the intrinsic definition of the scale in SLR is at most at the level of 0.1 ppb, and
(b) the effect of the arc-length used in the reduction of the data on the scale is even less
significant, less than 0.002 ppb. A calibrated estimate of the accuracy of these estimates
at the 99% level of confidence is 0.2 ppb or approximately 1.3 mm.

Subset solution results

We investigated the effect of the “evolution of the network™ with the development of a
number of TRFs from independent sub-sets of the data in various combinations (Figure
2). With only some thirteen years of data to work with, we went as far as % of the data,
1.e. the smallest set of data spanned just over three years. This seemed to be marginally
acceptable for a quality TRF, with six years being a comfortable minimum for a robust
TRF product (specially for velocity estimates). We have two strategies in forming these
subsets: (1) using similar amounts of data spanning the same period of time, and (ii) using
the same amounts of data sampling totally different time periods. In the first case for
example, we used Y4 of the data to generate four different TRFs, each based on the weeks
that span the same time-period, every subset formed by choosing every 4th week from
the ensemble of all weeks available. In the second case, we also have four TRFs formed
on the basis of approximately % the total data, but in this case we broke up the total
interval in four equal-length intervals, so each TRFs is fit to data from a different period
of time (and a different network with different conditions and performance).

“ODD"” Weeks
—? — i “EVEN” Weeks

1st “every 3rd”

2nd “every 3rd”
3rd “every 3rd”

1/3 of data set

2002 - 2006
1999 - 2002

2001 - 2006

1/4 of data set

Figure 2. The four groups of subset solutions used in this investigation
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Case AX[mm] o, [mm] AY [mm] o, [mm]| AZ[mm] o, [mm] | 3D|A] mm o ,,, mm
3 Odd -8.37 +10.91 19.25 +10.78 4.20 +10.32 21 * 17
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e 174 ..... ; g S - e g ...6I68 .......... 2 iﬁgg ........... = :|:11 .......
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B 1355 ..... i e ot b o i .53.0'88 .......... o i2950 ........... o i53 ........
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Figure 3. The four groups of subset solutions used in this investigation
(top cases: same time-span, and bottom cases: disjoint time intervals).

We will limit the discussion of our conclusions to two items of importance to the ITRF:

the definition of its origin and its axial rate. The results are summarized in Fig. 3, in

terms of the differences in each component Ax, Ay, and Az, with respect to the solution

obtained from the entire set of data. In order to facilitate their comparison we also formed

a figure of merit, defined as the 3D positional difference, and formed as:

A= A

AX'+ Ay + AZ'.

We can draw several conclusions from this table:

On average, each component is not determined to better than 6-8 mm (depends

on time period)

The 1993 to present data set is significantly non-uniform due to various factors
There is a steady improvement over the years, however, we can see even 10-
fold differences between different time-periods
With the caveat that our calibrated error estimates are sufficiently realistic, and
assuming that the second half of the 1993-2005 period is more representative
of current network performance, we conclude that for a reliable definition of
the origin of the TRF we need a data spanning more than ~6-7 years.
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Slope: 1.97+0.14 mm/yr

AZ 60-day smoothed [mm)]

-40 Ll i i i . L -
1992 1994 1996 1998 2000 2002 2004 2006 2008
Figure 4. The time series of Az (axial component of geocenter) from two independent
subset solutions, each spanning the period 1993-2005.

AZ 60-day smoothed [mm]

With each subset solution we also obtained a time series of the weekly variations of the
origin with respect to the geocenter. These were analyzed in a similar manner to the
origin components themselves, i.e., in comparison to the series we obtain from our
ensemble solution that spans the entire time period. The axial component is the only one
that shows a significant secular trend, so we will use that in our example. Figure 4 gives
an example of the recovered series and their fit to a model that includes a linear trend and
three periodic terms, for the two subsets formed from the selection of the “even” and
“odd” weeks (i.e. every other week used). The two subsets span the same time period
with just one week “offset”, but each set has about half the data of the entire data set. It is
apparent from these two cases that the secular trend recovered here is statistically
insignificantly different from what we obtained from the entire data set (cf. ~1.7 + 0.1
mm/y). There are differences though in the periodic components’ (not magnitude) and
when we compare the results from subsets that span even smaller spans of data (less than
half), then even the secular trend is not recovered correctly (sometimes we even get sign-
reversals!). These observations lead us to the following conclusions:

e Secular trends from same size data span agree to 7-10%

e Secular trends from spans smaller than ~7 years and different periods of time
can differ up to 100%, indicating a highly non-stable network (shape,
performance or a combination of both)

e The magnitude of the seasonal variations is stable when recovered from
various subsets of the entire data set, but the phases seem to be sensitive to
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that choice

e For the robust definition of secular trends and seasonal variations
simultaneously, it is recommended that more than a decade of data
(preferably from a stable network) be used.

Summary and future plans

This study investigated the robustness of the definition of the origin and scale of the TRF
from SLR data (only) and with the LAGEOS and LAGEOS 2 data available over the
period 1993 to 2005. The conclusions we reached are that these data define the origin at
epoch to no better than 10 mm. The monitoring of the secular motion of the origin
depends strongly on the network evolution and its performance. For a robust estimate of
temporal variations of the geocenter we need data sets that span a decade or more, with a
stable network. In such cases, the secular trends can be estimated with an accuracy of
about 10%.

For a complete rationalization of the observed error signatures and the performance of
future networks, we need a set of very carefully controlled simulations (underway).
Extension of this simulation to include the other techniques will give us the advantage to
“negotiate” trade-offs between the techniques, since they all act in a complementary
manner in the definition of the ITRF. This will allow better use of the available resources
and full exploitation of the benefits from each technique.
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Abstract

In the framework of JASON-1 project especially for Cal/Val aspects, Ftlrs has been
deployed in Ajaccio for a six months campaign in 2005.

In the continuation of previous operations on the same site in 2002 the observations
programs were carefully tuned to be pertinent on both aspects of scientific goals with new
tools to optimize sky coverage for the data and technological issues like maintenance and
operational costs.

In this paper, we’ll present reports and results concerning station positioning with a very
interesting combination of LAGEQOS -1, -2, STELLA, and STARLETTE observations and
comparison over 2002 and 2005 campaigns. An estimation of final accuracy will be
discussed in such experiments of multi occupation site and operational issues will be
commented.

1. Introduction and Operational issues for Corsica campaigns
The Ajaccio site is the main calibration site of the satellite altimeters in the Mediterranean
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Typical setup of the station (Corsica 2002 and 2005 )
The SLR technique is the major contributor to the altimeter calibration: SLR data of the
whole network are used to derive ultra precise orbit of altimeter satellites (in combination
with DORIS and GPS data) and FTLRS conducts comparative laser distance measurements
between the facility and satellite radar altimeters.

The objectives are the following :

e Absolute Sea level monitoring, altimeter calibration and orbit validation
(CAL/VAL) of the Topex/Poseidon, Jason-1 and Envisat satellites from the Ajaccio
site (Corsica-France)

e Estimation of the satellite altimeters biases and drifts
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e Need for carrying out accurate SLR | - 7 Telescope
positioning from geodetic satellites :
observations

The FTLRS is a highly mobile Satellite Laser
Ranging (SLR) system dedicated to the
tracking of geodetic satellites equipped with
retroreflectors. This instrument was developed
by the Observatoire de la Cote d'Azur (OCA)
and the Centre National d'Etudes Spatiales
(CNES) in collaboration with the Institut - ,
National des Sciences de I'Univers (INSU) and gu | 5B
the Institut Géographique National (IGN) Ground - e

ker g

For these campaigns, Ftlrs system is deployed
inside a French naval base near Ajaccio on a
hill, close the sea and at some thirty kilometer from Senetosa Cape where are installed tide
gauges and performed GPS buoys experiments near exact calibration point.

Two major campaigns have been organized at this site: January-September 2002 for
10 months and May-October 2005 for 5 months.

2. Jasonl absolute calibration/validation configuration :

*A geodetic site at Ajaccio with FTLRS settled for some months.
*An in-situ site at Senetosa cape under the track N°85.

Senetosa/Capraia Calibration Site
TE 8E 9E W'E 1 I. E

Products used for the study:
= T/P: M-GDR + TMR drift
mJason-1: GDR

—
#45E 8 SOE "
o 50 100

@ Permanent LASER, permangnt DORIS (project), permanant GF5
Motle LASE R, DORIS Localization, pamanent GPS
w Permanent Tuss Gaugs Tide Gauge (peoject)

P ExPossigon. tesen ERs, ENVISAT ‘ Definition of altimeter hias calihration:

sea height bias = altimeter sea height - in situ sea height

Sea height bias < 0 meaning the altimetric sea height being too low (or the altimeter measuring too long)
Sea heiaht bias > 0 meanina the altimetric sea heiaht beina too hiah (or the altimeter measurina too short)
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Jason-1 Altimeter Calibration
Cape Senetosa: POSEIDON-2, GDR, CNES Orbit

The Senetosa site allows 200 (g e e[ ]
performance of altimeter ; :
calibration from tide gauges

as well as from a GPS =
buoy. - +

At Senetosa -
altimeter bias is

, based on the whole set
of GDR-A products (135
cycles).

Bias (mm)

100 f*
+ ++

o0 IR .
The large negative trend is
due to JMR  (Wet
Troposphere) in GDR-A I R R N B, S

T N |

*+
' ' L 1

IR R I N . |

and has been solved in
recent analysis works Cycle

3. Scientific investigation for Positioning
»  Positioning with 4 geodetic satellites

Lageos-1 Starlette
Lageos-2 Stella

»  Goals of this positioning :

-To maintain geodetic accuracy of the FTLRS position in Ajaccio site (Corsica) between
the two campaigns

-To provide high accuracy local orbits for the Jason-1 altimeter calibration

»  Main steps of the work methodology

-Orbit computation
-Positioning of the FTLRS Station with Multi satellite combination.

Npts data on the sky for 2005 campaign :

o High Elevation Orbiting Satellites:
Few measurements on Lageos satellites, particularly at low elevation (40°), and irregular
distribution of these data over the Ajaccio site

o Low Elevation Orbiting Satellites:
Ten times more range data on Starlette/stella relative to Lageos, and homogeneous
distribution of the range data over the Ajaccio site

The quality of FTLRS positioning is very dependent on the accuracy of orbits, and Starlette
and Stella are more sensitive to remaining uncertainties in the dynamic models
(gravitational and non gravitational effects).
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LABEOS—1 STARLETTI
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Maps of the range data distribution during the 2005 campaign (05 months) above Ajaccio site
Since few years, thanks to new space mission like Grace, the community got an
improvement of the gravity field models. The method in our analysis is to use an accurate
field gravity model for the LEO computation and a multi-satellite combination.

A. Parameters for orbit computation :
-Gins software (developed by CNES)
-Dynamical models used :

Model Designation
Gravity field Grim5-c1 or Eigen-Grace03s
Atmospheric pressure ECMWF
Solar flow Acsol2
Atmospheric Density Dirn-94bis
Ocean tides Fes-2002
Planets Ded03bdlf.ad.ibm
Earth Orientation Parameters Eop-c04

-Terrestrial reference frame : ITRF 2000

-Computation by successive arcs (9 days for Lageos 1/Lageos 2 and 6,5 days for
Starlette/Stella ) with overlapping periods (1 day for Lageos 1/2 and 0,75 days for
Starlette/SteIIa) aIIowing to Mean Radial orbit differences (m) geographically correlated of Starlette orbits

control the orbits quality of
successive arcs and to limit the
“butterfly effect” on the arc
computation.

Latitude {*)
b=l

-Effect of gravity field model : e

On 32 arcs of Starlette/Stella in o Longiure ¢ e

2005, it appears that the Ve velve —0.0840545 e 0.0004769
Maximum walue: 0.0501343 Standard deviaticn: 00160985

Mediterranean area is less ———T T T -
affected by a permanent effect. bl e oot
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The lageos orbits are more precise and

less affected by the change of gravity

field model, but for

Grace03s model.

B. Positioning of Ftlrs station :

Stella/Starlette,
we have an improvement of orbit
precision of +/- 5mm with Eigen-

2002 campaign 2005 campaign
Satellite GRim5-c1 Eigen- Grim5-c1 Eigen-
Grace03s Grace03s
LAGEOS-1 13 - 11 11
LAGEQS-2 10 - 10 09
Starlette 23 18 23 18
Stella 23 19 21 16

-Matlo Software (developed by OCA) (Coulot 2005)
This software dedicated to laser positioning (coordinates updates+ range bias/satellite) in a
multi-satellite combination compute a global solution and Time series solution.

Coordinate do di dh Pt Bias
Range bias Boics BLics Borar Bore, updates (rmm) (rmm) (rnm) (%)
{mm} {rmrm) {rmm) {mm) Glob. Sol. (1) | +4.3+06 | -101+06 +117+1.8 944
Glob. Sol. () | +120| +122 | -39 64 Glob. Sol. (2) | +43+05| -36+04 | +30+14 || 944
Glob. Sol. (2) +4.8 +46 | -49 -4.9
4 Sol (1 17 +138 | 48 ry 7d.Sol.{1) | +44+06| -86+05 | +138+06|| 554
The Main objective has been to reduce the correlation between the range bias and the
vertical component. To do that, we compared a global solution (with coordinates and range
biases estimated with the whole data) and 7 days solution (with bias/sat supposed constant
remain estimated with the whole data). In the Global solution, the correlation remains to
high between biases and dh, some parts of the bias may move to dh and vice versa.
In the 7 days solution, the correlation decreases significantly (55%0), this solution is finally
held
C. Results and Analysis: adjusted Ftlrs parameters over 2002 & 2005 campaigns:
with :
Coordinate do di dh PeirBias
-Time series solution updates (rmm) (rmrm) () %)
] 2002 -08+07 | +16x07 | +0.2+08 558
-Eigen-Grace03s model 2005 +41:04 | 29:04 | +40:04 | 554
Lageos-1 | Lageos-2 hean Starlette | Stella hean izlobal
(rrrm) (mm) Lageos-1&2 | (mm) | (mm) | Starlette/Stella| mean
o) from) frmm]
2002 -5 -7 -6 -13 -13 -13 -10
2005 +5 +3 +4 -5 -5 -5 0

- The difference between Lageos and Starlette/stella biases are probably coming
from satellite signature and Ftlrs detection process.

- adjusted values of Ftirs range bias in 2002 campaign of -10 mm explained a posteriori:
o Non linearity of Stanford chronometer not modelised at this epoch : -4.2 mm
o Geometrical path for external calibration not adjusted : - 3mm
= Total : 7.2mm

- The adjusted values of Ftlrs mean range bias for last campaign 2005 is very small and
confirm agreement between analysis and technological corrections applied ( Stanford
non linearity, ground target measurements,..)
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D. Solved coordinates

e | dg A Ah
Geographical coordinates () (rmrm) (i)
differences from (Exertier et 2002 | +05+07 | +27+07 | -12+08
al., 2004) solution:
2006 | +4.1+04 | -29+04 | +4.0+04
Campaign Numfber o9 oA oh o
cotvtion | M) | mm) [ mm) | (om)
Stability : 2002 28 146 | 13.1 | 105 | 12.
2005 20 7.5 12.3 | 10.5 | 10.

-Global mean of bias (-5mm): very close to the published one (-7mm)

-Coordinate updates values for 2002 and 2005 are at 3mm level in average relatively to
previous solution.

-Coordinates differences are very small at level of residuals errors in the ITRF2000
velocities

-No significant differences between 2002 and 2005 coordinates (at level of the tectonic
movement): FTLRS point is locally stable.

4. Conclusion and Prospects:

»  Multi-satellite combination has allowed to palliate lack of measurements on high
satellites

»  The improvement of the dynamical models, notably of the terrestrial gravity field
(thanks to the GRACE satellite data ( Eigen-Grace03s) has permitted a precise
computation of the orbits, in particular for the low satellites, and so a more precise
geographical positioning,

» Interesting decorrelation (~ 40%) is obtained between the range bias and the station
vertical component, using the time series solution (MATLO),

»  The station position is stable between the two observation campaigns,

» In conclusion, the FTLRS has allowed a precise terrestrial positioning. That
confirms its importance for the absolute calibration process of oceanographic satellites.
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Abstract

The recent release of candidate solutions for adoption of the new ITRF2005
International Terrestrial Reference Frame (ITRF) initiated numerous tests and
comparisons over the past months. This presentation focuses on the evaluation tests
we performed with the ITRF2005P and ITRF2005D products, primarily with Satellite
Laser Ranging (SLR) tracking data. Since over two decades now, SLR tracking data
contribute to the definition of the TRF, primarily in defining its origin and scale.
LAGEOS 1 and 2 are the main targets contributing to this, and we use their data, as
well as a limited number of independent data to gauge the improvement gained by
going from ITRF2000 to either of the two new candidate solutions. An easy and
immediate observation is that either of them is only slightly different from ITRF2000,
in contrast to what was observed during the release of ITRF2000. This seems natural
though, since ITRF2000 dealt with many problems observed with its predecessor and
used a uniformly high quality input from nearly all techniques. We concentrate here
on the differences between the two and the impact of such factors as the improvements
in the analysis methodology, the underlying models, the use of IERS Conventions
2003, and the latest improvements in modelling SLR observations.

Introduction

Since over two decades now, SLR tracking data contribute to the development of the
ITRF, primarily in defining its origin and scale. The release of ITRF2000 in 2001
ushered a new era of TRF quality and performance (Altamimi et al., 2002). The
recent (mid-2006) release of candidate solutions for adoption of the new ITRF2005
initiated numerous tests and comparisons over the past months. This presentation
focuses on the evaluation tests we performed with the ITRF2005P (from IGN) and
ITRF2005D (from DGFI) products, primarily with SLR tracking data. In contrast to
what was experienced during the release of ITRF2000, the release of the new models
did not bring about order-of-magnitude changes, but rather small adjustments and
corrections, either for sites that appeared ‘after’ the release of ITRF2000 or whose
ITRF2000 estimates were based on too limited a set of data for meaningful results.

Initial tests for Precision Orbit Determination (POD)

As a first test of the two candidate models we looked at their performance on the
LAGEOS and LAGEOS 2 data that were used in their development. From the initial
tests on ITRF2005P, which was released first in early summer of 2006, it became
obvious that the VLBI-consistent scale imposed on this model because of the
observed scale discrepancy between SLR and VLBI, led to a TRF with inferior
performance even on the SLR data that were used in its development.
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When however we applied a scale adjustment to make it consistent with the intrinsic
SLR scale or allowed for a scale adjustment in our tests, the two models performed
very similarly, and only marginally better than ITRF2000, except for the few sites that
either did not appear in ITRF2000 or had poor ITRF2000 estimates (Table 1).

Table 1. Weekly RMS values from the weekly operational ILRS products in
comparison to the old (ITRF2000) and new (ITRF2005P),
ITRFs (results courtesy Cecilia Sciarretta/Telespazio, S.p.A.).

Group | 1rr2000 | TRF2005 | ITRF2000 | ITRF2005 | ITRF2000 | ITRF2005
RMS

[mm] June 3, 2006 June 10, 2006 June 17, 2006

All
sites 40 8 36 9 32 9.6
(24)

Core
sites 13 7 13 8 12 8
(16)

Several SLR analysts did similar POD tests and the main conclusion from all of these
tests is that the new models perform very similarly, and not much different from
ITRF2000, for the well-determined sites common to both TRFs. The POD tests we
performed were limited to data from the period 2003 to 2006.5, and only for the
sixteen (16) “Core SLR” sites as identified by the ILRS ACs’ operational procedures.
A summary of the RMS of fit per site for either of the two new models and ITRF2000
are shown in Tables 2 (for LAGEOS) and 3 (for LAGEOS 2).

A quick observation from Tables 2 and 3 is that overall, ITRF2005D performs slightly
better than ITRF2005P does, especially in the case of LAGEOS 2. Note that unlike
ITRF2005P, ITRF2005D does not require any adjustment to its scale or scale rate in
order to achieve this performance. Despite this fact, absent any substantiated errors in
the development of ITRF2005D, and ignoring all official objections by the
International Laser Ranging Service (ILRS), (Pearlman et al., 2002), the final
officially adopted model for ITRF2005 was a slightly modified version of ITRF2005P
(without any changes with respect to the SLR-VLBI scale issue).

The scale difference between ITRF2005P and SLR

The scale difference between the new and old ITRF (about 1.4 ppb at 2000.0 or ~10
mm, and -0.15 ppb/y or -1 mm/y), intrigued all SLR analysts involved in the
evaluation and validation of the new model. Several theories were formed and tested,
all of them quickly eliminated following extensive and copious tests, in most cases
cross-checked through repetition by more than one group. We list some of the more
plausible ones here.

A possible error in the adopted value of GMg was quickly discarded, since it would
require an unreasonably large AGMg ~ 0.0025x10° or an equally unreasonable
change in the CoM value for the two LAGEOS (~20 mm). Next, the differences in the
submitted SLR contributions to ITRF2000 and ITRF2005 were examined closely. The
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Table 2. LAGEOS POD: Core sites’ RMS of fit using ITRF2000,
ITRF2005P and ITRF2005D, and differences. RMS in red (negative)
indicates ITRF2005P performs better than ITRF2005D.

ITRF2000 (IGN) ITRF2005P (IGN) ITRF2005D (DGFI)

SITE NAME SITE ID ARMS fmm] RMS [mm] ARMS [mm]
RMS [mm] 2000-2005P RMS [mm]  2005P-2005D RMS [mm] 2000-2005D

BENING, PRC 7249 22.41 4.90 17.51 1.10 16.41 6.00
GRASSE, FRANCE 7835 10.45 2.54 7.91 20.12 8.03 2.42
GFZ POTSDAM, DE 7836 13.11 2.60 10.51 20.84 11.35 1.76
GRAZ, AUSTRIA 7839 9.46 1.48 7.98 0.19 8.17 1.29
HALEAKALA, HI 7210 17.87 3.29 14.58 2.50 12.08 5.79
MLRO, MATERA, IT 7941 10.87 2.51 8.36 0.67 7.69 3.18
MLRS, TEXAS, USA 7080 13.54 2.00 11.54 1.11 10.43 3.11
YARRAGADEE, AUSTRALIA 7090 11.33 0.48 10.85 1.02 9.83 1.50
GGAO, WASHINGTON, DC 7105 12.35 1.14 11.21 -1.03 12.24 0.11
MON. PEAK, CA 7110 14.41 1.40 13.01 0.92 12.09 2.32
HARTESBESTHOEK, SA 7501 14.45 4.24 10.21 0.43 9.78 4.67
RGO, ENGLAND 7840 9.77 0.78 8.99 0.60 8.39 1.38
SALRO, SAUDI ARABIA 7832 12.59 2.53 10.06 20.22 10.28 2.31
SIMOSATO, JAPAN 7837 17.13 2.58 14.55 0.20 14.75 2.38
ZIMMERWALD, CH 7810 8.97 0.86 9.83 0.51 9.32 -0.35

WETTZELL, DE 8834 11.36 1.75 9.61 0.34 9.27 2.09

Table 3. LAGEOS 2 POD: Core sites’ RMS of fit using ITRF2000,
ITRF2005P and ITRF2005D, and differences. RMS in red (negative) indicates
ITRF2005P performs better than ITRF2005D

ITRF2000 (IGN) ITRF2005P (IGN)  ITRF2005D (DGFI)

SITE NAME SITE ID

RMS [mm] ARMS [mm] ARMS [mm] ARMS [mm]

200020057 RMS [mm]  2005R2005D RMS [mm] 20020050
BEIJING, PRC 7249 19.11 3.60 15.51 0.89 14.62 4.49
GRASSE, FRANCE 7835 10.58 3.47 7.11 0.34 6.77 3.81
GFZ POTSDAM, DE 7836 11.96 1.23 10.73 0.91 9.82 2.14
GRAZ, AUSTRIA 7839 8.63 1.34 7.29 0.30 6.99 1.64
HALEAKALA, HI 7210 16.33 3.61 12.72 1.68 11.04 5.29
MLRO, MATERA, IT 7941 10.60 2.37 8.23 0.62 7.61 2.99
MLRS, TEXASISA 7080 13.21 1.93 11.28 1.32 9.96 3.25
YARRAGADEE, AUSTRALIA 7090 10.87 0.09 10.78 2.22 8.56 2.31
GGAO, WASHINGTON, DC 7105 11.80 1.24 10.56 0.10 10.46 1.34
MON. PEAK, CA 7110 12.73 0.53 12.2 1.33 10.87 1.86
HARTESBESTHOEK, SA 7501 16.53 5.19 11.34 1.33 10.01 6.52
RGO, ENGLAND 7840 8.74 -0.08 8.82 1.15 7.67 1.07
SALRO, SAUDI ARABIA 7832 11.22 1.95 9.27 0.25 9.02 2.20
SIMOSATO, JAPAN 7837 17.35 3.10 14.25 .60 14.85 2.50
ZIMMERWALD, CH 7810 9.23 -0.09 9.32 0.90 8.42 0.81
WETTZELL, DE 8834 10.92 1.20 9.72 0.83 8.89 2.03

SLR contribution to ITRF2005 had some basic differences from what was submitted
to ITRF2000:

e The new submission used the Mendes-Pavlis (2004) refraction model.
e Only the data spanning 1993 to end of 2005 were used instead
of the 1976 -2000 that was used in ITRF2000.

The first difference was quickly discarded since the same SLR contributions were
used in both ITRF2005 versions, P and D. Additionally, tests that were done to
quantify the effect of the new refraction model (~0.4 ppb at most), gave no indication
of any such large systematic scale differences between the two solutions with the
character of the observed scale differences between the two TRFs. Considering the
magnitude of the change in the VLBI-SLR scale difference between the two TRFs, a
possibly missing relativistic correction in the formulation of the SLR-modeled time-
delay advocated by Ashby (2003), was also investigated. Despite the close agreement
in magnitude, this correction was also rejected as the cause of the scale differences, a
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conclusion that was also supported by Ashby himself (2006, personal
communication). The POD tests were extended to include other SLR targets with
orbits markedly different from LAGEOS, such as JASON-1 and Starlette. A corollary
benefit from these POD tests was that while LAGEOS data were satisfactorily
reduced with the scaled version of ITRF2005P, Starlette data for example showed a
slight degradation. This implies either a certain distortion in the ITRF2005P solution,
or a significant error in the CoM value used for Starlette. The latter is highly unlikely,
but cannot be outright discarded.

A final plausible cause investigated as a possible explanation was the fact that the
SLR contribution to ITRF2005 did not contain the historical LAGEOS data from the
period 1976-1992. To test this last theory, we reduced all of that data and generated
solutions that included that data, which we later compared to the two ITRF2005
solutions. Figure 1 shows the LAGEOS data distribution (weekly resolution) for the
ILRS network from 1976 to early 2006. It can be seen that there is no dramatic
difference between the two networks that supported the two ITRFs.

The SLR data for the period 1976-1992 is certainly not of the same quality as for the
recent years, and the network had undergone several upgrade stages during that
period. The initial predominantly NASA-supported network from 1976 to 1980 was
more of a research and test-bed outfit than an operational one. The two international
MERIT campaigns in the early 80s forced the upgrade of the network, its expansion
and strengthening with the addition of several stations outside North America and

ITRF2000 BOTH <IReello
e == .
”"a:'fu"(ll 79/01 82/01 _;f(; I._m i —t;mt_ - _:l;m 94/01 97/01 00/01 03/01 06/01

Figure 1. The LAGEOS and LAGEOS 2 data distribution for 1976 — 2006, and the
portions used in the SLR submissions for the development of
ITRF2000 (green) and ITRF2005 (yellow).
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Figure 2. Orbital arc RMS of fit to LAGEOS data, 1976 — 1992.
Results from reductions with three different arc-lengths are shown
here, fortnightly (F), monthly (M) and quarterly (Q).

Europe, and ushered an era of operational mentality across continents, countries and
agencies supporting these stations. As a result, the quality of the data improved by an
order of magnitude, the quantity increased too, and internationally coordinated
scheduling of operations was initiated for improved data yield. The result of these
changes is reflected directly in the improved RMS of fit to the collected data, using
the same models across all periods of time, as this is illustrated by the graph in Figure
2.

The development of TRFs that included the SLR data from the 1976-1992 period
made little difference in their intrinsic scale and scale rate (~10% at most). On the
other hand, it does improve the error statistics for sites that span both periods of time
and it resulted in capturing in a single consistent frame all SLR sites that ever tracked
either or both LAGEOS satellites. This result left the question about the SLR-VLBI
scale difference in ITRF2005 open and unanswered, despite the fact that it eliminated
a large number of serious candidate explanations.

Recent (spring 2007) developments

During the 2007 General Assembly of the European Geosciences Union (EGU) in
Vienna, Austria, MacMillan (2007) brought to the attention of the ITRF community
the finding that the official International VLBI Service (IVS) submission to
ITRF2005 had an error in the application of the pole tide, which generated a scale bias
with respect to the true scale of ITRF.
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_VLBI and SLR scale ANNUAL AVERAGE wrt ITRF2005 (ppb)
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Figure 3. Time series of annual scale differences between various
VLBI solutions and the SLR submission to ITRF2005,
with respect to the ITRF2005 frame, (Altamimi, 2007).

After an exchange of corrected submission files, Z. Altamimi generated new test
solutions that indicate that indeed, this error causes about 0.5 ppb scale bias between
the SLR and VLBI frames of reference. This can be seen in the graph that Altamimi
(2007) circulated via email on June 18, 2007, under the subject matter: “Pole tide
effect on VLBI scale”. As you can verify from Figure 3, except for the period after 2004
when the SLR network covers only the one hemisphere of the globe, the scale difference
between the two techniques is at the same level of discrepancy as it was during the
development of ITRF2000. This means that there is really no reason for the exclusion
of SLR from the definition of the scale of ITRF2005. The “significant”scale rate is
also a result of the poor network configuration in the latter years and the consideration
of some questionable site tie vectors (as pointed out by the DGFI combination center), and
could have been dampened by appropriate weighting of the weekly contributions for
that period of time, or editing of the ties (as DGFI did for ITRF2005D).

Summary

The release of ITRF2005 in mid-2006 created a great commotion within the geodetic

community with its departure from prior tradition, to adopt the scale implied by VLBI
only, excluding SLR from the usual 50-50 sharing of this privilege. Additionally, the
indication that SLR scale was not only off by more than 1 ppb from the true scale but
also suffered from a significant rate change of -0.15 ppb/y, sent SLR analysts
scrambling for answers. As we have seen here, none of the most plausible causes
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could be found responsible for the observed discrepancy. The matter was never
closed, and it was always suspected that in addition to the acknowledged effect of the
deteriorating SLR network, either an error in another technique’s submission were the
cause, or the new way of constructing the ITRF, or a combination of all. The April
2007 findings of MacMillan’s investigation in the VLBI scale definition explained for
the most part the constant scale offset. The remaining scale rate effect seems to be the
result of the new way the ITRF is constructed and the deterioration of the SLR
network during 2004- 2006. The recent re-establishment of the SLR sites at
Haleakala, Hawaii and Arequipa, Peru, and the new and improved re-analysis of the
SLR data this year are expected to resolve many of these remaining issues and restore
the faith of the ITRF community in SLR’s unique ability to define the ITRF scale in
the absolute sense.
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An Optimised Global SLR Network For Terrestrial Reference Frame
Definition
Ramesh Govind*
1. Geoscience Australia, Canberra, Australia
Abstract

It is a continuing debate on the current station distribution and geometry of the global
SLR network. In order to design the optimum network for high quality geodetic
products, a simulation study was undertaken. Data for previously closed or additional
new stations was simulated and augmented into the existing available data set and the
relevant geodetic parameters estimated. Weekly estimates of the degree one
coefficients of the Earth’s gravity field (centre of mass) is used as a measure of the
influence of the simulated data with respect to the original solutions -- as determined
from the observed data set. The simulated data, observed data, and the computation
standards are described. On the basis of these results, an optimised global network of
SLR stations is presented.
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Performance of Southern Hemisphere Stations
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Abstract

The opening of the San Juan station in Argentina, and upgrades to other stations, has
lifted the productivity of Southern Hemisphere stations to perhaps 40% of the global
total, with a nice distribution in longitude. Various operational statistics will
illustrate the improvements achieved up to the start of October 2006.

Introduction

The new San Juan station came on-line in March 2006, in collaboration with NAOC,
Beijing. Its performance is highly impressive, and is significantly helping to satisfy
the eternal cry for more SLR observations from the Southern Hemisphere.

At the same time, the BKG station TIGO at Concepcion, Chile has been upgraded to
hectoHertz ranging with reliability enhancements, and has improved its output
considerably in recent months. MOBLAS 8 at Papeete, Tahiti and MOBLAS 6 at
Hartebeesthoek, South Africa are also making significant contributions. Of the
Australian stations, MOBLAS 5 at Yarragadee continues to be the benchmark and
workhorse station for the entire global SLR network, while the re-built EOS/GA
station on Mount Stromlo is again one of the top performers.

Statistics for three 28-week time periods in Fig.1 and Table 1 show that data
quantities from Southern Hemisphere stations have sustainably improved this year
(2006). Other performance metrics are also displayed in this paper.
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Figure 1: Percentages of passes from Southern Hemisphere stations.
Data extracted from CDDIS weekly SLRQL reports

Table 1: Pass percentages from S. Hemisphere stations, and also by ILRS Network

Period Southern By Network (see (Luck, 2006)
Hemisphere | WPLTN | NASA | EUROLAS
2005 Feb-Sept 28 38 15 46
2005 Sept — 2006 Mar 29 44 15 41
2006 Mar-Sept 35 42 16 41
2006 Sept 03-30 32 45 12 43
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Numbers of passes by station

In Fig.2, station totals are grouped by hemisphere. Some of the least productive
Northern Hemisphere stations are not shown. Each point is a 28-week total.
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Figure 2: Station totals for three 28-week periods, grouped by hemisphere.
Range bias stability

Fig.3 compares Southern and Northern Hemisphere stations for the RMSs since 19
March this year. They are the RMSs of range biases for LAGEOS | and 1l combined
taken from NICT daily analysis reports, after some outlier editing.
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RANGE BIAS RMS by HEMISPHERE
19 Mar - 6 Oct, 2006
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Figure 3: RMS of Range Bias per station per hemisphere, L1 & L2
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Figure 4a: Range Biases for LAGEOS | & Il for Yarragadee, Stromlo and Hartebeesthoek .
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Figure 4b: Range Biases for LAGEOS | & Il for Conception, San Juan and Tahiti.

The time series for the 6 stations are shown in Figures 4a and 4b.
Normal points per pass

This category reflects the observing efficiency of the stations, and is affected by skill
in acquiring satellites and interleaving passes as well as factors like aperture, laser
power, sun avoidance, priorities and bad weather. In general, a low ratio means more
uncertainty in determining time bias, unless the few normal points are very well
distributed throughout the pass. Fig 5 contrasts northern and southern hemispheres.

Normal point precision

NP precision is calculated as the RMS of normal points about a trend-line fitted
through the orbit residuals of the Analysis Centre’s global solution. It is thus a
measure of a station’s internal consistency, and is affected by short-term variations in
the station’s observations, method of forming normal points, and errors in weather
data as well as the Analysis Centre’s methods of filtering and fitting. Fig.6 shows the
results for the 28-week period Mar-Sep 2006 taken from the NICT daily analysis
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reports, but only for passes containing at least four NPs, and Fig.7 shows the time-
series for each station over the same period.

NP/Pass, LAGEOS | & Il
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Figure 5: Normal points per Pass, LAGEOS | & Il combined, extracted from NICT daily

Analysis Reports. (Note truncated vertical scale - it looks worse than it is!)
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Figure 6: Normal Point Precisions Summary
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Figure 7a: Normal Point Precisions for Southern Hemisphere stations
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Figure 7b: Normal Point Precisions for Southern Hemisphere stations

System delay
The system delays are the results of system calibration by pre-

components in the optical path are moved, or other repairs and

respect to the average system delay over the 28-week period.
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and/or post-pass
ground target ranging, or equivalent. They have arbitrary values and are allowed to
jump when, for example, cables are changed in the paths to the timing system,
maintenance are
performed. Otherwise, however, they should remain constant. In particular, they
should not show drifts such as TIGO has been undergoing since about day 225 in
Fig.8. The results in Fig.8 are from Ajisai entries in NICT daily analysis reports, with
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SYSTEM DELAYS: SOUTHERN HEMISPHERE
from NICT daily analysis reports, Ajisai passes
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Figure 8: System Delays per pass (Ajisai). The lower plot is at expanded vertical scale.
Conclusions

There has been a boom in Southern Hemisphere ranging in 2006, due mainly to the
commissioning of the San Juan station, whose productivity is the more remarkable
because it only observes at night-time. Tahiti only has limited day-time tracking.

The quality of ranging is comparable with Northern Hemisphere stations, too,
although some stations show worrying trends in their system delay stabilities while
Stromlo should be doing far better in its normal point precisions. The imminent
resurrection of Arequipa, Peru should further enhance the Southern Hemisphere
contribution to global SLR performance.
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The Evolution of SLR/LLR in Response to Mission Needs
Peter Shelus

1. University of Texas at Austin/CSR

Abstract

The response of the laser ranging network to the needs of the various missions over
the past 40 years or so has been an evolving one. The targets have been varied and
the science has been exciting. With the establishment of the International Laser
Ranging Service (ILRS) and its Missions Working Group, this planning and
coordination has been put on a much more formal basis. This presentation reviews
some of the history, provides information on where we find ourselves right now, and
tries to look a bit into the future as to where we wish to be.
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Assessment of SLR Network Performance

Mark Torrence * and Peter Dunn *
1. SGT Inc, Greenbelt, Maryland, USA
Abstract

The SLR global performance report card is updated quarterly on the ILRS web-site
and presents a broad view of the state of the network. The information summarized in
that report can be treated in several different ways to clarify particular features. The
usual expression of the station characteristics as a function of calendar time provides
a method to monitor the evolution of the health of a station by considering the
quantity of normal points collected, as well as the volume of full rate observations
and the noise level of these data for each satellite. If the same variables are expressed
as a function of local time, the distinction between day-time and night-time
performance of a station is high-lighted. Satellite signature effects can be
demonstrated by again plotting these same variables but as a function of range value,
and this will also vary by station. We demonstrate the use of these alternative
representations for all the stations in the network to many satellites and solicit ideas
which could enhance the definition of the each observatory’s contribution to the
Global Network and the analyst’s understanding of the data.

Introduction

The motivation for constructing graphs of station performance arose from an
assessment of potential corner cube array design for HEO satellites. Looking at the
SLR data as a function of local time and as a function of the satellite range may reveal
station performance characteristics in SLR data such as whether patterns vary from
year to year, and whether there are indications of satellite dependencies.

Hartebeesthoek, South Africa 7501 Zimmerwald, Switzerland 7510
number of LAGEOS-1 full rale obs in a narmal paint, from 2006.0 through 2007.0 number of LAGEOS-1 full rate obs in a narmal paint, from 2006.0 through 2007.0
ave 156.821124.91 max 558.00 mién 1.00 for 4257 dats points. ave 99.23459.90 max 255.00 min .00 for 16166 data points

lacal time (hr) lacal time (hr)

Figure 1 Number of full rate observations in a normal point for
Hartebeesthoek and Zimmerwald.
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Hartebeesthoek, South Africa 7501 Mt Stromlo, Australia 7825
LAGEOS-1 normal polnt rms, from 2006.0 through 2007.0 LAGEOS-2 normal polnt rms, from 2006.0 through 2007.0
e 9.08+2.34 max 72,85 min 0,45 for 4257 data paints ave B1042.30 max 20,24 min 0,00 for 5545 data points
5 - PR 5
20 20

mm

local time (hr) local time (hr)

Figure 2: Normal point rms as function of local time for
Hartebeesthoek and Mt Stromlo.

Yarragadee, Australia 7090 Yarragadee, Australia 7090
Grace-A normal point rms from 2006.0 to 2007.0 Ajisai normal polnt rms from 2006.0 to 2007.0
ave B.94£2 58 max 30.88 min 0.00 for 8320 data paints ave 12.6321.92 max 30,43 min 0.15 for 27295 data points

mm
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LAGEOS-2 normal point rms from 2006.0 to 2007.0 GLONASS-87 normal point rms from 2006.0 to 2007.0

ave B.9441.44 max 18.59 min 0.00 for 13540 data paints ave 21.6026,25 max 59.21 min 0,00 for 2771 data paints
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Figure 3: Normal point rms as function of range for Yarragadee for
Grace-A, Ajisai, LAGEOS-2 and GLONASS-87.

The pattern seen in the normal point rms as a function of range for Yarragadee
tracking GLONASS-87 is most probably due to the large array cross section of
GLONASS-87 resulting in center-of-mass offset which is a function of viewing
geometry.

See
http://ilrs.gsfc.nasa.gov/cgibin/satellite_missions/select.cgi?sat_code=GL88&sat_nam
e=GLONASS-88&tab_id=com

Plots of this type will be available at the ILRS web site.
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Performance of WPLTN Stations

John McK. Luck®
1. EOS Space Systems Pty.Ltd., Canberra, Australia
Abstract

There have been significant upgrades to WPLTN stations in the last year.
Performance statistics for each station will be presented, which may highlight where
further improvements could be achieved.

Introduction

The working and developing stations which constitute the Western Pacific Laser
Tracking Network (WPLTN) include Tokyo, Simosato and Tanegashima (Japan),
Shanghai, Beijing, Changchun, Yunnan, Wuhan and the CTLRS (China), Yarragadee
and Mount Stromlo (Australia), Riyadh (Saudi Arabia), Maidanak (Russia), and most
recently the new Chinese-supplied station at San Juan, Argentina. In 2006, as well as
the commissioning of San Juan, Shanghai moved to a new site and significant
upgrades came to fruition at Simosato and Changchun. San Juan has been accepted as
a member of WPLTN, and Yarragadee has dual membership with WPLTN and the
NASA network.

These developments have produced a noticeable increase in the productivity and
quality of the network as a whole. It is therefore timely to review its performance and
to compare it with the NASA and Eurolas networks. (This paper was actually
presented at the WPLTN General Assembly.)

For the purposes of this paper, Yarragadee is included in WPLTN, TIGO in
Concepcion (Chile) and the Ukraine stations in Eurolas, and Hartebeesthoek and
Tahiti in NASA. Data are shown in four periods — three 28-week periods spanning 20
Feb 2005 to 2 Sep 2006, and the 4-week period 3-30 Sep 2006 leading up to the
Workshop. In many ways the data displays emulate the ILRS Quarterly Global SLR
Performance Reports, arranged differently.

Productivity

The numbers of passes summarized by network are shown in Fig.1 as percentages of
the global totals. The increase since 2005 seems to be sustained, at the expense of the
NASA network. Data were extracted from the weekly CDDIS SLR Data Reports.

Percentage Productivity Progression
50

9]
& 40 [ ] L
@
% 30 = WPLTN
S 20 m NASA
o
2 10 O EUROLAS
S
0

Feb-Sep05 Sep05-Mar06 Mar-Sep06 Sep06
54370 48202 53651 9018

Figure 1: Productivity comparison. The global totals of passes are on the bottom line.

Fig.2 shows the numbers of passes per station per period, grouped by network.
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Number of Passes

PASSES by NETWORK, 20 Feb to 03 Sep 2005
from CDDIS weekly SLRQL reports
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Figure 2: Numbers of passes per station in each of the four periods.
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Normal Points per Pass

This category reflects the observing efficiency of the stations, and is affected by skill
in acquiring satellites and interleaving passes, as well as factors like aperture, laser
power, sun avoidance, priorities, and bad weather. In general, low ratios mean more
uncertainty in determining time bias, unless the normal points are very well
distributed throughout a pass.

NORMAL POINTS/Pass by NETWORK, LAGEOS 1 & I
Mar - Sep, 2006
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Figure 3: Normal points per pass in much of 2006.
Data from daily NICT Multi-Satellite Bias Analysis Reports.

The best of the WPLTN stations are comparable with Eurolas. Stations with low
ratios — in all networks! — should aim to improve coverage during passes.

Normal Point Precision

For Fig.4, the average NP Precision values were calculated after removal of obvious
outliers. Stations not shown were off-scale. The best stations achieve 2 mm, and 3
mm should be the aim. Clearly, several WPLTN stations and some from eastern

Europe need to improve.

LAGEOS | & IINormal Point PRECISION by NETWORK
19 Mar - 6 Oct, 2006
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Figure 4: Average Normal Point Precisions for much of 2006.
Data from NICT reports.

Time series graphs for some of the stations are shown in Fig.5. Only passes
containing at least 4 Normal Points are plotted. Graphs for Yarragadee, Stromlo and
San Juan are given in the companion ‘Southern Hemisphere’ paper (Luck, 2006).
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Figure 5: Normal Point precisions for selected WPLTN stations.
Data from NICT reports. See also (Luck, 2006)
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Accuracy — Range Bias and System Calibration

More important than the precision of the measurements is their accuracy, i.e. how
closely the numbers obtained reflect the true distances. There is no perfect way to
assess accuracy, so We use range biases, which in a sense give a station’s range errors
against a sophisticated average over all stations using the satellites’ orbits as
constraints; and we use ground-target ranging to measure the system delays that are
applied to the range measurements. Both these methods have drawbacks. Range
biases depend upon the set of station coordinates and the processing philosophy
adopted by any particular Analysis Centre. For ground-targets, the distance from
invariant point to target must be measured with millimeter accuracy, and preferably
be checked frequently by a technique such as MINICO (Luck, 2005).
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Figure 6: Range bias RMS about mean values by station. Data from NICT reports.
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Figure 7: Range bias time series for reasonably productive stations.
Data from NICT reports.
RMS variations of LAGEOS | & |1 range biases about their station means for a period
in 2006 are shown in Fig.6, and time series for some of them in Fig.7. Yarragadee,

195



Proceedings of the 15th International Workshop on Laser Ranging

Stromlo and San Juan are shown in the companion “Southern Hemisphere” paper
(Luck, 2006).

System Delays

In Fig.8, the average system delay for each station has been subtracted from its values
to clarify the comparisons. Large jumps, which are perfectly valid, occurred during
the period at Simosato and Riyadh, so in Fig.9 they are adjusted to their piecewise
averages.
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Figure 8: Relative system delays for productive stations. Data from NICT reports.
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Figure 9: Relative system delays at different expanded vertical scales.
Data from NICT Reports, AJISAI passes.

There is substantial scatter for most stations except Yarragadee, Stromlo and Riyadh,
and drifts in several, most notably Riyadh and Simosato, which are even more
worrying. Stations are strongly urged to investigate the causes of the scatters and
drifts, because it is then likely that there are also large scatters and drifts within
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passes. Fortunately, there is little evidence of correlations between range bias and
system delay (although if there were, it should be easily fixed).

Conclusions

The number of passes acquired by WPLTN stations has improved in the 12 months to
October 2006, and now exceeds Eurolas. This is largely due to the commissioning of
San Juan and upgrades at some other stations. Most stations now track GPS-35 &-36
successfully, at night. When stations like Changchun and San Juan achieve daylight
tracking, the productivity ratios should improve even further.

The analysts prefer passes well tracked from observing horizon to observing horizon,
or at worst that include segments near both horizons and at maximum elevation.
NPs/Pass is a rough measure of how well this is achieved, but inspection of the NICT
reports shows that sparse passes invariably fail to produce a Time Bias of decent
quality, which indicates poor NP distribution. Fig.3 indicates that many stations (in all
networks) need to improve this aspect of operations.

The quality of WPLTN stations, assessed by Normal Point precision and Range Bias
RMS for LAGEOS | & Il combined, is an area needing improvement, with only 5
stations showing NP precision better than 3 mm and 3 stations with Range Bias RMS
below 8 mm. It is suggested that detailed attention to stabilizing system delays is
needed at many stations.

And if you think that this paper is just stating the bleeding obvious, then | have found
by long and bitter experience that that is exactly what is sometimes needed!
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Abstract

Two global data centers have supported the International Laser Ranging Service
(ILRS) since its start in 1998. The Crustal Dynamics Data Information System
(CDDIS), located at NASA’s Goddard Space Flight Center, and the Eurolas Data
Center (EDC), located at DGFI, are active archives of laser ranging data and
products derived from these data. The laser data sets consist of on-site normal points
and full-rate data. The official ILRS products, currently station positions and EOP,
are also made available to the user community through these data centers.
Infrastructure support for the ILRS include reports of data holdings and quality,
satellite predictions, and station configuration information. This presentation will
describe this laser ranging archive available at the ILRS data centers and plans for
future enhancements.

Data Center Archive Contents

Currently, the ILRS data and product archive consists of normal point and full-rate
data, satellite prediction information, and site positions and velocities. Data since
mid-1976 are available at the data centers; ILRS products from January 1993 to the
present are also available.

Normal point data is the primary ILRS station data product, gradually replacing on-
site sampled data and later full-rate data as the primary data product starting in 1991.
Normal points are generated on-site very shortly after the satellite pass and
transmitted within a few hours to the ILRS operations centers and, from there, to the
ILRS data centers.

Full-rate data were the prime SLR product in the 1970’s and early to mid 1980’s. In
the late 1980’s, the normal point generation process was refined and normal points
were obtained from the full-rate data during post-processing. In the 1990’s, on-site
normal point production became the accepted process. In the mid 1990’s, the
SLR/LLR CSTG subcommission agreed that there was no formal requirement for full-
rate due to the transition and acceptance of on-site generated normal points as the
prime and only station data product. Many stations, however, continue to provide full-
rate data to the ILRS data centers since they are sometimes required for specific needs
(e.g., center-of-mass analysis, retroreflector experiments, co-location analysis, etc.).
Figure 1 summarizes the data holdings (full-rate or on-site normal point) of the
CDDIS archive by year versus satellites tracked and network size.

The ILRS currently provides satellite predictions for the network in two formats:
Tuned Inter-Range Vectors (TIRVs) and the newer Consolidated Prediction Format
(CPF). The CPF is now considered the operational format for prediction providers and
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network stations. However, TIRVs continue to be generated by the prediction
providers and made available through email and at the data centers to accommodate
stations that are continuing efforts to transition to the CPF.

The CPF information accurately predicts positions and ranges for a much wider
variety of laser ranging targets than had been previously possible. Rather than using
the tuned IRV's with an integrator, the new predictions provide daily tables of X, Y,
and Z positions for each target which can then be interpolated for very accurate
predictions. CPF provides an expanded format capability and greatly improves
tracking on low satellites because the full modeling potential of the orbit computation
at the prediction center will be passed on to the stations. Drag files and special
maneuver files are no longer necessary. These predictions are available via email or
via anonymous ftp from the data centers.
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Figure 1. Laser ranging data volume by year

Six ILRS analysis centers (AC), ASl/ltaly, BKG/Germany, DGFI/Germany,
GFZ/Germany, JCET/USA, and NSGF/UK produce weekly solutions on LAGEOS-1
and -2 for global station coordinates and Earth orientation parameters (EOP). Each
week, ASI (primary ILRS Combination Center) and DGFI (backup ILRS
Combination Center) merge the individual AC solutions into the official ILRS
Combination Product. This combination product is available every Wednesday via
anonymous ftp from the data centers. The IERS uses this product for the multi-
technique Combination Pilot Project and the Bulletin A EOP.

Performance

The ILRS Central Bureau staff has developed various reports and plots to monitor
network performance. This information is updated on a frequent basis dependent
upon the type of report. Station operators, analysts, and other ILRS groups can view
these reports and plots to quickly ascertain how individual stations are performing as
well as how the overall network is supporting the various missions. All plots and
reports can be accessed through the station pages on the ILRS Web site at URL
http://ilrs.gsfc.nasa.gov/stations.

The ILRS performance “report cards” are generated on a quarterly basis and show
data volume, data quality, and ILRS operational compliance information. The
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statistics are presented in tabular form by station and sorted by total passes in
descending order. Plots of data volume (passes, normal points, minutes of data) and
RMS (LAGEOS, Starlette, calibration) are created from this information and available
on the report card Web site:

http://ilrs.gsfc.nasa.gov/stations/site info/global report cards/index.html

Example plots from the latest report card are shown in Figure 2.

total passes
2005 through June 30,

LAGEOS RMS
from April 1, 2006 throsgh June 30, 21

millimeters

CBBEgEBEEEBEGE

Figure 2a. Total passes for Figure 2b. Minutes of data for Figure 2c. LAGEOS RMS for
200693 report card. 200693 report card. 200603 report card.

A plot of the satellite ground tracks of the last seven days of geodetic satellite data is
updated daily and available through the ILRS Web site at:
http://ilrs.gsfc.nasa.gov/stations/recent_groundtrack.html.

The plot, shown in Figure 3 for a week in November 2006, graphs the actual network
ground tracks of Etalon, LAGEOS, Ajisai, Starlette, and Stella over the previous
seven days based upon the archived normal point data.

SLR data from 20061110 threugh 20061117 1200 UTC
* ETALON-119120 km 64.9 deg * ETALON-2 19120 km 65.5 deg
* LAGEOS-1 5895 km 109 deg

4 STELLA 795 km 99 deg

-180" -150° -120° -90° -60° -30° o 30" 60" 90" 120° 150" 180"

T

Figure 3. Plot of the satellite ground tracks of the
last seven days of geodetic satellite data.

Plots of station performance and meteorological data are regularly generated. The
plots are sorted by station and come in two forms: for data from the past year and for
data since the year 2000. The information presented in these plots for each station in
the ILRS network are: total number of normal points, total number of full-rate points,
average number of data points per LAGEOS normal point, LAGEOS normal point
rms, calibration rms, and system delay, and station temperature, pressure, and
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humidity (as recorded in the normal point data). Examples of these plots for the
Yarragadee station are shown in Figure 4. The plots are available through the
individual station pages on the ILRS Web site (http://ilrs.gsfc.nasa.gov/stations).

Yarragadee, Australia 7490 Yarragades, Australia 7090 Yarragadee, Australia 7090
of pass average LAGEOS narmal point rms Pass sversge lemperature

T e L w1 e b T s i

20048 shosrs 2040 20048 200050 200478 00878 2040 20048 200050 200478

Figure 4a. Total number of Figure 4b. Pass average Figure 4c. Average
normal points from Yarragadee LAGEQS normal point RMS temperature Yarragadee for the
for the past year. from Yarragadee for the past past year.
year.

Future Plans

Additional plots of station performance are under development for the ILRS Web site.
These plots include statistics for all currently tracked satellites and all operational
stations as a function of time; full-rate observations per normal point and normal point
rms are also computed as a function of range and time. Examples of the new charts for
the Yarragadee station are shown in Figure 5 below.

Yarragadee, Australia 7090 Yarragadee, Australia 7090
number of GPS-35 full rate obs in a normal paint from 2005.75 to 2006.75 LAGEDOS-1 normal point rms, from 2005.75 through 2006.75
ave 36.06434.94 max 283.00 min 1.00 for 1858 data points 2va 8.78+1.46 max 20.99 min 0.15 for 12817 data points
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Figure 5a. Number of GPS-35 full-rate Figure 5b. LAGEQOS-1 normal point rms from
observations per normal point from Yarragadee for Yarragadee for the past year.

the past year.
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Minico Calibration of System Delay Calibration at Mount Stromlo
SLR

John McK. Luck?
1. EOS Space Systems Pty.Ltd., Canberra, Australia
Abstract

The MINICO method of ranging to four ground targets in rapid succession has been
adopted as a nearly daily routine at Stromlo. In essence, it calibrates the range used
for regular pre- and post-pass system delay calibrations. It also provides interesting
information on the stability of the calibration pillars and of the telescope pier. There
is a clear annual cycle of amplitude 1 mm in the results. The routine biennial
precision ground survey was performed in August 2006. Its agreement, or otherwise,
with the MINICO determinations of pier ranges will be presented.
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A Summary of Observations of GioveA, taken from Mt Stromlo SLR
Station

C.J. Moore'
1. EOS Space Systems Pty. Limited, 111 Canberra Ave., Griffith, A.C.T. Australia.
Contact: cmoore(@eos-aus.com
Abstract

A summary of satellite Giove A SLR data taken at Mt Stromlo over the period from
May to August 2006 is presented, and some factors affecting tracking productivity are
discussed. Although in a high earth orbit, Giove A has a large optical back scattering
cross-section, and this has provided data for an empirical analysis of link budget
factors which has allowed potential productivity gains to be assessed.

Introduction
The new Mt Stromlo SLR station has been in

operation since December 2004 and data

. Total number of passes 77 100%
production has been reasonable and overall g °

performance has been very good. Mt Number low elevation 11 14%

Stromlo productivity levels often exceed

. Number weather affected 33 43%
many other SLR stations. Nevertheless,

improvements can be always be made, and Number available 33 | 43%

this paper describes an analysis of the

L . . Number attempted 21 27%
potential increases to productivity levels that

may result from increased laser output Number tracked 12 15%

energy, particularly as it applies to tracking
Giove A and other high earth orbit satellites.

Tracked/Possible 12/33 36%

SLR productivity (i.e. detection of returns) Table 1 Productivity Metrics

of high satellites is particularly sensitive to

environmental factors such as cloud, air mass water vapour content and photon noise
during daylight hours. These high satellites include the Glonass and GPS satellites,
Etalon 1 and 2 and the first Galileo test satellite, Giove A. Satellites such as Lageos 1
and 2 are also affected although to a lesser extent. To illustrate the relationships
between laser energy and productivity from high satellites, an analysis of Giove A
tracking at Mt Stromlo is presented, particularly taking into account actual availability
of passes and their distribution with elevation.

Tracking Giove A

Abave 30 Deg
= Ahove 60 Deg

Average Pass Avallabliity per Hour

5 y 5 10 15
Local Time of Day (Hours) Local Time of Day (hours)

Figure 1:Giove A passes, June 1 to August 9, Figure 2: Giove A Pass Availability

2006
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Although Giove A was launched in December 2005, the ILRS was not requested to
commence SLR tracking until late May 2006. The data from Mt Stromlo presented
here are from observations taken from June 1st until August 9th (i.e. day 152 to 221).
Table 1 summarizes the productivity statistics for this period and Figure 1 shows all
of the available passes above the site’s 20 degree horizon for this period.

By plotting pass elevations over 24 hour intervals, it was found that Giove A
availability during the data period was on average not evenly distributed throughout
the day. Figure 2 shows a frequency distribution plot (using time intervals of 0.1
hours) which indicated that there was a gap in passes during the period from
approximately 18:00 to 04:00 local time (8:00 to 18:00 UTC) where passes were very
sparse. There was also a significant reduction of very high passes in the middle of the
day.

Actual Productivity of Giove A at Mt Stromlo

While there are many
factors affecting successful
SLR tracking, it does
appear that the distribution
of available passes had
influenced actual
productivity of Giove A.
Figure 3 shows the average
distribution of number of
successful (single-shot)
returns over the course of a
; day, and as expected there
Local Time of Day (Hours) were no passes tracked
Figure 3: Giove A Productivity during the middle of the
night. The impact of a
reduced number of very high passes in the middle of the day is also apparent.
However other factors such as sun avoidance and increased daylight noise would have
also contributed to reduced productivity.

Average Number of Retums per Hour
I wn

Figure 2 illustrates that SLR returns were being obtained from a wide range of target
elevations (and thus ranges). To assess how productivity was dependent on target
elevation a link budget analysis was performed. The following sections describe this
analysis and results obtained.

Link Budget Analysis

Estimation of the SLR link budget was made using the standard link budget formulae
which determines the average number of detected photons (returns) per laser pulse,
N _.,as[l],

pe

A -
Npe :anT EUTGTO-sat(LI'ﬂRz) 2AT77RZ-/2\Té (1)
K K

2
6
The transmit gain, G; is givenby G; = gizexp[— 2(9—P) ]

For Giove-A and Mt Stromlo SLR laser we set the detector quantum efficiency, 7, ,
to 20%, the transmit and receive path efficiencies, 77z, 7;, to 90%, the laser pulse
energy, E;, to 13.5 mJ, the receive aperture area, A;, to 0.7 m?, the beam spread,

204



Proceedings of the 15th International Workshop on Laser Ranging

0,, to 1 arcsec, the pointing accuracy, 6, to 2 arcsec and the usual values to
wavelength, 4, Planck’s constant, h, and speed of light, c¢. The atmospheric
transmittance, 7,, was determined from an elevation dependent model [2] which
gives transmittance at zenith of approximately 81% reducing to 72% at 20 degrees.
Clear skies were assumed, so that

05 | cloud transmittance, 7., was set

0
My, =-4E-05 x Elev’ 40,0002 x Elev + 0.0243 tO 100 A)-

The Satellite back scattering
cross section, o, , for Giove A
has been estimated to be in the
order of 46x10°m*> (Dave
Arnold, private communication).
R is the distance from station to
satellite (in meters) and is
e determined from orbit

.Ele\raliurl. .Idegreesl. . prediCtiOIlS.
Figure 4: Link Budget versus Elevation

I
i

Expected Retums per Pulse
{Current Link Budget)

The absolute value of estimated
link budget is not critical and
errors due to these assumptions do not affect this analysis. However, using these
values, the average link budget estimates for Giove A against satellite elevation was
calculated as shown in Figure 4. The polynomial regression line fitted to the average
link budget estimates allows conversion or mapping between elevation, link budget
estimates and hence laser energy. This equation is

N, =0.0243+0.0092x Elev—4x107° Elev’ (2)

where the elevation, Elev, is valid over the range 15 to 85 degrees.
Elevation Analysis

The mapping between link budget estimates and elevation allowed elevation to be
used to provide a relationship between link budget estimates (i.e. laser power) and
productivity. This analysis presents statistical analysis based on 5 degree elevation
intervals from 20 degrees (the site horizon) to 90 degrees. For each elevation interval,
the actual number of returns achieved (productivity) was normalized by the number of
available passes in each interval to give the N

number of returns per pass. im

The number of available passes per
elevation interval is shown in Figure 5 and
the productivity data for each elevation
interval is shown in Figure 6. The second
plot clearly illustrates that productivity falls

Average Number of Available Passes
per Degree Elevation

with lower elevations (due to a decreasing il H B EEEEEEEN .
link budget from an increasing range) and ARREEREAERD I
higher elevations (due to a lower number of A e e B
available passes). Figure 5: Available Giove A Passes versus

Hence a normalized productivity can be Elevation

determined by dividing actual productivity
data by the data availability. The results for Giove A are shown in Figure 7.
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Average Number of Retumns
per Degree Elevation
MNumber of Retumns per Avallable Pass

4550 5055 S5E0 G065 65 V45 4550 5055 S5E0 G065 6570 TOTS TSED
Elevation (degrees) Elevation {degrees)

Figure 6: Giove A Productivity Figure 7: Giove A Normalized
versus Elevation Productivity versus Elevation

Normalized Productivity

Figure 7 illustrates that, all else being equal, more returns are expected when the
satellite is at a higher elevation. Scatter in this data indicates that in practice other
factors such as weather are influencing productivity. It also appears that below
approximately 40 to 45 degrees elevation, few returns were being detected with the
given laser power levels.

When returns were detected at the lower elevations, observation logs indicated that
the atmosphere was particularly clear and clean of particles, and that a strong signal
had already been detected, and the satellite was being tracked as it descended in
elevation.

. A S i

Nomalized Productivity

7 - i i

N
§
1T}

50 s m=1
. -
-~ . ) : = .
0 ) )

015 02 035 03 035 04 045 0s 055 C = 0 4

Expected Number of Returns per Pulse { Current Link Budget )

Elevation (degrees)

Figure 8: Normalized Productivity versus Link Budget  Figure 9: Normalized Productivity Gains

Using the conversion equation (2), normalized productivity can be compared to
estimated link budget for each elevation interval. The results are shown in the Figure
8.

It appears that for link budget levels below 0.35 there is little or no productivity. For
levels above 0.35, normalized productivity (1) appears to increase linearly with
estimated link budget. A regression equation gives

7=660xN,, -230 N, >0.35
7n=0 N, <0.35

Of course ideally, it should be expected that actual return rate is proportional to
expected return rate. In practice, it appears that this may be the case once the link
budget reaches some “threshold” value.

€)
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Potential Productivity Gains

Equation (3) suggests that increasing the link budget (say by increasing laser power)
to values less than 0.35 will give little or no improvement to productivity levels.
However there should be significant gains by increasing link budget levels that are
currently below 0.35 to values in excess of the 0.35.

Consider an increased link budget N 'pe =mN , which is a result of multiplying current

levels by a factor of m. From equation (3) the actual normalized productivity rate is
expected to be now n’, where

n'=660xmN . —230 mN , >0.35
77': O mN pe < 035

Figure 9 shows plots of increased
normalized productivity depending on the
link budget multiplier, m.

4

Using the data gathered on Giove A pass
availability, as shown in figure 5, the effect

of link budget increases on actual
productivity can be determined. Figure 10
shows such productivity plots for various
values of m. The heavy line with m =1 is a
smoothed curve using current data and is
effectively equivalent to the plot shown in
Figure 6.

HNumber of Returns
per Degree Elevation

Elovation [degrees

Figure 10: Productivity Gains

There are two sets of plots shown in Figure 10. The darker lines represent productivity
increases based on current data while the lighter lines represent productivities
assuming a factor of 10 (or 1 ND) loss in the number of returned photons. This factor
is chosen to represent the loss when the enclosure glass window is installed and to
account to some degree the effect of less than ideal sky conditions. The next section
describes an analysis on the effect of the enclosure window, and for weak signals, it
appears that a factor of 4 in link budget is required to compensate for the glass
window.

It is clear that based on current data, increasing the link budget by 50% or 100%
should make a substantial improvement to productivity including the possibility of
obtaining reasonable number of returns from Giove A at elevations below 30 degrees.
However, it is important that improved productivity levels can be maintained when
the enclosure window is in place or when sky conditions deteriorate. Assuming a 1
ND loss, the second figure shows that an increase in link budget by a factor of 2 or
more will be sufficient to maintain productivity at levels at least as good as current
levels, and probably better at elevations below 40 degrees.

Effect of Enclosure Window

The Mt Stromlo SLR station is designed to allow continuous and unmanned
operations in all weather conditions. This is in part achieved by having a weather-
proof telescope enclosure incorporating a glass window. Such a window has many
advantages for operations, but will also attenuate the transmit and receive beams. An
assessment of the net impact from operating through the glass window is presented
from comparisons made with data obtained when there was no glass window in place,
i.e. the glass window is exchanged with an “air window””.
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Near Field Target

A comparison of measurements to :
calibration pier (at a range of ol
approximately 92m) with and without the o gomn vl a8
glass window in place are shown in the pragiyid
Figure 11. The mean difference between
the signals is approximately 0.061 ns (in ok
two way time of flight) consistent with eicglas
having a window with glass thickness of “I I

| I,

Number of Retums per interval

18.3mm. Il”l _&

For a given configuration (i.e. fixed laser 2820
power, ND filters etc.) and equal time
periods the return rate with a glass window
in place is 6.8% while in air the rate is
10.3%. Thus the difference in average return rate gives a loss of approximately 30%.

2900

Far Field Targets

Data from far field targets at ranges of 6,100 to 10,000 km allows a comparison of
results for relatively good signals (Lageos 1) and weaker signals (Lageos 2). These
satellites are used since comparisons are difficult using much higher satellites when
fewer returns are available when the glass window is in place. The second and third
plots show average return rates and return rate (suitably normalized by tracking
periods) distributions for the two signal levels.

Figure 11: Near Field Target Histogram
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Good Return Signal

When average return rate is relatively good, above 4% in air, the average return rate
decreased to about 3% when the glass window was in place - indicating a 25-30%
loss, similar to that for a near field target. The plot clearly demonstrates the relative
decline in return rates above 3% when the window is in place and also the greater
fraction of time there are no returns.

Weak Return Signal

When the return signal is weaker, in the case around 3% in air, the effect of the glass
window 1is proportionally greater as illustrated in the third plot. In this case, the
average return dropped to less than 1% when the glass was in place giving a loss of
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over 75%. Return rates with the glass in place do not exceed 4% and there are no
returns for at least 50% of the time.

Conclusions

Mt Stromlo SLR station has successfully tracked Giove A for a number of months
commencing in June 2006. A link budget analysis of the distribution of productivity
data for this satellite with elevation has allowed an assessment of factors that may
improve SLR productivity for Giove A (and other high earth orbit satellites).

Threshold effects associated with decreasing link budgets have been identified both
during tracking of Giove A (e.g. with decreasing elevation) and also with Lageos 1
and 2 with transmission though air versus a glass enclosure window. Such threshold
effects result in a rapid deterioration in detectable signal when return rates fall below
approximately 3 or 4% for the current configuration at Mt Stromlo. Because of this
threshold effect, it is possible that an increase in the link budget by a factor of two or
better may lead to a substantial improvement in productivity. It is hoped that such an
improvement can be demonstrated once the planned upgrade of the SLR laser power
at Mt Stromlo has been implemented.

References:

[1] Degnan, J., Millimeter Accuracy Satellite Laser Ranging: A Review. Geodynamics Series 25.
[2] Degnan,J., 1993. AGU Geodynamics Monograph Vol.25, p.139-140
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LASERS AND DETECTOR SESSION SUMMARY
Chairs: John Degnan and lvan Prochaska

The Czech Technical University reported the latest results on their space-qualified
photon counting module for the Chinese Laser Time Transfer Project [Prochazka et
al]. The silicon K14 SPAD has the following properties at 532 nm:
e Active area: 25 micron diameter
Quantum Efficiency: 10%
Timing Resolution: 75 psec
Dark Count Rate: < 8 kHz @ 20°C
Operating Temperature Range: -30°C to 80°C (no cooling)
Power Consumption: <400 mW
e Mass:4g
In addition, it is highly resistant to solar and ionizing radiation (100 krad) damage and
has an expected lifetime of greater than 10 years in space.

Andreev et al reported on a very different laser approach based on Stimulated Raman
Scattering (SRS) pulse compression which produced 25 psec, 1 mJ pulses, at a 1 kHz
rate and with good spatial mode quality (M? = 1.1). Using a Nd:YAG Master
Oscillator (MO) and three single pass Nd:YAG amplifiers in conjunction with a
CagFlis SRS cell, they generated 100 mJ, 350 psec pulses at 1319 nm. They used this
radiation to pump a Ba(NO3), SRS-MO and two SRS amplifier cells to obtain 50 mJ,
30 psec pulses at an eyesafe wavelength of 1530 nm and a 100 Hz rate. It was
observed that the Raman conversion efficiency decreased noticeably at kHz rates for
the higher peak pump powers.

Gao et al reported on diode-pumped lasers for tracking satellites and space debris. For
SLR, 10 psec pulses are generated from a SESAM (Semiconductor Saturable
Absorber Mirror) mode-locked laser oscillator, regenerative amplifier, and power
amplifier. For debris tracking, they use two nanosecond pulses from a 230 Watt
multistage system consisting of a single frequency oscillator, preamps, power
ampfiliers and SBS cells.
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Photon Counting Module for Laser Time Transfer Space Mission
Karel Hamal' , Ivan Prochazka®, Lukas Kral', Yang Fumin?

1. Czech Technical University in Prague, Brehova 7, 115 19 Prague 1, Czech Republic,

2. Shanghai Observatory, Chinese Academy of Science, 80 Nandan Road, Shanghai, China

Contact: prochazk@troja.fifi.cvut.cz

Abstract

We are presenting the results of research and development of the Single Photon
Avalanche Detector (SPAD) for application in a Laser Time Transfer (LTT) space
mission.

For the joint project with the
Shanghai Observatory, Academy of
Sciences of China, we have developed
the detector package dedicated for
the project of synchronizing the
hydrogen maser-based time scales by
laser  pulses. The technology
demonstrator of a dual detector has
been built and tested in our labs. The
main parameters are: detection

efficiency 10% at 532 nm, timing Figure 1: The technology demonstrator of the
resolution 80 psec, dark count rate 8 dual photon counting detectors. The detection
kHz, non gated operation. The chips (protective caps installed for handling) are
detector’s active area is 25 um in on the left.

diameter. The total mass, including

bias stabilizing circuit, is 2 grams, and the total power consumption is below 0.5
Watt per detecting channel. The detector can be operated in a wide range of
temperatures ranging from -30° C to +60° C without any additional temperature
control.

The ruggedness of the detector is superb. Optical power of 2 mW has been focused
onto a sensitive area while the detector has been biased for 8 hours. No detectable
degradation has been experienced. The overload tolerance negates the need for any
mechanical Sun protection shutter in space. The recovery time from optical overload
to full functionality is less than 0.1 second. The detector package has been
successfully integrated into the LTT timing electronics and the pre-flight test was
performed in China during the period July-September 2006.
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GOALS

= Fast photon counting detectors for the
Laser Time Transfer space mission, China

= BACKGROUND
the K14 SPAD detectors have been launched onboard
MARS 96 (Russia) and NASA Mars Polar Lander (USA)
space missions

= REQUIREMENTS

= |low mass, power, bias voltage

= high radiation in - sensitivity (> 5 years in space)
= high temperature range

= extreme optical damage threshold

(full Solar flux, no shutter)

Prochazka, Hamal, Kral, Yang Fumin, Canberra, October 2006

.LTT Module in Space”, China, 2007-2008

= GOALs

= to synchronize the rubidium clocks in space, hydrogen
masers in a future.

= Laser Time Transfer (LTT) between space and ground

= employing the existing China Satellite Laser Ranging
network consisting of 5 fixed and 2 mobile systems

= required ~ 100 ps timing accuracy

= expected accuracy improvement
>> 10x over RF techniques

Prochazka, Hamal, Kral, Yang Fumin, Canberra, October 2006

Detector Requirements - version LTT China

= single photon timing K14 SPAD chips
two channels

= aperture 25 um each

= timing resolution < 100 psec

= power, mass < 2WW | 100 grams

= Operating temperature -30 ... +80°C

= lifetime in space > 5 years

= high opt. damage threshold direct exposure to the Sun (1)
in a focal plane of 2 mm aperture collecting optics
no Sun safety shutter will be installed

= design & construction 3 months (1) @

Prochazka, Hamal, Kral, ¥Yang Fumin, Canberra, October 2006
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SPAD Bias Temperature Control

SPAD break down voltage 29 Volts
bias accuracy required 100 mV

temperature range requested
no temperature control or cooling

SPAD break voltage temperature drift

-30 ..+ 60°C

-30mV /K
=> temperature controlled bias circuit

240

85 -~

(=
o
=1

Voltage [V]
k]

Temperature [C]

Prochazka,Hamal, Kral, Yang Fumin, Canberra, October 2006

Optical Damage Threshold

Solar Spectrum

Irradiance 0.2 W/mZ2/0.1 nm

—r——TT—TTT @ 532nm wavelength
« receiver
_ _ aperture 2 mm
Solar iradiation curve outside atmosphere
Solar iradiation curve at sea lavel N f/d — 10

— Curve for blackbody at 5900 K
o

fleld of view ~ 0.5°
~ entire Solar disc

« bandwidth 100 nm
blocking glass filter

0 02040608 101214 1618 2022 24 26 28 30 3..0

Wavelength (um) = =>1m¥ max. on SPAD

Source: The University of Texas at Austin, Center for Space Research

Surprisingly, the total flux on the detector aperture is not exceeding
1 mW /100 nm for any aperture (1), due to the field of view limitation.

Larger telescope is not capable to focus all the incoming Sun light onto small SPAD aperture.

Prochazka,Hamal, Kral, Yang Fumin, Canberra, October 2006
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Optical Damage Tests

Laser diode & beam shaping optics
2 mWew, red

SPAD with electronics

. L on XYZ stage
microscope objective

spot12x20um 1

= exposure tests :
= NO bias 3x8hr
= biased 3x8hr

= NO detectable detector degradation after all optical irradiation tests

= Any size telescope with SPAD detector may be pointed toward the Sun
without the damage ( < 100 nm bandwidth)
Prochazka,Hamal, Kral, Yang Fumin, Canberra, October 2006

Optical Saturation Recovery

SPAD noise decay after saturation
T T T r T

Detector operation recovery

40-um diode, CW mode, 0.5V, l after strong optical signal exp.
100 Initial count rate: -1
—— 100 kHz | ]
—— 1 MH: . - .
80 I e = detector illumination
= ambient light 100 kHz

Count rate [kHz]
4%
>

n attenuated laser 1 MHz
40 out of range when illuminated
- o full laser 1 mwW/ NA
out of range when illuminated
9 -011 . 0?0 071 I U.l2 O.I3 I G.I4 0.5
Time [s]

L KL = instrument time constant ~ 0.02 s

= Detector recovery time after saturation is well below 100 ms
= within this time, the dark count rate drops to 1.1 times the standard value

Prochazka,Hamal, Kral, Yang Fumin, Canberra, October 2006
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Photon Counting Module for Space Mission LTT

Technology demonstrator
Prague, March 2005

Detector package sample
for pre-flight tests
Shanghai, China, July 2006

Prochazka,Hamal, Kral, Yang Fumin, Canberra, October 2006

SPAD Timing Resolution Tests, Shanghai July 2006

r#1

shanghai SLR, laser 35 ps, HP counter, De
fii DOSBox 0.85, Cpu Cycles: 3000, Frameskip 0, Program:
1tt spad test 35 ps laser

47 file: 1ttl.dat totaly 431 points

’ ‘Hh{rﬂm.mihm T || N R A

A
_ rl.ﬂ".wﬂdj

a.887 Cell width a.8881 a.817
Criter. MEAN SIGMA PT #
8.887 / 8.611 8.889397 8.8688579 218
3.8 * SIGMA 8.889443 8.888581 285
2.5 = SIGHA A.8A9317 8 .888281 156
2.2 % SIGMA 8.889385 8.888125 128
= Jitter detector # 1 123 psec
- detector # 2 120 psec
= Detection delay difference 440 +/- 20 psec

Prochazka,Hamal, Kral, Yang Fumin, Canberra, October 2006
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Dual Single Photon Counting Module

Detector Technology Demonstrator - Specifications

= configuration dual photon counting detector
based on Silicon K14 SPAD

= Quenching active

= active area circular 25 um diameter

quantum efficiency ~ 10 % @ 532 nm
timing resolution 75 psec
dark count rate <8kHz @ +20°C
operating temp. -30 ... +60°C

no cooling, no stabilisation
= power consumption < 400 mwW
= Mass 4 grams
optical damage th. full Solar flux 100 nm BW, > 8 hr
lifetime in space > 10 years

Prochazka,Hamal, Kral, Yang Fumin, Canberra, October 2006

CONCLUSION
Photon Counting Module for Space Mission LTT

= the Technology Demonstrators have been completed
Prague, March 2005

= the Flight Unit detector version has been completed
Shanghai, July 2006

= Solar flux resistant using moderate wavelength filtering

= radiation resistant, 100 kRads without parameter change
=> |ifetime in space > 10 years

= pre-flight tests, Shanghai, Beijin, fall 2006

Prochazka,Hamal, Kral, Yang Fumin, Canberra, October 2006
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Picosecond lasers with Raman frequency and pulsewidth conversion
for range finding

N.F. Andreev', E.A. Grishin? O.V. Kulagin®, A.M. Sergeev*, M. Valley®
1.  Institute of Applied Physics, Nizhny Novgorod, Russia
2. Institute for Precision Instrument Engineering, Moscow, Russia
3. Sandia National Laboratories, Albuguerque, USA

Abstract

We review design issues for short-pulse lasers with Brillouin and Raman pulse
compression and frequency conversion. In particular, scheme and material
development has enabled us to provide output pulsewidth of 25 ps by SRS at a
repetition rate of 1 kHz. Also, advantages of advanced laser ranger based on eye-safe
high-power laser are discussed.

Introduction

Solid-state lasers generating high power picosecond pulses are attractive for a wide
range of applications. Conventional mode-locked lasers with complex scheme emit ps
pulses of widened spectral width at low pulse energies (less than 1pJ) [1-3]. Slightly
higher energies are produced by microchip lasers with passive [4] and active [5] Q-
switch. Such laser may generate pulses as short as 56 ps [5] with high repetition rate.
However, the pulse energy in this case is not higher than a few pJ if © < 500 ps. In
both cases such pulses require further amplification in regenerative and multipass
amplifiers. But a direct amplification of picosecond pulses is complicated and
negatively affects the quality of the beam. The other method to increase the peak
power of laser pulses is to use the pulse compression via Stimulated Raman and
Brillouin Scattering (SRS and SBS) [6-8].

We present here the results of using SBS and SRS for an efficient temporal
compression and frequency conversion of Q-switched laser pulses for range finding
systems. High conversion efficiency and simple optical approach make this method
rather attractive for the pulses up to several picoseconds. But there non-linear optical
pulse compression was applied in pulsed lasers with low repetition rate. Earlier
experiments were submitted where for the first time SBS pulse compression technique
for diode-pumped solid state lasers (DPSSL) has been demonstrated [9].

It is known that the pulse compression ratio of up to ~17+20 could be achieved in the
optimal pumping geometry of SBS. Besides pulse compression, the phase conjugation
(PC) and beam cleanup by SBS have been widely employed in the double-pass laser
amplifiers. However, the spatial-temporal distributions and energetic stability of
output Stokes pulses dramatically degrades for the pump pulses approaching ~3ns due
to unwanted self-focusing or SRS in conventional SBS-active liquids, such as CCl,,
SnCly, and D,0O. Therefore the short pulses of ~160ps duration and ~0.3mJ energy
attained presently in SBS-compressors by neglecting poor energy stability and
accompanied by thermal and diffraction distortions introduced by subsequent multi-
pass amplifiers.

It is shown here that SBS-cell filled by high purity heavy fluorocarbons CgFig is
capable to maintain order of magnitude higher intensities of pump radiation without
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the risk of optical breakdown. This allowed us for the first time to incorporate SBS-
compressor into the scheme of double-pass amplifier and employ it as phase
conjugate mirror for the beam cleanup. As a result, the exceptionally smooth and
diffraction-free Gaussian beam has been achieved at the output of SBS-compressor.
Moreover extraordinary high reflectivity (>97%) of novel SBS-mirror allows efficient
energy extraction from double-pass amplifier.

This scheme has been incorporated into custom design Nd:YAG lasers (see Fig.1) for
plasma and ultrafast flow dynamic research. High-quality spatial and temporal
distributions are assured by a two-pass Nd:YAG amplifier with SBS-compressor. The
MO is protected by Faraday isolator from unwanted backward high-intensity
amplified Stokes radiation.

MO pulse: ~ 2 +
Faraday Isolator 5ns; 2 +5mJ

—

Py—

[l
~115 + 600ps; up to
0.5J @ 1064nm

P2

Ma

T = const

SHG
L2

M7

= —3N

Nd:YAG 1

M8

N\
<5 \\
| 1
~ 90 + 500ps; Perfluoroctane:
up to 250mJ @ 532nm CsF1s

Fig.1. Schematic of the laser with the SBS compression stage

In optimised SBS focusing geometry laser provides output pulses of ~100ps at
532nm. RMS energy stability of output laser pulses at 532nm (114ps; 90mJ) was +/-
2.5 + 3%; temporal jitter < 100 ps (RMS deviation) respectively the signal of fast
electrical trigger.

The subsequent solid-state SRS-compressor based on Ba(NOs), crystals combined
with SBS-compressor allows us to increase compression while ensuring a diffraction-
limited output Stokes beam as well as to get output wavelength in a wide range (in
particular, in eye-safe range), because of high value of Raman frequency shift. As a
result of these investigations, a robust and reliable Nd:YAG laser (see Fig.2, as it is at
the operational site for SLR) for satellite ranging has been created. This laser was
installed in Altay Optical\Laser Center of Institute for Precision Instrument
Engineering.

Here the laser pulses with a pulse width of 3 ns and energy of 1 mJ come from a
master oscillator (MO) to the power amplifier (laser heads PA1 and PA2). A Faraday
rotator FR was installed between the MO and the power amplifier to protect the MO
from residual backward radiation. After positive lens L2, we have got a collimated
beam with a diameter of about 7 mm, which is a bit smaller than the diameters of
Nd:YAG rods (8 and 10 mm) in the laser heads. After the first pass through laser
heads PA1 and PA2 a laser pulse is reflected in the SBS-cell. Then the laser pulse
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passes second time through quarter-wave plate, changes its polarization into
orthogonal and leaves the power amplifier with the help of a polarizer. A two-stage
SRS pulse compressor was used to provide high efficiency of laser energy into the
picosecond region.

MO L1 1 FR

SBS-cell

SRS-A2 L9 SpP3 L10 =1198nm

Fig.2. Scheme and view of the laser with the SBS and SRS compression stages

On the input to Raman compressor a beam-splitter W (a glass wedge) after our
Nd:YAG laser reflects about 0.5% of laser output to pump the Raman oscillator. The
remaining radiation is sent to pump crystals of the first Raman amplifier by a mirror
M6 and a spectrum-splitter SP2. The first Raman amplifier is placed between two
spectrum splitters SP1 and SP2 - dichroic mirrors which are transparent for the Stokes
wavelength of 1198 nm and high-reflected for the 1064 nm pump. For optimal time
matching between pump and Raman pulses, the both Raman amplifiers were shifted
along optical axes. When pulse compression conditions are met, 100 mJ 30 ps pulses
will be generated at appropriate repetition rates, i.e., the Raman pulses’ width is more
than 10 times narrower compared to that of the pump pulses, as was measured at the
previous stage of the project. After the first Raman compression stage, the conversion
efficiency of pump radiation to the Raman output is about 10-20%. It is due to a
comparatively low output energy from the Raman oscillator (~ 0.01 mJ) and the
length (~ 7-8 cm) of the Raman amplifier crystals relative to the pulse width. The
conversion degree was increased by up to 50% - 60% by arranging an additional path
of counter-running Raman and pump beams through the second Raman amplifier. As
a result, the laser produces spectrally limited pulses of 30 ps duration and ~100 mJ
energy at 1198 nm with RMS energy stability of 4%. Moreover, the second harmonic
generation was used at the laser output to meet requirements of ranger system
specification. In this case we have got output laser energy of 50-55 mJ in 25-30 ps
pulses at 599 nm.

Also, an eye-safe high-power Raman picosecond laser is developing now for a project
of an advanced laser ranger. Next to atmospheric turbulence, range is the dominant
source of uncertainty in acquired laser ranger and tracker Time Space Position
Information data. State-of-the-art ranging systems have an operating range and
accuracy far below the needs for performance testing and model validation. A new,
eye-safe, long operating range, accurate (order of cm) ranger will be developed using
an ultrashort pulse (e.g., picosecond) laser system in conjunction with time-of-flight
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measurement methods. This laser has the similar scheme as in Fig.2, but a four-pass
power amplifier with three laser heads is used instead of two-pass one with two laser
heads in Fig.2. In this case Nd:YAG MOPA scheme produces pulses (pulse width ~
0.35 ns) of energy up to 100 mJ at 1319 nm to pump Raman compressor scheme. The
Raman compressor produces Stokes output pulses with wavelength of 1530 nm and
picosecond pulse width. As a result of the development of the eye-safe picosecond
Raman laser, we achieved the following set of parameters: output of 25-30 ps
pulsewidth and 50 mJ pulse energy at 1530 nm and repetition rate of 100 Hz.

Further, Raman compression in the field of two counterpropagating pump beams has
been studied for the first time both theoretically and experimentally [10]. It was
shown that this geometry allows further increasing the compression ratio of incident
laser pump pulses up to 150. To check it experimentally, we used a diode pumped
electro-optically Q-switched Nd:YAG laser as a pumping source for the solid-state
SRS pulse compressor based on Ba(NO3), crystals (see a lower/left corner of Fig.3).
This laser (Master Oscillator for Raman compressor stage) produced single
longitudinal mode near-diffraction-limited pulses of 3.3 ns duration and 3 mJ energy
at a pulse repetition rate of 1 kHz.

Raman output SRS-amplifier  pump SRS-oscillator

=
NN

Q-switched Nd:YAG laser (3 mJ /3.3 ns, 1 kHz)

Output Pockels Nd:YAG 3 bar LD array
coupler cell

EEt SEl

Fig.3. Scheme and view of 1-kHz diode-pumped Raman laser

Then the beam-splitter after the Nd:YAG laser reflected 20% of laser output to pump
the SRS-oscillator. The rest laser radiation was sent to pump crystals of the SRS-
amplifier. It was placed between the couple of dichroic mirrors which were
transparent for Stokes wavelength 1198 nm and high-reflected for the 1064-nm pump.
The high-reflected mirror for the both wavelengths was placed close to output from
the SRS-generator. The alignment of its reflection in back direction provided the SRS
threshold decrease by some times. It depended on focusing sharpness and pulse width.
For the optimal time matching of pump and Raman pulses the SRS-amplifier was
shifted along optical axes. With the carefully adjusted focusing of pump pulses into
the crystal we obtained “pump — to Raman” energy conversion efficiency as high as
53% (for 1 kHz). When pulse compression conditions were held, 0.8 mJ - 1 mJ, 25 ps
- pulses were generated at 1 kHz repetition rate, Raman pulses’ width being narrower
than that of the pump by more than 100 times. Output beam was near-Gaussian shape,
I.e. the beam quality was close to the diffraction limit. However, in the “pulse
compression mode” the pump to Raman conversion efficiency dropped to 28%. It was
caused by the insufficient total length (25 cm) of crystals in the SRS-amplifier
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relatively to pulse width. However, the conversion energy efficiency could be
increased by the arranging an additional opposite-directed pass of Raman and pump
radiation through the SRS-amplifier.

Earlier, to our knowledge, the SBS and SRS pulse compression has not been
practically studied for high repetition laser pulses typical for diode-pumped solid state
lasers.

As a conclusion, the short pulse lasers with non-linear optical pulse compression are
very attractive for laser ranging applications because of appropriate set of output
parameters, the scheme simplicity and reliability.
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Advanced Solid State Laser Systems for Space Tracking

Yue Gao, Yanjie Wang, Ben Greene, Craig Smith, Amy Chan,
Andrew Grey, Josh Vear, Mark Blundell

1. EOS Space Systems Pty.Ltd., Canberra, Australia
Abstract

A new generation of advanced solid state laser systems has been developed at EOS
for space tracking applications.

A completely diode pumped laser system consisting mode-locked laser oscillator,
regenerative amplifier, power amplifier and non-linear device with 10 pico-second
pulse width has been developed for satellite laser ranging.

A multi-stage and multi-channel completely diode pumped laser system consisting
single frequency oscillator, pre-amplifiers, power amplifiers, SBS cells and imaging
relays with 2 nano-second pulse width and 230 W output power has been developed
for tracking space debris.

Both systems have been in service for more than 2 years with excellent performance
and reliability.
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ALTIMETRY SESSION SUMMARY
Chair: Frank Lemoine

With the successful return of data on missions such as Mars Global Surveyor,
Clementine, Near Earth Asteroid Rendezvous (NEAR), and ICESAT, laser altimeters
have been revealed as an essential tool for planetary exploration and Earth
monitoring. This session included three papers on aspects of laser altimetry and a
fourth paper demonstrating laser communications. Michaelis et al. reviewed the
design for BELA, or the Bepi-Colombo Laser Altimeter. This instrument, onboard the
Bepi-Colombo spacecraft would globally map Mercury with a 1 m /10 Hz instrument
(100 m footprint, 300 m spacing) starting in 2019. Degnan et al. discussed second-
generation photon counting imaging lidars. Second generation systems have flown on
aircraft (1 km altitude) providing 15-20 cm resolution and contiguous coverage.
Future systems could provide high-resolution topographic mapping even from orbital
altitudes. Jirousek et al. presented the design of a timing system technology
demonstration with sub ns resolution. The range gate delay width was 40 ns; the
repetition rate was 24 Hz max, and the unit mass was 2.5 kg. The system was based
on tested technology and developed in less than 3 months. Burris et al. presented the
results of a demonstration of laser communications at sea. Live video and other data
were transmitted on a 125 Mbps fast Ethernet ship-to-ship link over distances of up to
11 nautical miles.
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Second-Generation, Scanning, 3D Imaging Lidars Based on Photon-
Counting

J. Degnan, D.Wells, R. Machan, E. Leventhal, D. Lawrence, Y. Zheng,
S. Mitchell, C. Field, and W. Hasselbrack

1. Sigma Space Corporation, 4801 Forbes Blvd., Lanham, MD 20706 USA
Contact: John.Degnan@sigmaspace.com /Fax +01-301-577-9466

Abstract

Sigma Space is building a new generation of 3D imaging/polarimetric lidars based on
photon-counting for use in small aircraft or mini-UAV’s. The most recent system is designed
to provide contiguous, high resolution (15 cm horizontal, 3 cm vertical) 3D
volumetric images of the underlying terrain on a single overflight from an altitude of
1 km. Based on prior experiments with a first generation NASA prototype system and
significant technological improvements, the second generation instruments are
expected to have greatly enhanced spatial resolution, areal coverage, and ability to
penetrate atmospheric haze, tree canopies, and even water columns for underwater
imaging.

Introduction

In 2001, a prototype photon-counting laser altimeter was developed by NASA
Goddard Space Flight Center [Degnan et al, 2001]. This first generation NASA
system flew at altitudes up to 6.7 km and, using single photon returns in broad
daylight, successfully recorded high resolution images of the underlying topography
including soil, low-lying vegetation, tree canopies, water surfaces, man-made
structures, ocean wave structures, and moving vehicles. The lidar was able to see the
underlying terrain through trees and thick atmospheric haze (even when onboard
cameras and personnel could not) and performed shallow water bathymetry to depth
of a few meters over the Atlantic Ocean and Assawoman Bay off the Virginia coast.
An external conical scanner, combined with the aircraft motion, allowed the
generation of 3D images as in Figure 1.

Second Generation Lidar

Sigma Space Corporation is presently developing a more compact and higher
capability second generation 3D imaging and polarimetric lidar for high resolution

Figure 1: 3D image of a forest edge obtained in daylight by the 1" generation NASA
photon-countina microlaser altimeter. (Courtesv Jan McGarrv. NASA/GSFC)
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surveying and surveillance from a low altitude, mini-UAV. The shared transmitter is a
passively Q-switched Nd:YAG microchip laser oscillator operating at a nominal fire
rate of 20 kHz and producing 380 mW of output power at 1064 nm. The photon-
counting imager operates at pulse rates up to 22 kHz with approximately 142 mW of
frequency-doubled output power at 532 nm; the 238 mW of residual 1064 nm power

Figure 2: Counter clockwise from top left: View of target area (most distant building)
from the Sigma rooftop; lidar beam as viewed from the target area; projection of
holographically altered Gaussian beam on a brick wall at a distance of 250 m;
closeup of 10x10 array of beamlets on the brick wall.

is allocated to polarimetry. Since the green wavelength is near the peak transmission
of water, it is suitable for undersea imaging applications. The imager is designed to
provide a contiguous, high resolution 3D topographic/volumetric map during a single
overflight of the ground scene. From 1 km altitude, the scanner has a swath width of
150 m, a horizontal resolution of 15 cm, and an expected vertical (range) resolution of
less than 3 cm. A Holographic Optical Element (HOE) breaks the spatially Gaussian
laser beam into a 10x10 array of quasi-uniform eyesafe spots at the target (see Figure
2). The 100 individual far field spots from the HOE are then imaged by the receive
optics onto individual anodes of a 10x10 GaAsP segmented anode microchannel plate
photomultiplier. The output of each anode is input to one channel of a 100 channel,
multistop amplifier/discriminator/timer. Presently, 50 multiple-stop timing channels
can be accommodated by one amplifier/discriminator and one Time-of-Flight (TOF)
Printed Circuit Board (PCB). The prototype timer has a demonstrated +100
picosecond timing (= 1.5 cm range) resolution, a multistop capability with a 2 nsec
recovery time per channel (corresponding to a capability to resolve objects separated
by 30 cm or more in a single pixel for a single laser fire), and an ability to transfer up
to 2.2 million ranges per second to onboard memory for long term storage and post-
flight processing. Thus, each laser pulse produces a 100 pixel 3D volumetric image of
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a 1.5 m x 1.5 m ground area. The individual images are then mosaiced together via the
platform velocity and the action of a highly flexible dual wedge optical scanner
synchronized to the laser pulse train.

fuleru. :

arimeter

@ptics -

Receive Side

Figure 3: Optical bench and telescope for second generation 3D imaging and
polarimetric lidar. An 18 inch (45cm) ruler is shown for reference

The transmitter and two receivers (imaging and polarimetry) share a common, 3 inch
diameter afocal telescope and optical scanner. This allows the transmitter and receiver
to have a common, but narrow, field of view (FOV) to aid in noise rejection and
ensures that the imaging and polarimetric data are geographically coregistered. The
polarimeter uses the residual laser power (~238 mW) at 1064 nm and two single
element detectors to detect two polarization components (although the
optomechanical design can accommodate up to 4 NIR detectors for a full
determination of the Stokes parameters). Thus, the polarimeter has a nominal
horizontal spatial resolution of 1.5 meters. A photo of the lidar optical bench
(excluding scanner) is shown in Figure 3. The swath and scan frequency of the dual
wedge optical scanner in Figure 4 are tailored to provide contiguous coverage of a
ground scene in a single overflight [Degnan and Marzouk, 2003]. The highly flexible
servo controller is capable of independently locking the phase and rotation rate of
each wedge to the multi-kHz laser pulse train for an infinite variety of precision
patterns. These include linear raster scans at various angles to the flight path and
conical scans of varying cone angle as well as 2-dimensional rotating line or spiral
scans, which might be useful for slow-moving aircraft, helicopters or hovering
UAV’s. Examples of a 1D linear scan at 45° to the flight path and a 2D rotating line
scan are shown in Figures 5a and 5b respectively. The phase locking capability causes
the laser beam to be laid down in precisely the same positions with each scan, thereby
eliminating the need to record, store, and transfer the scanner wedge positions on each
laser fire and greatly reducing data storage and handling. The measured scan
repeatability is about 0.07 pixels or about 1 cm at an altitude of 1 km.

The 3D imaging and polarimetric lidar consists of two parts — an optical head and a
supporting electronics box. The optical head measures approximately 33 cm x 30 cm
x 43 cm and houses the optical bench in Figure 3 (transmitter, imaging and
polarimetric optics and detectors, telescope, laser gyros and inclinometer for attitude
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Figure 4: Photo of the direct drive dual wedge annular ring scanner developed under the
NASA JIMO program. The annular ring motors have cryogenic and vacuum compatible
counterparts suitable for space use.

determination, etc) plus the external dual wedge scanner in Figure 4, the MCP/PMT
gating PCB, and the Amplifier/Discriminator/Timer PCB boards. The electronics box
has a volume of 0.027 m’ and houses the scanner electronics, GPS receiver, Reference
Oscillator and Timing Distribution Circuits, Navigation and Imaging/Polarimeter Data
Acquisition Modules, the laser power supply, and various DC/DC converters and
voltage regulators. The manner in which the entire lidar system fits within the
forward electronics bay of an Aerostar mini-UAV is illustrated in Figure 6.

Summary

Photon-counting altimeters are extremely sensitive and highly efficient, requiring only
one photon per range measurement, and, with multistop capability, can be operated
day or night with large temporal gate widths for monitoring large elevation changes or
simultaneously detecting the tops of tall buildings and city streets or tall treetops and
the underlying terrain. Post-detection Poisson filters easily extract the signal from the
solar background [Degnan, 2002]. The ability to penetrate obscurants (ground fog,
vegetation, water) on a single shot (i.e. without “staring” at a scene while multiple
pulses are fired) was demonstrated in the NASA prototype [Degnan et al, 2001]. This
penetration capability was the result of the single photon sensitivity and the rapid
multiple stop capabilities of the range receiver and will be substantially enhanced in
our second generation instruments due to a factor of 12 increase in the effective signal
photoelectrons received per ground pixel (~3 pe vs 0.25 pe in the NASA prototype).

Since the laser fires at a rate higher than necessary for contiguous coverage, the 3
pe/pixel is accumulated during multiple interrogations of the pixel during the scan, i.e.
typically 3 interrogations at 1 pe which results in a higher probability of detection
(~99%) than 3 pe for one interrogation (95%). The integration of a dual wedge
scanner in the 2" generation systems will eliminate the gaps in coverage previously
observed with a single wedge conical scanner (see Figure 1) and provide contiguous
coverage on a single overflight.
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(@) (b)
Figure 5: NASA prototype Direct Drive Internal Scanner generating (a) a linearscan and
(b) a rotating line scan on a near field screen. Both scan types were run at 18 Hz and
synchronized to a nominal 9 kHz Q-switched microchip laser pulse train. The slight bowing of
the linear scan in (a) is due to near field displacement of the beam in the optical wedges but
collapses to a true line in the far field. The non-uniformity of the rotating line scan at the 4
o’clock and 10 o’clock positions is due to a slight overlap of two consecutive rotating line scans.

ptical Bench

Figure 6: (a) Aerostar mini-UAV in flight; (b) Packaging of the 3D
imaging/polarimetric lidar within the nose electronics bay.
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Abstract

The BepiColombo Laser Altimeter (BELA) is the first European laser altimeter for
planetary exploration which has been selected by ESA for flight aboard ESA’s Bepi
Colombo mission to planet Mercury. A consortium led by the Physikalisches Institut
Bern and Institut fur Planetenforschung (DLR-Berlin, Germany) will develop a laser
altimeter based on the classical principle of laser pulse time of flight measurement.
The instrument is based on a longitudinally pumped Nd:YAG laser with 50mJ pulse
energy and pulses of about 3ns duration, operating nominally at 10Hz repetition rate.
The BELA requirements, the conceptional design, the technical development activities
and their status are presented during the workshop.

Introduction

BepiColombo is the European Space Agencies (ESA) cornerstone mission to the
planet Mercury. It consists of two orbiters, the Mercury Planetary Orbiter (MPO) and
the Mercury Magnetospheric Orbiter (MMO). Among the instruments that have been
confirmed is the Bepi Colombo Laser Altimeter (BELA). BELA’s primary goal is:

e develop a full topographic map of the planet with an accuracy (goal) of 1m to
support geomorphologic studies,

e explore Mercury’s interior structure by joint analysis of topographic, gravity
and rotation data,

e determine elastic properties of the planet by measurements of tidal deformation

e measure surface albedo and roughness,

e support spacecraft navigation.

Main Requirements
The instruments key requirements are:

Global topographic mapping with height accuracy of 10m wrt. COM (goal: 1m),
Surface spacing 300m (shot to shot),

High detection probability (>70%) up to 1000km,

Laser footprint <100m.

The detection probability is defined by the PFD, the probability that a random noise
fluctuation in the pulse detection chain is misinterpreted as a laser echo.

These requirements have to be fulfilled under the harsh environmental conditions at
Mercury. The main design drivers for the instrument are:
¢ high thermal- and solar flux,
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¢ to guarantee an alignment stability of a few arc seconds
e cosmic radiation levels,
o low resources (e.g. mass)

The main demands come from the high thermal flux (that is as high as 10kW/m?) and
the high Temperature of Mercury, which can reach surface temperatures of up to
700K. The total instrument mass must not exceed 12kg, which limits the size of the
receiver and the laser transmitter.

Technical Approach and Design

The BELA instrument consists of the receiver and the transmitter part which will be
developed by institutions from Switzerland, Germany and Spain. The architecture of
the instrument is shown in Figure 1.

The receiver telescope with the detector, the laser head and the beam expanding
telescope are assembled on the so called Baseplate (BP) unit. The laser head, (OAB),
is fibre pumped by the pumped-diode unit (PDU) which is controlled by the laser
electronics (LEU). The main electronics of BELA including rangefinder electronics,
data processing electronics, transmitter electronics (START-pulse detection and
digitization) and the power supply are accommodated in a common electronics
box,(ELU).

OAB (Laser Head)
Receiver Telescope

BEX
Transmitter, Beam Expander

Figure 1: Main Components of the BELA Laser Altimeter
The main characteristics of the envisaged instrument are:

20-25cm lightweight telescope (1kg) with large baffle for thermal protection,
backend optics with 1nm filter /FWHM) and >80% transmission,

high sensitive (low noise) APD detector,

50mJ, 3ns diode pumped Nd:YAG laser, 10Hz nominal repetition rate,
50mm (20x) beam expander with ~50m footprint @1000km,
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e common E box (ELU) with receiver-, START electronics and LEON-3
processor, power converter, thermal controller,
e 12kg, 33W (nominal).

The instrument’s characteristics were derived by performance simulations according
to the following parameter spreadsheet (see Table 1).

Table 1: BELA parameter set for performance simulation

Parameter Symbol BELA
ST

Destination Mercury
Altitude H 400-1500 kv
Fointing uncertainty B 25prad
Laser transmitter

Fulse energy E: 50 mJ?
Pulse width 54 3.4 ng”
Wavelength A 1054 nm
1/e® beam divergence |87 25 prad®
Repetition rate Urs 10 Hz
Collimator efficiency Er 0.80
Receiver optics

Arperture radius re 125 mm
Focal length fe 1280 mim
Field of view & ol 200 prad®
Optical efficiency Ero 0.70
Filter transmission Ere 0.80
Filter bandpass me 0.42 nm®
Detectar

Cluantum efficiency Ene 0.28
Gain ] 140
Excess noise index ¥ 0.25
Surface dark current ! os 20 na?
Bulk dark current { ne 50 pa?
Electronics

TIA Bandwidth By 20 MHz
ADC sample period Tg 12.5 ns
Moise floor &l ne 1.0 pA Hz'*

The most critical parameters are the laser pulse energy, the aperture of the receiver
telescope and the performance characteristics of the detector (quantum efficiency,
noise). It was estimated that the instrument will be capable of meeting the
performance requirements, PFD<0.1 out to a height of 1050km and a height accuracy
measurement of down to 1m for a reasonable set of observing conditions.

Key instrument components are presently in development for performance
verifications and testing. One key component, the laser units has already been
designed and fabricated by MPS and German industry (Laser Zentrum Hannover e.V.,
DILAS GmbH, Mainz, Von Hoerner & Sulger, Schwetzingen) as a prototype model,
which is shortly described below.
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The BELA-Laser

The optical design of the BELA laser is based on the concept of Nd:YAG laser
crystals for the oscillator and the two amplifier stages, which are longitudinally
pumped with GaAs diodes around 804 to 808 nm (@298K). The simplified block
diagram of the laser head (OAB) and the pump diode unit (PDU) is shown in Figure

[EE)

|

master - oscillator
550W. 200 _s - N
e amplifier 1

3 fibres, 800 m
0.2Z NA

electr .
power

10W -
18W dc

FERBRVRY | PRRERRDY (B

—
—#mnm—»mmﬂw

B0O8 nm
SSOV 200 5 e
ot MUY ACT a
amplifier 2
— |
3 Pump Modules Oscillator -Amplifier -Box

The BELA instrument requirement is to have 3 fibre coupled
pump sources (called modules); two of them shall deliver 550W
ex fibre each for amplifier pumping while the third has to deliv er

120W ex fibre for oscillator pumping.
The diodes for oscillator pumping shall be available in could

redundancy, which means that two bars will be operated and
two other bars can be used altematively (not sketched).

Figure 2: Block diagram of the laser head (OAB) and the pump diode unit (PDU)

The OAB is optically pumped via three fibre optics cables between the OAB and the
PDU. The output pulse energy of the laser is 50mJ at 3ns pulse duration (measured)
and a firing of 10Hz (nominally). The control and the current supply of the laser are
provided by the Laser Electronics Unit (LEU). The main parameters of the laser are
summarized in Table 2.

Table 2: Laser Main Characteristics

Parameter Unit Value/Description
Material Nd:YAG
Wavelength nm 1064.x

Pulse Energy mJ 50 (EOL)

Pulse frequency Hz 10 (nominal)

Pulse Duration Ns 3

M2 <1.6 (measured: 1.3)
Q-switch Passive

Laser Pump Longitudinal
Efficiency (electro-optical) % 5.2 (measured)

The first Prototype Model of the laser is shown in Figure 3.
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Figure 3: BELA Laser Prototype Model-1

Further key components that are presently in development are only shortly listed
below:

Beam Expander (BEX)

S grassi<=1 NN
Y
v
2l
ok
e -

Figure 4: Opto-mechanical layout of the BELA Beam Expander (BEX)

The BELA beam expander (Prototype Model) is based on an aspheric lens design for
the exit-lens in order to prevent a double-lens and to save mass. The beam direction
can be slightly adjusted by wedge prisms at the entrance of the beam expander. The
BELA-BEX has a nominal beam expansion ratio of 20. A fibre-optics interface is
foreseen for optical detection of the START-pulse.

START Electronics
The START electronics has two functions:
1. detection of the START-pulse, which will be fed to the rangefinder electronics

2. digitization of the START-pulse for energy and shape measurement of the
outgoing pulse

The block diagram of the START electronics and the first prototype is shown in
Figure 5 and Figure 6 respectively.
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The components of the receiver: telescope (incl. base plate), baffle, detector and
rangefinder electronics are presently in development in Switzerland, lead by the
University of Bern (Nicolas Thomas and Karsten Seiferlin).

Conclusion and Outlook

The BELA team is in process to design the first European laser altimter for planetary
exploration which has been selected by ESA for flight aboard of ESA’s Bepi
Colombo mission to planet Mercury. Numerical models have been developed to assist
with design tradeoffs and definition of operational modes. Key components like the
laser have been developed as prototype model and further units are in fabrication
(beam expander, receiver telescope, detector electronics).

The Forschungseinrichtung Satellitengeodasie der Technischen Universitat Miinchen
(Wettzell) and DLR are presently in process to design a first performance
demonstrator which is based on the BELA prototype models and commercial
components with a performance characteristics close to BELA. This performance
demonstrator will be used for functional and performance verification of BELA by
satellite laser ranging, and it will be used as a transponder demonstrator.
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Figure 5: Block Diagram of the START-Electronics
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Figure 6: Prototype of the START Electronics
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Abstract

We are presenting the design, construction and tests of the timing system for the Bepi
Colombo Laser Altimeter (BELA) technology demonstrator. BELA Timing System
(BTS) is an universal timing system for laser ranging in ground-ground, air-ground
and ground-satellite experiments. It is dedicated to measure precise time interval with
subnanosecond resolution. The device for advanced range gating is included. The unit
is interfaced to a host personal computer via a serial data link for control, two way
data transfer and diagnostics.

The entire BTS has been designed and constructed on the basis of the Portable
Calibration Standard (PCS) for satellite laser ranging, which has been developed in
our labs within the last ten years. To reduce the complexity, costs, weight and power,
considering the modest timing resolution requirements, the sub-nanoseconds instead
of picoseconds resolution of the time intervals, the timing part of the original device
has been replaced by the Mini counter. The overall design philosophy, the operational
control software, the epoch timing, the range gate generation have been preserved
along with the concept of the host computer software package for data acquisition,
control and data analysis including the communication protocol, data and command
formats etc. The use of well tested concept of both the HW and SW enabled to shorten
the design, construction and testing phase of the final device down to several weeks.

The BTS consists of the Mini Counter module, the epoch timing and range gate
generator module, the control processing unit, the input / output circuits and of the
power supplies. The entire control logic hardware including the epoch timing and
range gate generator and the input/output board logic is based on the FPGA
(ispGAL) programmable logical arrays. There is a significant array capacity still
available for future functional extensions and device upgrades, the arrays are field
programmable. This fact ensures the maximum device flexibility and upgradability.
The main parameters are : resolution 0.25 ns, linearity and stability better than 0.1 ns
and 0.1 ns per K and per hour resp. The laser fire epoch resolution is 100 ns, the
range gate is programmable in 40 ns steps. The device is small (2 kg), low power, it is
capable to operate 3 hours on eight AA batteries.
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Goals

= Technology demonstrator of a Compact Laser Rangefinder
applicable in future space projects

Mercury planet altimetry

Lunar altimetry and surface mapping

on-board optical transponder(s) for Earth orbiter(s)

airborne range finder

ground based Satellite Laser Ranging (SLR)

- Main altimeter parameters:
« one meter ranging precision
= multiphoton approach
« diode pumped laser, ns pulses,
« modular construction
- existing / available technology

Jirousek, Prochazka,Hamal, Fedyszynova, Schreiber,Michaelis, Yang,Huang,Canberra 2006

Philosophy

+ Technology demonstrator of a Compact Laser Rangefinder

+ modular construction

+ existing / available technology

- test bench at the Satellite Laser Ranging site Wettzell, WLRS

= applicable in various ground and space projects :
= Mercury planet altimetry
* Lunar altimetry and surface mapping
= on-board transponder for Earth orbiters
+ ground based Satellite Laser Ranging (SLR)
+ airborne range finding

Jirousek, Prochazka.Hamal, Fedyszynova, Schreiber,Michaelis, Yang.Huang,Canberra 2006

Schedule & responsibilities

July 31 st decision, proposal, quotation CTU Prague
August 31st DLR acceptance, contract DLR
October 30 first version operational CTU Prague
November on-site testing CTU /DLR
November 30 delivery CcTU
December 15 integration at DLR CTU /DLR

Jirousek, Prochazka,Hamal,Fedyszynowva, Schreiber,Michaelis,Yang,Huang,Canberra 2006
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Altimeter Timing System Requiremerets

GENERAL
universal timing system for laser ranging with sub-ns resolution

FUNCTIONS

determining the epoch of laser fire

measuring the time-of-flight of the laser pulse

generating the range gate pulse for the echo signal detector
data acquisition and process control.

PROPERTIES

compact, low power (battery operated), low cost
based on field - proved components HW & SW
simple to integrate into final device

Jirousek, Prochazka,Hamal, Fedyszynova, Schreiber,Michaelis,Yang,Huang,Canberra 2006

Altimeter Timing System Concept

Based on P-PET hw and sw concept,
the Dassault modules are replaced by integrated TDC chips .

The timing system consists of the range counter module, the
epoch timing and range gate generator module, the control
processing unit, the input / output circuits and of the power
supplies.

The entire control logic hardware, epoch timing, range gate, and
input/output board is based on the FPGA (ispGAL) programmable
logical arrays.

This ensures the maximum device flexibility and upgradability.

Jirousek, Prochazka,Hamal, Fedyszynova, Schreiber,Michaelis,Yang,Huang,Canberra 2006
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Timing System Technology Demonstrator Block

scheme
Minicounter
DC 9.24 \fﬁ atart
AC 230 V —»[Pow.] »pow.
Ly 10 MHz
2l
aPrs M » (1 pps
aptional ‘ —t | Start
»Stop Epoch Timing
A—— 0 0 Range Gate
170 board

Jirousek, Prochazka,Hamal, Fedyszynova, Schreiber,Michaelis,Yang,Huang,Canberra 2006

Timing System Technology Demonstrator Electronics
boards

Range gate logic
PET 2 version —

TDC timing board—>

CPU board . L
PET 2 version

Jirousek, Prochazka,Hamal, Fedyszynova, Schreiber,Michaelis,Yang,Huang,Canberra 2006
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Timing System Technology Demonstrator
Temporal resolution

226 file: tind.dat totaly 688 points
i
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= ot L

1515 .888 Cell width 8.2888 1523 .888

Criter. MEAN SIGHMA PT #
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3.8 = SIGHA 1528 .384443 8.252117 688

2.5 = SIGMA 1528 .384688 8.247236 684

2.8 = SIGMA 1528 .298462 B8.231441 668

measured time 1.52 pys
the timing resolution of 0.25 ns
normal data distribution

Jirousek, Prochazka,Hamal, Fedyszynova, Schreiber,Michaelis,Yang,Huang,Canberra 2006

Timing System Technolog?/ Demonstrator
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Jirousek, Prochazka,Hamal, Fedyszynova, Schreiber,Michaelis,Yang,Huang,Canberra 2006

240



Proceedings of the 15th International Workshop on Laser Ranging

Timing System Technology Demonstrator
Parameters

universal timing system for laser ranging with sub-ns resolution

resolution, precision 0.25ns, 0.25ns rms
non-linearity, stability <0.1ns, <0.1 ns/hour
range gate delay, width 40 ns steps

repetition rate 24 Hz max.

mass 2.5 kg

power DC 938V, 7VA

> 3 hr operation on AA cells (8x)
Jirousek, Prochazka,Hamal, Fedyszynova, Schreiber,Michaelis,Yang,Huang,Canberra 2006

Altimeter Timing System Technology Demonstrator
Conclusion

= the universal timing system for laser ranging:
ground-ground, air-ground and ground-satellite
with sub-ns resolution has been developed and tested

=« simple to implement:
SW package identical to PET devices

« based on tested technology and components
development period <3 months  :-)

= In perspective the Altimeter Timing System may be applied

in deep space laser transponder experiments

Jirousek, Prochazka,Hamal, Fedyszynova,Schreiber,Michaelis, Yang,Huang,Canberra 2006
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A Compact Low Power Altimetry Laser For Lunar Applications
Thomas Varghese', Ralph Burnham?

1. Cybioms Corporation, 607 Autumn Wind Way, Rockville, MD 20850
2. Fibertek Inc., 510 Herndon Parkway, Hendon, VA 20170
Abstract

A very compact 10 mJ, 10 Hz, 4ns laser with greater than a billion shots capability is
being developed for lunar altimetry applications for a mission projected for 2008.
The altimeter will complement other scientific payloads of the mission that includes
Terrain Mapping Camera with stereo imaging capability, Hyper-Spectral Imager, and
a Low Energy X-ray spectrometer. The laser design exploits the advances in
technologies, capabilities, and lessons learned from the NASA Risk Reduction Laser
program, Calipso, and others. The Engineering Model and Flight Model are
discussed.
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KILOHERTZ SESSION SUMMARY
Chairs: Georg Kirchner, Graham Appleby

Talks / presentations given:

- Hamal et al: Portable Pico Event Timer and SLR Control System
- Gibbsetal: Early Results of kHz SLR at Herstmonceux

- Degnanetal: LC Optical Gate for Monostatic kHz SLR System

- McGarryetal:  SLR 2000: The Path Towards Completion

- Kirchneretal:  Spin Parameters of AJISAI and GP-B from kHz SLR
- Kucharski et al:  Lageos-1 Spin Determination from kHz SLR

- Kirchneretal:  Measuring Atmospheric Seeing with kHz SLR

In addition: kHz SLR has a lot of unique advantages; just as an example, the graph
below shows the significant improvement of the Peak-Minus-Mean value, when going
from a standard 10-Hz system (old Graz SLR) to a kHz system; please note that such
a statistical improvement is a necessary requirement if we want to think / talk about
“mm-SLR” ©

SLR Graz: Routine - Calibrations 2003-2005;
10 Hz: 500 Returns; kHz: 10 000 Returns / CAL

® CAL Peak minus Mean [mm] —

Peak minus Mean [mm)]

2003 2003.5 2004 2004.5 2005 2005.5
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Portable Pico Event Timer and SLR Control (P-PET-C) System
Karel Hamal', Ivan Prochazka®, Yang Fumin?

1. Czech Technical University in Prague, Brehova 7, 115 19 Prague 1, Czech Republic

2. Shanghai Observatory, Chinese Academy of Science, 80 Nandan Road, Shanghai, China

Contact: prochazk@troja.fjfi.cvut.cz

Abstract

We are reporting design, construction and parameters of the Portable Pico Event
Timer and SLR Control (P-PET-C) System. It has been developed as a self-consistent
system dedicated for the millimeter precision satellite laser ranging systems operating
at high repetition rates up to 2 kHz. It provides real time control, measurement, data
acquisition and data processing of the advanced satellite laser ranging station. It
consists of the PET-C hardware and the software package. The system hardware has
been developed on the basis of the Pico Event Timer (P-PET), which has been
employed in laser ranging stations in Wettzell, Germany, TIGO Chile and in Portable
Calibration Standard, a world wide accepted reference for pico-event timing for
millimeter laser ranging. These systems have been operated at numerous stations
around the world, including China, without any single failure for more than 8 years
of continuous operation. The event timing is based on space qualified Dassault units
no adjustment or re-calibration is needed. The 200MHz frequency generator was
developed in FH Deggendorf. The real time control, measurement, data acquisition
and data processing interface is based on the codes developed and operated at the
satellite laser station in Graz, Austria, which is world first station operating a high
repetition rate millimeter precision laser system. The real time control and data
acquisition is provided by the built in PC. The first field operation was performed at
the SLR Shanghai, China, 2006.
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(

Portable Pico Event Timer and SLR Control (P-PET-C) System

Goals

Portable Pico Event Timer and SLRControl 2kHz
Self-consistent portable unit

Built in PC

Dassault Timing Units

Range Gate Generator

T/R Pulse Overlap Avoidance

Dedicated for Portable Calibration Standard 2k

K.Hamal,l. Prochazka, Yang Fumin, 15th ILRS Workshop,Canberra, 2006

/

\

Portable Pico Event Timer and SLR Control (P-PET-C) System

N

SLR Workshop

Pico Event Timer (P-PET)

London 1998

|
'*- .

Freq module
Deggendorf

2 kH SLR PC Card

|

Graz
|

Portable Pico Event Timer
and SLR Control (P-PET-C) System

Prague, Shanghai 2006

-__|

K.Hamal,l. Prochazka, Yang Fumin, 15th ILRS Workshop,Canberra, 2006
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Portable Pico Event Timer and SLR Control (P-PET-C) System

P-PET-C Block Scheme

(

r— — _—-..- - - _=- - - -
10 Mhz—I» - ( Optional ETM ) | [2kHSLRPCCard
! Graz
_"| Dassault ETM |Cj Data acquision
2pps —» T
Input _"| Dassault ETM |C:‘> Range gate .
START—» l )
Board | Freq. Module Deggendorf | Laser fire .
STOP,—* Laser control _
2
Aux 110, control -
Power -
Embedded PC Pentium,....
SUPP. HDD, ISA, Ethernet K———>
+ DOS 6.22, Fortran(Graz) | [ETHERNET

K.Hamal,l. Prochazka, Yang Fumin, 15th ILRS Workshop,Canberra, 2006
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Portable Pico Event Timer and SLR Control (P-PET-C) System

Parametres

timing principle event timing
timing  resolution 1.2 ps
precision 3 ps
timing stability better than 1 psec/ K, / hour
maximum repetition rate 2 kHz
range gate 1 ns steps

processes under control

computer
software package

dimension / mass / power

pulses “in space”

maximum time un-limited

epoch and range timing, range gate
laser fire, laser control

echo energy monitor interfacing
T/R pulses collision avoidance
additional epoch timing devices
optional I/O

built in, industrial PC

Fortran :-) code, DOS 6.22

field upgradable

19* rack unit, 12° high / 30 kg / 200 W

K.Hamal,l. Prochazka, Yang Fumin, 15th ILRS Workshop,Canberra, 2006
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Portable Pico Event Timer and SLR Control (P-PET-C) System

Portable Calibration Standard

50 Retroreflector
= hd % &)  equipped
EE o=\ 0P salie
10 MHz 1 pulsels E -t /\

SLR MACHINE -

Calibration
Detectors >

Start l. l. Stop

< ‘ Event Timer ‘ \~

P-PET-C

K.Hamal,l. Prochazka, Yang Fumin, 15th ILRS Workshop,Canberra, 2006
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Portable Pico Event Timer and SLR Control (P-PET-C) System

Expected parametres: Equal Graz

SLR Data Precision (Graz Station, 2 kHz rep.)

Ground target 1 RS2 satellite § sec NP

5 0.9mm rms L i F 0.2mmrms

-4 0o 2 4 6 4 2 0 2 6 -4 2 0 2 4
Single-shot ranging error [mm] Single-shot ranging error [mm) MNormal pointspread [mm]

K.Hamal,l. Prochazka, Yang Fumin, 15th ILRS Workshop,Canberra, 2006

&
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Portable Pico Event Timer and SLR Control (P-PET-C) System

Permanent installations of the PET timing technology

SLR station TIGO operated in WLRS | Satellte Laser Station
Concepcion Chile, Wettzell, Germany
PET4 operational since 1999. PET4 operational since 1998

8 years no recalibration, no adjustment
K.Hamal,l. Prochazka, Yang Fumin, 15th ILRS Workshop,Canberra, 2006

\

J

Portable Pico Event Timer and SLR Control (P-PET-C) System
Conclusion

2kHz
SLR control system
Built-in PC
Portable
8 years — no recalibration, no adjustment
Ground RMS 1 MM Graz
Satellte ERS2 RMS 2,8 MM Graz
Normal Point RMS 0,2 MM Graz
Price

K.Hamal,l. Prochazka, Yang Fumin, 15th ILRS Workshop,Canberra, 2006

\
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(

Portable Pico Event Timer and SLR Control (P-PET-C) System

Shanghai indoor test, July 2006

K.Hamal,l. Prochazka, Yang Fumin, 15th ILRS Workshop,Canberra, 2006

-

Portable Pico Event Timer and SLR Control (P-PET-C) System

Shanghai outdoor test, July 2006

400 2J
K.Hamal,l. Prochazka, Yang Fumin, 15th ILRS Workshop,Canberra, 2006
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Some Early Results of Kilohertz Laser Ranging at Herstmonceux

Philip Gibbs, Christopher Potter, Robert Sherwood, Matthew Wilkinson,
David Benham, Victoria Smith and Graham Appleby

1. NERC Space Geodesy Facility, Herstmonceux Castle, Hailsham, UK, BN27 1RN.
Contact: pgib@nerc.ac.uk
Abstract

As part of its support of an upgrade and expansion of capability at the UK Space
Geodesy Facility, the UK Natural Environment Research Council has provided
funding to enable in-house development of kHz-rate laser ranging at the site. The
scientific justification for this upgrade included the expectation of an increase in
single shot precision furnished by the much shorter laser pulse-length, an increase in
normal point precision from compression of a greater number of raw data points and
much more rapid target acquisition via rapid searching.

The upgrade has proceeded in stages. Before we were able to consider kHz ranging
we needed an event timing device able to record epochs of multiple events at kHz
rates. To this end we built in-house the Herstmonceux Event Timer (HXET), which is
based on three modules supplied by Thales. Following completion of HXET in August
2006, the device was thoroughly tested and found to agree with expectations in terms
of linearity and precision. With HXET in place we were able to make our first
tentative steps by late September into kHz calibration and satellite ranging. This
paper presents some of our early problems and successes.

Basic Requirements for Kilohertz ranging

e AKkHz laser.

e An event timer to record epochs of laser firing and detector triggering. This
must be able to record epochs to an accuracy of a few picoseconds.

e A computer system(s) able to read ET, control the laser, display data and
archive the data at kHz rates.

e Software to extract weak return signals from the higher noise levels generated
by a C-SPAD running at kHz rates.

¢ Reduction software that can cope with the new features displayed in kHz data.

kHz Laser

Preparation for a kHz laser system began in 2003 with a visit to the SLR station in
Graz, Austria. Graz had at that time recently purchased a kHz laser and was in the
process of validating. This visit proved to be exceedingly useful in providing
background knowledge necessary for the specification of a laser for the SGF. In 2004
final specifications for the kHz laser system were agreed and suppliers sought. The
specification included a final output wavelength of 532nm with a pulse width of 10 —
15 ps at 1 — 2 kHz and a beam quality (M) better than 1.5. The ability of the laser to
fire at ~10Hz to enable a smooth validation/transition from the old system to the 2
kHz system was also considered important. Other factors needed were the ability of
the laser to fire on a shot by shot, variable rate basis under computer control, the
ability of all the safety systems (lid locks, door interlocks and radar system) to be able
to communicate with and inhibit firing, and the ability of the laser system to recover
well after one of the frequent power cuts experienced at the SGF.
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Given these specifications, a tender exercise identified two potential systems from
High Q Lasers of Austria; one generating a power output of 0.4 mJ at 532nm and the
second being capable of 1mJ at 532nm. With these power outputs the link budget
calculations, to estimate return rates using a given laser system, were favourable. The
following table shows our estimates for the link to the Lageos satellites in daytime,
assuming an average amount of cirrus and a horizontal visibility of a poor 8km. The
percentage value is the return rate of photons detected by the C-SPAD and the number
in brackets is the resultant number of returns per 2-minute normal point:

Elevation 90° 50° 30° 250

0.4mJ, 2kHz: 20% (12000); 8% (4000); 1% (500); 0.3% (150)
1.0mJ, 1kHz: 50% (15000); 19% (6000); 2% (700); 0.7% (150)

Following these calculations and financial considerations the 0.4mJ system was
deemed sufficient but an extra long housing was ordered to enable possible future
modification of the laser with an extra amplifier unit.

Seed
Regenerative
amplifier

Pockels
Post
amplifier Start

Diode
e
safety shutter

In summary, the specifications for the kHz laser are as follows:

Nd: Vanadate picoREGEN laser from High-Q Lasers
Pulse energy 0.5mJ at 532nm at 1kHz

0.4mJ at 532nm at 2kHz
- Repetition rates of between 10 and 2000 (although large changes may require
realignment). To date rates between 100 and 2000 Hz have been used without
re-alignment.

- Pulse width is 10ps FWHM at 532nm.

- Upgradeable to >1mJ at 532.

- Firing predictability to 6ns.

- Typical lifetime of pump diode in excess of 10000 hours
- Beam quality - TEMgo M%<1.5
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Shown here is a
picture of the kHz
laser at night

Event timer

A decision was made in 2004 to replace our SR620 timers with a timing system
which would be linear across the range of times being measured and also be usable for
a Kilohertz system. After investigating various options it was decided to build in-
house an event timer with 3 Thales modules (1 clock module and 2 timing modules).
The design of HXET included providing power supplies for each module plus some
fifteen other power supplies, building an interface between the modules and the
ranging computer, the ability to have start and stop signals as either NIM or TTL, and
1pps signal. It also had to include an onboard 1 kHz signal to monitor the difference
between the two timing modules. The timer was completed in late July 2006 and
ready for use soon after.

Initial tests of HXET using a split signal to the start and stop channels resulted in a
total jitter of 7ps. If we assume an equal contribution from both the start and stop
channels, this result gives a jitter of 5ps for each, in agreement with the specifications
for the modules. Tests were also carried out using HXET to determine the behaviour
of our SR620s across the whole timing range from local targets to the GNSS
satellites; the results agreed with the results of previous identical tests carried out
between PPET and the SR620s (Florence 1998). This we believe shows that there is
agreement between PPET and HXET and that HXET is linear across the full range of
current timing measurements. This calibration work is the subject of a further paper in
these proceedings (Gibbs, Appleby and Potter, 2007).

Computer configuration.

The station computer configuration is as shown below. It comprises a Linux machine
that is used to display and archive the data and run the reduction processes. This
machine receives in real-time the data from the ranging PC (running under DOS)
using TCPIP. The ranging PC communicates with HXET via a Programmable ISA
card that was supplied to us by the GRAZ group. The ISA card also controls the Laser
and arms the C-SPAD. The ranging PC also controls the telescope tracking, the safety
radar, laser beam divergence and an iris in the receive optical path, as well as
determining average return rate in real-time and maintaining a single photon return
level via a neutral density wheel.

Real Time Display
Recognising that moving to kHz ranging will significantly reduce the signal to noise
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' | aser
ISA
card

Start Module

Stop Module

Clock Module
C-SPAD 15 Power supplies
aatina

0 14:21:08

TCPIP
connection

The display process runs on a
Linux platform using a TCP-
IP  connection to the
dedicated ranging PC. The
display shows long term and
short term range gate O-C
values as well as a histogram
of user defined time span to
plot the intensity profile of
the data.

ratio of the recorded data, early preparations were made to upgrade the display
software. Previously, detection of track in the O-C real-time data within the range gate
was aided by the known profile of the semi-train. The high rate data, lack of a semi-
train and reduced satellite return signal associated with the low energy laser would
make this procedure far more difficult, both for the observer and for the software.

The histogram technique is a very good indicator of the presence and the strength and
stability of a satellite return signal and is used for automatic real-time track detection.
The technique was developed and implemented for the 13Hz system with the eventual
goal of preparing for kHz ranging. The 13Hz laser profile is an initial pulse followed
by a significant semi-train, so to avoid tracking the wrong pulse within the semi-train
a second histogram was designed in which later pulses are folded in to enhance the
initial pulses. This technique exaggerates the first pulse and allows it to be continually
tracked. The original (green) and altered (red) histogram profiles can be seen at the
bottom right corner of the image above.

A confirmed satellite track is defined by a histogram bin reaching a level of 3-sigma
above the background noise in the range gate. Two 3-sigma uncertainties for this track
detection are calculated from the instantaneous histogram peaks and from peaks in
short blocks of data over the histogram time period. If the satellite signal is strong and
stable the software 'locks’ onto the track. Once the satellite is locked, the track
uncertainties are reduced to 2-sigma and only peaks falling within the newly-defined
track window are considered as possible track.

The kHz laser has one dominant pulse and can be tracked with a single histogram.
The high firing rate also means that a shorter histogram time span is sufficient, but
additionally the histogram can pick out a weak intermittent track if it is given a longer
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time span. From experimentation the software can lock on to a 1% satellite return
signal with a 3 second time span and lock onto a 2% signal with a 2 second time span.

First Results

Testing of HXET and a full range of comparison tests between HXET and the SR620s
were completed in late September 2006. Once completed, we designed the simplest
possible software/hardware package that would enable us to obtain some high-rate
satellite data as quickly as possible. To this end we simply used a pulse generator to

e UrXle| The long-term range gate
displays the entire pass, as
seen in the image at left. At
high repetition rate this
window becomes filled with
noise points that mask any
true track. However, by
introducing a  grayscale
contrast for intensity of
points, the track is revealed.
This is a very powerful
addition to the kHz tracking
display, complementing the
new histogram-based track
determination.

fire the laser at approximately 2kHz. This simple system meant that we had no
‘collision’ control and as a result periods of high noise can be seen clearly in the data
displayed below. We also did not attempt automatic control of return level (although
manual control was still available) — in truth we were just happy to see that we were
getting data. After just one week we had a software package that could collect data at
kHz rates without any losses and then tried observing both in daylight and at night.

During the daytime we were able to track successfully all satellites from Lageos’
heights and lower except for Champ and Grace. At night we were able to range to all
the ILRS satellites, again except Champ and Grace. These exceptions were caused by
a software problem which has subsequently been solved.

One of the first things that was noticed was that many more noise events were
detected than had been expected; initial tests indicated a noise increase of about a

C-SPAD: Dark Noise vs. Repetition Rate
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factor of 7 between tracking at 10Hz and at 2kHz. This appears to be due to an
increase of dark noise in the C-SPAD as a function of arming rate. This effect had
been discovered and quantified by the Graz group, and below is a plot provided by
Graz of their results for C-SPAD noise vs. repetition rate.

To estimate the effect this increase of noise would have on our system we examined a
histogram of noise collected at 2kHz.

Results from LAGEOS

Shown below is a plot of range O-C for Lageos-2 from October 4™ 2006. Present is a
number of interesting features. Clearly seen are the “collision’ periods when there are
overlaps between incoming return pulses (C-SPAD gated on) and spurious detections
of backscatter from outgoing laser light. Also apparent are pre-pulses and spurious
other pulses because at the time of the observation the laser pockels cell was not

optimally tuned. The uppermost O-C track represents the primary return signal.

For a typical satellite the start of the range
gate is at —100ns and we would expect the
3 satellite track to be close to zero ns. The plot

5000

EHT| indicates that a loss of about 4% in satellite
Counts L .
V. ! T signal should be expected per 100ns between
Range gate | | T track and start of gate.
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Having collected kHz data the next step was to use our current 10Hz reduction system
to check whether there are any significant differences in the data, primarily in
systematic effects that may compromise its quality.

The current reduction system comprises the following steps:

1. Extract a data set by a combination of linear and polynomial fitting to the raw O-C data.
A minimum limit to the data set of +0.75ns about the zero mean is imposed by the
software to prevent the reduction being biased by the observer.
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Fit an orbit to the extracted data, iteratively rejecting residuals at a 3-sigma level;
Remove this orbit from the entire raw data set and reject at 5-sigma level (yes 5);

Fit a smoothing function to this data set, rejecting at 2.5-sigma, using the routine
DISTRIB that was produced and made widely available by A. Sinclair (SLRmail 0008).

Extraction of Data.

H~own

Below is a plot of the initial data set from which the observer will select the data to be
passed to the orbital solution.

Gaussian Fit

Having selected the data as shown in the above plot an orbit is fitted to it. The orbit is
then removed from the whole data set and residuals rejected at 5-sigma. We then need
to know if this data set is different for the 10Hz and kHz systems

With  the increase in

18011 background noise apparent at
kHz rates it was felt that
keeping at least + 0.75ns of
data would introduce too

al much  noise  in  the
preliminary signal extraction.
We are currently

experimenting with a reduced
restriction of + 0.25ns as
shown in the plot, although
the observer has the option of
overriding these limits. In
fact, better predictions, better

: , software and higher-precision
B data means there is much less

st 04 15h + scatter in the residuals.

Rasids (ns)

=05
T

rejected by NP process

0
o
T}

1

Pictured here is the data set after
« | ' ' removing a best-fit orbit and
rejecting residuals at a 5-sigma
level. Apparent is a “significant”
amount of noise below the track
and some structure above the track.
Xt : - b But is this behaviour significantly
g 3 different to our current system?

At first glance it would appear that our reduction process is producing the same
results for Lageos from both systems, but we have started a more detailed analysis in
order both to define a robust reduction process and also to derive an accurate centre of
mass correction. Previous work (Otsubo and Appleby, 2003) found that uniquely for
the Herstmonceux single-photon system a Lageos centre of mass correction (CoM) of
245mm should be applied (cf 251mm for high-energy ILRS systems). It is important
that once our new kHz data becomes available to the analysis community that we
have also determined an accurate CoM correction, which may well be a few mm
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different from the current 10Hz value. This ongoing work will be reported elsewhere,
but the plot below shows the result of an initial investigation of the detailed post-
reduction O-C distribution. The rapid rise of the leading edge is as expected and is a
result of the short pulse length of the kHz laser, as suggested in the discussions above.
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The distribution of the
residuals from the two
systems is very similar since
the Lageos response
dominates. As expected, the
10Hz data appears to be
slightly broader as the timer
and laser contributions are
larger:
10Hz:  35ps for SR620
100ps for laser
KHz: 7ps for HXET
10ps for laser

The final
g ' - — data set for ]
both the kHz
8 and thel0Hz
. systems.
8l g
!
D—JOO —EIOO —-100 "] 160 2;30

Shown above is the final data set for Lageos. There is clearly some noise below the track and
the sharp cut off of dense data above may well have removed real observations.
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The smoothing function fitted to the
distribution is shown in red, and will
be used in an asymmetric filtering
process to remove primarily leading-
edge noise and in a model to
determine an accurate CoM value.
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Results from a small-array satellite (ENVISAT).

6 B ENVISAT
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Conclusion

The SLR system at the UK Space Geodesy Facility is at an advanced stage of upgrade
to kHz repetition rates, and incorporates a very accurate event timer. Paramount in the
upgrade plans is that on-site reduction of the new data should not introduce any
discontinuity into the long series of high quality laser data from the site.
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Performance of a Liquid Crystal Optical Gate for Suppressing Laser
Backscatter in Monostatic Kilohertz SLR Systems

John J. Degnan and Daniel Caplan
1. Sigma Space Corporation, 4801 Forbes Blvd., Lanham, MD 20706 USA.
Contact: John.Degnan@sigmaspace.com / Fax:+01-301-577-9466
Abstract

Some of the unique blocking features required by SLR2000 included a large aperture
(15 mm), arbitrary polarization returns, a rapid 2 kHz cycle time, long and flexible
blocking periods (up to 10% of each 500 microsecond interval between pulses), and
adequate switching speeds to minimize data loss. After evaluating numerous potential
approaches to optical gating, we determined that the use of a liquid crystal optical
gate (LCOG) afforded the best overall protection. We have successfully implemented
a 2 kHz LCOG which provides a 50 microsecond ““blocked” interval, a 450
microsecond ““unblocked™ interval, a 10 microsecond rise and fall time on the
blocking interval, approximately 90% transmission in “unblocked” mode, and a
659:1 reduction in backscattered radiation in ““blocked” mode. Furthermore, the
LCOG adapts readily to time shifting of the outgoing pulse.

Introduction

Since SLR2000 operates at a 2 kHz fire rate, multiple pulses are in the air at all times
and, at various times within a given satellite pass, reflected signal photons arrive at
the SLR2000 telescope at the same time a subsequent transmitted pulse is exiting the
system. We refer to these events as “collisions”. Since the range gate is open for
some period surrounding the expected signal arrival time, the sensitive detector is
exposed to backscattered laser radiation from both the instrument and the local
atmosphere while in a high gain mode. In principle, backscatter from the atmosphere
can be observed for up to 10% of the 500 microsecond laser fire interval. During this
time, backscattered photons can cause significant charge transfer from the
photocathode to the anode and, since the lifetime of a photocathode is dependent on
the number of coulombs transferred, unsuppressed laser backscatter is a potentially
life-limiting mechanism. In addition, since SLR2000 is designed to correct telescope
pointing by balancing the photon returns in the four ranging detector quadrants, we
believe that backscattered photons can interfere with the performance of the pointing
correction algorithms by biasing the pointing error in the direction of the transmitter
point ahead.

The quadrant segmented anode microchannel plate photomultiplier (MCP/PMT) in
SLR2000 has recently been upgraded in order to achieve a factor of 3 to 5
improvement in detection efficiency and sensitivity. The bialkali photocathode tube
built by Photek Inc. has been replaced by a significantly more expensive Hamamatsu
tube with a less mature but higher efficiency (30% to 40%) GaAsP photocathode. In
order to protect the tube from backscattered laser radiation and extend photocathode
life, SLR2000 incorporates two design features. The first feature involves
periodically changing the laser repetition rate to avoid “collisions” between outgoing
pulses and incoming signal photons. This eliminates backscatter during the most
critical period when the detector is gated “on”, minimizes data loss, and helps to
prevent corruption of the quadrant detector pointing correction. We have recently
investigated the inclusion of an optical gate which acts as a second layer of defense by
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Figure 1. Performance of the ideal optical gate for suppressing laser backscatter in
SLR2000 operating at a 2 kHz rate.

suppressing backscatter impinging on the photocathode even during less critical times
when the detector is gated “off”. The ideal performance of the “ideal optical gate” is
illustrated in Figure 1. To minimize loss of signal while providing maximum
protection, a successful optical gate in SLR2000 must possess the following
characteristics:

e Operate at SLR2000 2 kHz laser fire rate,

e Accommodate the 13 mm receiver beam diameter on the optical bench,

e Block atmospheric backscatter for up to 50 microseconds following laser fire,

e Provide high backscatter extinction in blocked mode,

e Provide high signal transmission in unblocked mode,

e Provide a fast transition between blocked and unblocked modes,

e Accommodate variable fire rate used to avoid “pulse collisions”,

e Can take advantage of linearly polarized light in two SLR2000 receiver
channels if necessary.

We considered various approaches to optical gating including mechanical, electro-
optical, acousto-optical, and liquid crystal and rated them with respect to transition
speed, aperture, transmission, and ability to provide a long “open” mode. Liquid
crystal gates were found to have the best overall performance with electro-optical
being deemed less appropriate due to the need to maintain high voltages on the
crystals for long periods of time. Our conclusions are summarized in Table 1.

Table 1. Comparative performance of various optical gating approaches.

Gating Speed Aperture Transmission Gate
Approach Duration
Mechanical | Poor Poor Excellent Poor
Electro-optic | Excellent | Good Good Poor
(2-3kV)
Acousto- Good Poor Fair Good
optic
Liquid Good Good Good Good
Crystal (+30V)
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Experiment

The Liquid Crystal Optical Gate (LCOG) takes advantage of the fact that, in
SLR2000, the received signal is split based on polarization. This is a consequence of
our unique passive Transmit/Receive switch which permits the transmitter and
receiver to share the entire telescope aperture simultaneously while experiencing low
loss in either path [Degnan, 2004]. In a typical configuration, the LCOG normally acts
as a time dependent polarization rotator placed between two crossed polarizers. The
first polarizer defines the input polarization. Relatively low voltage (< +30 VDC)
waveforms applied to the crystal align the liquid crystals and rotate the propagating
light in a time dependent manner. The action of the second polarizer on the rotated
light creates the time varying transmission function of the gate.

As will be described later, the current SLR2000 receiver configuration uses uncrossed
polarizers in each receiver leg although crossed polarizers could be employed with a
relatively minor design change. For this reason, we conducted our laboratory tests
with both crossed and uncrossed polarizer pairs. The signs of the waveform voltages
were chosen accordingly to approximate the performance of the ideal gate depicted in
Figure 1. Figure 2 provides a block diagram and photo of our test setup.

cw
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5mw
526.5 nm

|
< Arbitrary®—
_Waveform

| oo @ Generator

. PolariZer #1
Arbitrary

Waveform
Generator

!

Voltage
Amplifier
(£30V)

Liquid Crystal
Rotator

Polarizer #2
Crossed or
Uncrossed

DC-
Oscilloscope coupled
Detector

Figure 2: Block diagram and photo of the laboratory test setup.

The required waveform was programmed into a high bandwidth Arbitrary Waveform
Generator (AWG) and iterated to best approximate the ideal transmission function.
The low voltage output of the AWG was amplified to the required + 30VDC by a
separate amplifier module and applied to the flying leads of the Liquid Crystal Rotator
manufactured by Boulder Nonlinear Systems, Inc. . Collimated light from a CW green
laser was passed through the LCOG and focused onto a DC-coupled detector whose
output was displayed on an oscilloscope. Prior to inserting the Liquid Crystal Rotator
(LCR), the extinction of the crossed CVI cube polarizers was measured to be 6222:1
in reasonable agreement with the specified value of 10,000:1 and demonstrated the
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sensitivity of our measurement approach. A summary of the peak optical gate
transmissions and extinctions obtained with different polarizer combinations is given
in Table 2. Not surprisingly, the best extinction of 659:1 during “closed” periods was
obtained with the normal crossed polarizer configuration whereas the P/P and S/S
configurations, corresponding to the current SLR2000 receiver configurations (see
Figure 4), provided significantly poorer extinctions of 164:1 and 82:1 respectively.
The transmission of the gate during “open” periods was comparable in all cases,
varying over a narrow range between 89.3% and 92.1%.

Table 2. Summary of experimental transmissions and extinctions for various configurations
of crossed and uncrossed polarizers.

Polarizer 1 Liquid Polarizer 2 | Transmission | Extinction
Crystal Gate (gate open) | (gate closed)
P No S NA 6222:1
P Yes S 89.3% 659:1
P Yes P 91.3% 164:1
S Yes S 92.1% 82:1

Temporal waveforms obtained for the gate with crossed polarizers, as registered in
different channels of the oscilloscope, are shown in Figure 3. The “optimized” drive
voltage waveform to the LCR, corresponding to the orange curve, is being repeated at
the 2 kHz rate of SLR2000. The purple curve, corresponding to the optical detector
output, is a good approximation to the “ideal” transmission waveform in Figure 1,
where the gate is closed for 50 microseconds and open for 450 microseconds and
shows a fast transition between the two states (< 10 microseconds). The upper green
curve is the purple curve viewed at high resolution and clearly shows the rapid
reversal in the transmission trend as the drive waveform voltage to the LCR changes
sign.

It is worthwhile to point out certain required characteristics of the drive waveform.
The integral of the waveform over one cycle must equal zero, i.e. the positive area
under the waveform must equal the negative area. If the average is not zero, any ions
present in the liquid crystal will migrate to the surfaces resulting in a build-up of
charge. This will effectively keep the liqud crystal pinned in that state [Bauchert,
2004]. Furthermore, during the “open” mode, one must apply a slight residual positive
voltage (~2 to 3V) which holds the molecules in their transmissive state and prevents
them from becoming randomly oriented and thereby reducing the transmission when
the switch is “open”. The width of the blocking gate is determined by the combined
widths of the positive and negative going pulses. Because of the zero integral
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condition over the full 500 microsecond cycle, the temporal width of the negative
drive pulse is necessarily less than that of the positive pulse.

Integration into SLR2000

Figure 4a shows the current SLR2000 receiver configuration where the incoming light
is split into s and p polarizations and then recombined on a final polarizer before
impinging on the quadrant MCP/PMT. Note that, without the LCR, the polarization of
the light is preserved during recombination at the final polarizer. Thus, using the
results in Table 2 for uncrossed polarizers, one can project a mean transmission of
91.7% for the open gate and a mean extinction of 123:1 for unpolarized light entering
the receiver. Significantly better performance is obtained if a mirror is placed to the
left of the combining polarizer as in Figure 4b and the drive voltages to the LCR are
reversed. The expected extinction rises significantly to 659:1, and the transmission
decreases only slightly to 89.3% for unpolarized input.

Tek T Trig*d b Pos: —2,000,us CURSOR
Siaasans 65{{6&] """ 'k [T O TZ """"" . 4.0V/4.48V = 89.3%
oom Ype Lo
Transmission — /W :[‘ransr?’lssmn in gate
open” mode
L Source
6.8 mV/4.48V = 0.15%
a4 B.&0rY transmission in gate
“closed” mode
Cursor 1 : ; —_ .
20 (Extinction = 659:1)
Drive Waveform
Cursar 2
12.0m

CH2 10.0my b 500,08
CH3 2.0my 1-Mar-06 0330

Figure 3: Oscilloscope traces obtained during transmission/extinction experiments with the
normal crossed polarizer configuration. The drive waveform to the LCR is indicated by the
orange trace. The purple trace gives the optical transmission from ““open’” to “closed to
“open”. The narrow green trace at the top of the figure is a high vertical resolution version of
the purple trace and shows the rapid reversal in the optical transmission trend at the point
where the sign of the applied LCR voltage is suddenly reversed.

Summary

We have demonstrated that liquid crystals, when used as a 900 polarization rotator
between two cube polarizers, can:

e reduce the amount of laser backscatter by 2 to 3 orders of magnitude in the
“closed” state while exhibiting high transmission (~90%) in the “open” state,

e oOperate at few kHz rates,

e handle large aperture beams (~15 mm),

e switch states in less than 10 microseconds with low voltage (<+30V),

e produce flexible gate waveforms of arbitrary shape and duration,

e work in tandem with variable laser fire rates to avoid “collisions” between
incoming and outgoing pulses.
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89.3% transmission and 659:1 extinction.

We close with certain precautions in the use of these devices. The liquid crystal
medium is sandwiched between two optical substrates. Care must be taken when
mounting the LCR’s to avoid stressing the delicate interface. The voltage to the unit
must not exceed the + 30VDC maximum or serious damage to the interface may
result. Also, as mentioned previously, in designing the drive waveform, the voltage
over one repetition cycle must average to zero.
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SLR 2000: The Path toward Completion
J. McGarry, T. Zagwodzki
1. NASA / Goddard Space Flight Center.
Contact: Jan.McGarry(@nasa.gov
Abstract

After years of programmatic and technical issues, SLR2000 is finally receiving the
manpower and money needed to solve the final technical challenges. This paper
describes the progress that has been accomplished over the past year and discusses
the final steps that we will take in the coming year to make the system operational.

Introduction

SLR2000 is the prototype for NASA’s Next Generation of Satellite Laser Ranging
(SLR) Systems. It was originally designed to be completely automated, eye-safe, with
a lower cost of operation, a high reliability, and an accuracy comparable to the
existing NASA MOBLAS systems [Degnan(1)]. After many years where funding was
low, in 2006 SLR2000 development was given a higher priority and more funding.

Much progress has been made in the last year. The system is now tracking low earth
orbiting (LEO) and LAGEOS satellites, able to acquire and track most LEOs
relatively easily, although the returns are not yet optimized. The system timing,
pointing and ranging capability, and accuracy have been tested using MOBLAS-7
return pulses. The software is more robust and the system is more repeatable. We
believe that the system is within a year of final collocation with MOBLAS-7.

Recent system developments.

An optical shutter was designed and built by SigmaSpace and installed in the system
to reduce the laser backscatter on the detector [Degnan(2)]. In a single telescope
common optics transmit-receive system the photomultiplier tube (PMT) is exposed to
a significant amount of laser backscatter within its field of view (FOV) as the pulse
leaves the system. Even though the PMT is gated off during the laser fire this
illumination stresses the photocathode and may shorten its lifetime. Mechanical
choppers or shutters were investigated but deemed too problematic for operation at 2
KHz. The solution was an optical shutter in the form of two liquid crystal (LC)
polarizing filters, one installed in each leg of the transmit-receive switch which reduce
the backscatter by two orders of magnitude (Figure 1).

A new higher quantum efficiency (QE) quadrant PMT was installed in the system.
The comparison with the previous detector is shown in the following table.

Photek(PMT210) Ham(R4100U- 74-M004C)

MCP stages 2 plates 2 plates
Active diameter 10mm 6mm
Photocathode S20 GaAsP

QE.* 12% 33%

DC current Gain 1x10° 2.6x10°

PMT HV bias -4700V (nom.) -2250V (nom.)

The relative sensitivity improvement of the Hamamatsu tube over the Photek tube was
estimated during an Etalon track to be approximately 5:1. Additional loss in Photek
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sensitivity is surmised to be due to aging or degradation of the photocathode over
many months of SLR operation.

LC,
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Switch TEGAM # 2714A
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Figure 1: Optical bench with Liquid Crystal Shutter in both legs of T/R switch

A laser beam expander was replaced in the system to both control the laser divergence
and to give adequate knowledge of the divergence setting. This expander was
designed and built by SigmaSpace [Degnan(3)]. Originally the laser transmitter beam
divergence could not be adjusted without de-focusing the common beam expander for
the receiver. The resultant FOV change in the receiver adversely effected control of
background noise and vastly complicated tracking. The solution was to develop a
beam expander mechanism which operates solely on the laser transmit beam
(independent of the receive path) and which could be focused to accommodate the 10
to 30 arcsecond (full angle) desired beam width.

The Risley prism laser point-ahead optics are now operational in the system
[McGarry]. The Risley wedge pair is used to steer the transmit beam ahead of the
telescope receive path and put the center of the transmit laser beam directly on the
target. The telescope can then be pointed behind to center the receive FOV about the
return light. This then allows the FOV to be closed to 10 arcseconds, which reduces
the optical noise and allows use of the quadrant detector information to correct the
telescope pointing. The Risley optics have successfully undergone testing with an oft-
line software package. The operational software package interface to the Risleys will
be verified in the next few months.

The software now controls the Laser Pulse Repetition Frequency (PRF) to avoid
fire/return collisions [Titterton]. This is needed due to the common optics design of
the system. Only two different fire intervals are needed for any of the ILRS tracked
satellites. The values of the two fire intervals are dependent upon altitude:

- Low Earth Orbiting (LEO): 500 and 510 microseconds

- LAGEOS: 500 and 502 microseconds

- High Earth Orbiting (HEO): 500 and 501 microseconds

The PRF switching is currently being successfully used in all satellite ranging. Figure
2 shows how the laser PRF changes during the course of a LEO (left plot) and
LAGEOS (right plot) pass.
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Laser PRF Changes during LAGEOS pass (277/01:022)
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Figure 2: Examples of laser PRF changes during two passes. The left plot is BEC and the
right plot is LAGEOS.

The new Q-Peak laser was installed into the system. The energy of the previous laser
(an earlier Q-Peak version) had degraded to the point where it was transmitting only
about 60 microJoules per pulse. The newer laser transmits approximately 120
microJoules per pulse.

Both the star camera (for star calibrations) and the sky camera (for sky condition)
failed during 2006 and have been replaced. The star camera had been in use for
approximately ten years. The new star camera is the Santa Barbara Instrument Group
(SBIG) ST-402ME CCD imaging camera. The CCD chip is 9 microns square with
765 x 510 pixels. It is a low noise, high QE camera with a USB 2.0 interface. It
greatly increases the star sensitivity from our old camera, where the dimmest useable
star was around magnitude 3.5. The SBIG camera in SLR2000 can resolve better than
8" magnitude stars. The new star camera has been installed and is operational.

The sky camera failed after about five years of more or less continuous operation. The
new sky camera is the Jenoptik VarioCam InfraRed (8 — 13 um) camera. It has an
uncooled sensor with a 320 x 240 pixel resolution and a Fire-Wire interface. The new
sky camera is installed and working but has not yet been incorporated into the
operational software.

Testing with MOBLAS-7

To checkout the system timing, pointing and receive electronics, we took many passes
with MOBLAS-7 acting as the transmitter for SLR2000. These tests took two forms:
(1) transferring the receive time from the MOBLAS-7 discriminator to the SLR2000
event timer with a cable running between the systems (start/stop via cable), and (2)
receiving the actual return light with the SLR2000 quadrant detector. In both cases the
MOBLAS-7 fire time was transferred to SLR2000 via cable.

Analysis showed (1) good pointing for SLR2000 (these tracks required no biases to
maintain the returns), (2) comparable results between MOBLAS-7 and SLR2000 for
data RMS when the cable was used to transfer the MOBLAS-7 fire times, and (3) in
general a higher return rates for HEO satellites at SLR2000, due to its singe photon
detection capability. Examples of the full rate data RMS for various passes are given
in the table below.

Figure 3 shows an example of the LAGEOS return rates for MOBLAS-7 and
SLR2000 with MOBLAS-7 providing the fires for both systems and SLR2000
receiving the return light with the quadrant detector.
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LAGEOS RMS (mm)

MOBLAS-7 Start/Stop via cable: 10
SL.R2000 quadrant detector: 25-40
ERS-2/ENVISAT RMS (mm)

SL.R2000 quadrant detector: 20-25
GLONASS-87 RMS (mm)

MOBLAS-7 Start/Stop via cable: 15
SL.R2000 quadrant detector: 35-45
ETALON RMS (mm)

SLR2000 quadrant detector: 50-60

Lageos-2 9/18/2006 03:34
SLR2000 / Moblas-7 Return Rate Comparison
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Figure 3: LAGEOS return rates for SLR2000 (top curve) and MOBLAS-7 (bottom curve)
when MOBLAS-7 was used as laser transmitter (5Hz) for both systems.

Satellite ranging with the 2 kHz eyesafe laser

In the last several months SLR2000 has been ranging to satellites using its own eye-
safe 2 kHz laser and pointing the telescope ahead. This configuration removes the
need for the Risleys to point the laser ahead, but prevents daylight operation due to
the need to keep the receiver field of view open to 25 arcseconds to cover the point-
behind angular deviation from the point-ahead.

We have tracked many low earth orbiting satellites as well as a portion of a few
LAGEOS passes. The pass RMS values remain relatively high due to our relatively
wide pulse width laser (250 picoseconds). An example of the raw data from a
STARLETTE pass is shown in Figures 4.

Path to Completion

Our immediate goal for 2007 is to increase our return rate from LAGEOS when
ranging with our 2 khz eye-safe laser. We also need to return to our operational
configuration where the telescope is pointed behind (toward the receive light) and the
Risleys are used to point the laser ahead of the target. In this configuration we will
work on finishing the closed-loop tracking. We expect our return signal rate to
increase measurably when the system is closed-loop tracking.
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Figure 4: STARLETTE pass on 1/11/2007. Left plot shows entire range window with
signal and noise. Right plot is of signal only (as determined by signal processing).

Along with this work, a new in-house laser is being built by Barry Coyle and
colleagues. This 2 khz laser is expected to have a less than 200 picosecond pulse
width with a 100 microJoule to 2 milliJoule variable per pulse output energy. This
laser, which will enable us to track the higher satellites (in particular GPS), is
expected to be delivered near the end of 2007. Our goal is to complete the SLR2000
prototype system in calendar year 2007 and perform a collocation with MOBLAS-7 in
early 2008.
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Abstract

Using the Graz full rate kHz SLR data, we determined the spin rate and spin direction
of the satellite AJISAI as well as its slow down between 2003/10 and 2005/06. The
high density of the kHz data results in a precise scanning of the satellite’s retro-
reflector panel orientation during the spin motion. Applying spectral analysis
methods, the resulting frequencies allow identification of the arrangement of the
involved laser retroreflector panels at any instant in time during the pass. Using this
method, we calculated the spin rate with a high accuracy (RMS of 4.03 x-10* Hz),
and the slow down of the spin rate during the investigated period with a magnitude of
0.0077497 Hzlyear. We obtained these results from routine SLR tracking data, i.e.
day and night observation, without any additional hardware.

Introduction

The Japanese geodetic satellite AJISAI, launched on August 13, 1986 into a 1500 km
circular orbit with a 50° inclination, is a passive sphere with a diameter of 2.15 m [1].
The surface is covered with 318 sunlight reflection mirrors for visual tracking and 120
laser retro reflector (LRR) panels each carrying 12 corner cube reflectors for SLR [2]
(see Fig. 1). The satellite’s axial rotation causes the mirrors to produce visible flashes
of reflected sunlight, which are observable on Earth [4]. This in principle allows a
precise determination of the spin rate, but, however, requires dedicated photometric
equipment at the ground station. Furthermore, these observations can only be made
during night time, and for limited time spans where the satellite is illuminated by the
Sun. This method was applied for AJISAI in Japan only in the frame of a few
campaigns.

AJISAI was put into orbit with an initial spin rate of 40 rpm, and with the spin axis
parallel to the Earth’s rotation axis. With the method of photometric timing an axial
rotation of 0.67 Hz was measured after launch [5], slowing down to 0.57 Hz by
October 1997 [2].

In the present study AJISAI’s spin rate has been investigated using the full rate kHz
SLR observations of the Graz laser station and was determined to be 0.5064 Hz in
July 2005. The main reason for this slowdown is the eddy current resulting from an
interaction between the satellite’s metallic parts and the Earth’s magnetic field [2].

While standard SLR measurements are usually done at a 5 or 10 Hz repetition rate,
the SLR station Graz was upgraded and is operating a 2 kHz laser system since
October 2003. Due to the capability of detecting return pulses with as few as a single
photon, the return rate from AJSAI comes close to 100 %, even with the low energy
per shot 400 pJ) of the Graz SLR system. The 2 kHz repetition rate produces up to 1
million measurements per AJISAI pass, which has a duration of typically 16 minutes.
This amount of data represents a very dense temporal sampling of the satellite’s
rotating surface, which allows an accurate determination of the spin parameters.
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Fig. 1. Geodetic satellite AJISAI. Fig. 2. Schematic distribution of the
LRR panels
The LRR panels are almost uniformly distributed over the surface, arranged in 15
latitudinal rings [2]. There are 5 rings with 12 LRR’s, 4 rings with 9 LRR’s, 2 rings
with 6 LRR’s, and 4 rings with 3 LRR’s each. The schematic distribution of these
LRR panels in terms of latitude and longitude is shown in Fig. 2.

Ranging Simulations

Due to the axial rotation of AJISAI and the well separated reflector panels, the
distance from the observer to each panel varies periodically. The periods are given by
the spin rate of the satellite and the number of panels of the involved ring. The
amplitudes depend on the dimension of the sphere, the distance between the panels
and on the incidence angle of the laser beam. Based on the known location of each
reflector panel on AJISAI [6], a ranging simulation was made which clearly shows the
expected periodic distance variation.

Fig. 3 shows a full 360° rotation viewing with an incident angle of —18.125° from the
satellite’s equator, which contains 12 reflector panels, consisting of 3 groups with 4
panels each. The distances between these 3 groups are slightly larger than the
distances between the panels within each group (Fig. 2). The resulting pattern shows
the corresponding peaks, with 3 larger gaps (at 100°, 220° and 340° longitude) in
between.

Spectral analysis of kHz data

In order to verify these simulation results, using the Graz kHz SLR measurements, we
calculated a reference orbit from the standard SLR predictions and subtracted the
calculated value from the measured distance. A low order polynomial was
approximated and subtracted from the residuals in order to remove the remaining low-
frequency part (approx. a few minutes in time) of the observations, but keeping the
high-frequency variations (less than a few seconds) originating from the rotating
reflector panels.

Fig. 4 shows range residuals for a 2 s interval (1 full revolution) of a routinely
observed AJISAI pass.. The residual plot clearly shows the bigger gaps (longer
ranges) due to the larger distances between the 3 groups as well as small variations in
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for comparison with the simulation shown in Fig. 3

between due to 2 different rings. This residual analysis coincides well with the
corresponding simulation shown in Fig. 3.

Frequency Analysis using FFT versus Lomb

Usually, SLR systems do not reach a 100 % return rate, even in good weather
conditions. Due to the resulting gaps, the measurements are in general not equidistant
in time and therefore the Fast Fourier Transform (FFT) method cannot be directly
applied for a frequency analysis. In order to use FFT for the given AJISAI range
residuals, the data gaps may be interpolated, but, however, this may induce new
frequencies and decrease the accuracy of the results [8]. In [2], the Lomb method for
spectral analysis of non-uniformly distributed data was suggested as a useful
alternative. This method can handle non-equally spaced data and provides an
approximation of the spectrum using the least-squares method.

Connecting Frequencies with AJISAI Geometry

Applying the Lomb method to the residuals of a 10 seconds interval of an AJISAI
pass (see Fig. 5), a number of spectral peaks due to the distance variations can be seen
clearly. The frequencies of 1.5, 3.1, 4.6 and 6.1 Hz are multiples of AJISAI’s basic
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spin rate of about 0.5105 Hz in January 2005, and the number of LRR panels (3, 6, 9
or 12) of the involved ring. The higher frequencies of 7.57, 9.09, 10.60 and 12.12 Hz
are generated by simultaneous contributions of LRR of two or more adjacent rings.
For instance, the clear spectral peak at 12.12 Hz in Fig. 5 cannot be associated with
any single ring, but is produced by the combination of two 12-retro rings.

100 T T T
T +1 S 14 1 . 1

Residuals in 2-way ps

_ 2| 1 - I - 1
82204 82266 82268 82270 82272 82274 82276
Time [Seconds of Day]

Normalized PSD
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0 2 4 6 8 10 12 14
Frequency [Hz]

Fig. 5. Twelve seconds interval of 2-way residuals in time and
frequency domain (DOY 019/2005, multiple rings visible).

Spin rate slow down

It was shown that each calculated frequency corresponds to a specific number of LRR
panels. The ratio between frequency and the number of panels of the corresponding
ring gives the exact spin rate of AJISAI. The frequency generated by the 3 LRR rings
was not used for spin rate calculations, because they generate lower spectral power
and lower resolution than the 6, 9 or 12 LRR rings.

For the frequency analysis we selected only passes with high data density (> 300 k
returns) observed between 2003/10 and 2005/06. From these passes we used only data
of a 1.5 minutes interval centered at the closest approach, containing more than 40 k
returns, in order to keep the computation time within reasonable limits (a 3 GHz PC
still needed 5 days to analyze the 195 selected passes).

Because the measured spin rate is an apparent spin rate it was corrected for the
apparent effect in order to get the sidereal spin rate (see details below). The resulting
spin rates for this time span show a well defined slow down rate of 0.0077497 Hz /
year (Fig. 6), coinciding well with AJISAI’s spin rate slow down calculated for 1997-
1999 [2].

Apparent Spin and Spin Direction

The apparent spin rate of a satellite observed at any site on Earth is affected by the
axial spin as well as by its orbit around the Earth and by the Earth rotation itself.
Therefore the apparently measured spin has to be corrected for these effects, in order
to obtain the sidereal spin of AJISAL.
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Fig. 6. AJISAI spin rate decrease determined from the averages of 6, 9 and 12 retro ring spin
rates for 195 passes between 2003/10 and 2005/06. The linear fit to these average values
yields a slow down rate of 0.0077497 Hz / year, with a standard deviation of 0.000403 Hz.

As an example, we calculated the spin rate of an AJISAI pass of 2005/01/19 (again
for a period of 1.5 minutes around the closest approach). However, in this case, we
selected only short slots of 12 seconds (containing at least 5000 residuals), calculated
the spin rate with the same approach as above, then shifted the slot time by 6 seconds,
and repeated the procedure.

This results in a clearly visible — apparent — increase of the spin rate near the
maximum elevation (71.9° for this pass) as shown in Fig. 7, where the values are
given together with the corresponding calculated apparent spin rate. The clearly
visible outliers at about 82050, 82150 and 82250 seconds can be correlated with
according ring transitions, identifiable by detailed analyses of the residuals. The
results confirm the high sensitivity of kHz SLR data for the determination of satellite
spin rates.
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Fig. 7. Apparent spin motion as observed from the SLR site.
Measured rates (diamonds) vs computed values (solid line).
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We assume that the spin direction of AJISAI a priori is not known. From sequences of
observed LRR ring transitions in most passes we have evidence that the spin axis is
still at least approximately parallel to the Earth axis. Because the closest approach
(CA) of the selected pass was at about 160° / 71.9° (as seen from Graz), and the
apparent spin shows a slight increase (Fig. 7) at CA, we can conclude that AJISAI is
spinning in a clockwise direction.
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Abstract

Using kHz data of the SLR station Graz, spin parameters of the satellite Gravity
Probe B (GP-B) are derived; these include spin period and its change over a 1.5 year
period, as well as spin direction, and spin axis orientation. The results are compared
to the actual data sets - as determined by the GP-B mission itself — thus allowing
independent confirmation of the kHz SLR derived results.

Introduction

GP-B was launched on April 20™, 2004, into a polar orbit at 640 km altitude. During
its measurement phase, the spacecraft was spinning slowly - with about 77.5 seconds /
revolution - around its central axis, defined by a telescope at one end, and the laser
retro reflector (LRR) array at the other end. Its orientation was maintained always to
point with high accuracy to the star IM-Pegasus; the direction to this star is measured
with the on-board telescope with a stability of 0.1 milliarcseconds per year [1] (ed.).

The LRR array (Fig. 1) on GP-B consists of 8 retro reflectors in a ring-like formation,
and a central LRR [2]. While such an arrangement only spreads standard SLR
measurements, the high resolution of kHz SLR allows to scan the single reflectors, to
identify their motion due to the spin of the satellite, and to derive all GP-B spin
parameters from kHz SLR data.

Spectral Analysis of kHz SIr Data

The spectral analysis of kHz SLR data is based on residuals obtained by subtracting
the calculated, predicted orbit, from the measured distances. Fitting a low order
polynomial to these residuals allows elimination of outliers, but keeps the oscillating
signal of the eight rotating LRR’s (Fig. 2, top).

2 N
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—
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Fig. 1: GP-B Laser Retro Reflector (LRR) Design
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Fig. 2: Residuals of a 280 seconds segment of a GP-B pass of DOY 211/2005 (top);
frequency spectrum generated by these residuals (bottom).

The Lomb method of spectral analysis was suggested in [3] alternatively to the Fast
Fourier Transform (FFT), allowing for non-equally spaced data, as it is the case for
such SLR measurements. The FFT could still be used if the data gaps were
interpolated, but this would introduce unwanted frequencies. Therefore the Lomb
method was preferred.

Taking into account the known inertial spin period of GP-B (77.5 seconds per
revolution) during phase A (Fig. 3), and the 8 retro reflectors per revolution, we
selected passes with at least 100 seconds to analyze a minimum of 10 oscillations, to
get reliable results for the spectral power (Fig. 2, bottom).

This spectral power varies from pass to pass, with the data gaps and the length of the
pass being the main corrupting factors. The analysis has been performed also on
selected intervals of the longer passes, with high data density, as an additional
verification of the frequency obtained for the complete pass.

Spin Period Trend

From all GP-B passes measured by Graz kHz SLR, we selected those with more than
50,000 returns per pass. Applying the Lomb analysis to these passes, we found three
different regions of spin periods after the initialization period, as soon as SLR
measurements started (Fig. 3, top): phase A: from 10.08.2004 until 6.09.2005, the
mean spin period was about 77.5 seconds; phase B: the spin period changed to about
125 seconds; after 11.01.2006 (phase C), the spin period analysis shows an unstable
behavior, as expected after termination of the active phase of the GP-B experiments
(Fig. 3, top). Comparing the SLR derived spin periods with the GP-B based data set
for phase A (Fig. 3, bottom), the RMS of the differences is 4.99 seconds.
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Fig. 3. GP-B spin period variations. Dots indicate spin periods as measured on-board;
circles (0) show results of kHz SLR spectral analysis. Bottom: Expanded view for phase A,
showing RMS of 4.99 seconds.

Apparent Spin

Although the spectral analysis already yields clear results — coinciding with the GP-B
on-board measured data sets (Fig. 3) -, the accuracy is not as expected: the frequency
peak (Fig. 2, bottom) is well defined, but rather broad; and the RMS of the differences
between kHz SLR based periods and the on-board spin measurements (Fig. 3)
amounts to rather high 4.99 seconds for phase A.

Simulating the measured GP-B passes, using all known parameters (GP-B orbit, Earth
rotation, fixed pointing of GP-B to IM-Pegasus, inertial GP-B spin period as
measured by the spacecraft itself, geometry of the retro reflectors, as well as their
range corrections, etc.), the influence of the apparent spin - the satellite’s spin as
observed from Earth — was identified as the main reason (Fig. 4). GP-B’s spin period
Is about 77.5 seconds; because the satellite moves along its orbit considerably during
this time, the apparent spin period for even the short part (151 seconds) of the pass in
Fig. 4 changes from initial 72.8 seconds (9.1 x 8 retro reflectors) to 70.4 seconds (as
determined from peak-to-peak distances; Fig. 5). This change in apparent spin period
is the main reason for the mentioned inaccuracies in the spectral analysis. In addition,
the change of the incident angle of the laser beam causes a decrease of the
“modulation depth”, as indicated by the line in Fig. 4.

Spin Period Determination Using Simulation

Due to the low spin rate of GP-B, it is not possible to apply the apparent spin directly
to the spectral analysis results, as it has been done in [4]; we therefore checked other
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Fig. 4:. Simulation of GP-B pass DOY 211/2005; spin period slightly changing due to
apparent spin. The line shows the decreasing “modulation depth™ during the 151 seconds.
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Fig. 5a: GP-B pass of DOY 122 / 2005, Top: Residuals; about 79200 points in 151 s; bottom:
solid line: averaging; 75.9 s from first to last peak (Tmeas)-

methods to calculate more accurate, inertial spin periods for GP-B using our kHz SLR
data.

The simulations, as described above, proved to be a good and powerful tool: for each
measured pass, we determined the time period from first to last peak (Fig. 5a, Trmeas);
the same pass was simulated also (Fig. 5b, Tsim); however, the inertial spin period of
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GP-B was used here as parameter, varying its value from -50 to —100 seconds, and
from 50 to 100 seconds, in steps of 0.01 seconds. If the estimated and the true inertial
spin periods coincide, the measured and the simulated T values for the same epoch
times should be the same. In Fig. 6, the differences Tpmess - Tsim for 100 phase A passes
are plotted, allowing for both spin directions. The zero-crossings of these differences
determine the inertial GP-B spin periods.

GPB12218 | 2005-05-02 | Spin period = 77.50 sec | Spin axis orientation LON = 343.26 deg, COL=73.16 deg
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Fig. 5b: Simulation of same pass of DOY 122 / 2005: T iS same as Tpeas at Same epoch time,
when simulating with inertial spin period of 77.50 seconds.

Applying this method to 86 GP-B passes of phase A (selected to contain at least 5
peaks), the resulting spin period values coincide well with spin data as measured by
GP-B (Fig. 7a); the accuracy of the resulting inertial spin period is improved now,
with an RMS value of 0.98 seconds (Fig 7b).
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Fig. 6: Differences between Tpeas and Tsim for 100 passes of phase A; CCW (left) and CW
(right) spin directions have been simulated.

time difference [s]

Spin period [s]

Determination of Spin Direction

We define clockwise (CW) and counter clockwise (CCW) spin direction here as the
spin of the spacecraft when looking on the LRR in pointing direction of GP-B. This
spin direction of GP-B is a priori not known to us. To determine it using the kHz SLR
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data, both spin directions were simulated (Fig. 6).

The results in Fig. 6 indicate that GP-B spins CW, because the spread of the result
here is much less than for the CCW simulation.
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Fig. 7a: GP-B spin period for 86 passes during phase A; positive values are for CW spin,
negative for CCW spin assumed; solid lines at #77.5 seconds indicate results of on-board
spin measurements.
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Fig. 7b: Spin period for 86 passes of phase A with at least 5 peaks: differences to on-board
spin period measurements; RMS of differences is 0.98 seconds.

Determination of Spin Axis

Due to their periodically varying distances as seen by the SLR measurements, the
eight laser reflectors generate specific patterns within the return data set, with a
“modulation depth” depending on the incident angle between laser beam and GP-B’s
axis (Fig. 8).

This change of the modulation depth within the pass can be used to evaluate the
incident angle (Fig. 8, bottom) and thus at least one orientation angle of the satellite.
However, this method proved to be more inaccurate than expected, mainly due to the
limited resolution of the modulation depth determination; the instrumental jitter of
about 3 mm RMS of the Graz kHz SLR system for GP-B is not really adequate to
determine the modulation depth variations of 0 to 6 mm with sufficient accuracy.

Looking for a more suitable method to determine spin axis, the comparison between
simulations and measurements once more proved to be appropriate. For this purpose,
the returns from the 9™ or central retro reflector, which are vaguely visible in a few
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passes, were used additionally (Fig. 9). Fitting a parabola to these returns, and
determining the minimum value of the oscillations of the other 8 retro reflectors (Fig.
10), allows to fix the minimum distance between the upper and the lower curve (D),
and the corresponding epoch time.

GPB12215 : Residuals
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Incident angle [deq]

0 30 B0 T 120 Time [s]

Fig. 8: GP-B pass of DOY 122/ 2005: “Modulation depth” decreases during the pass (top);
applying the known geometry of the retro reflectors, the incident angle of the laser beam can
be determined (bottom).

Running now simulations for this pass, spin axis longitude and colatitude (i.e. spin
axis direction) were varied in steps of 1° each; for each spin axis direction, the spin
period was calculated with the same method as described above. The goal was to find
a combination spin period and spin axis direction, so that epoch time differences
(between 9™ retro parabola minimums of measurement and simulation) and range
differences D (between simulations and measurements) are zero or close to zero.

Fig. 11 plots these differences between simulations and measurements; on the X-axis
the differences in epoch time, on the Y-axis the differences in the distances D are
shown; each line (set of points) represents solutions for different spin axis longitudes,
and each point on these lines represents a solution for different spin axis colatitudes.
The lowest line indicates a longitude of 320°, step size is 1°; zero for epoch and range
differences means that the correct spin axis angles have been used in the simulation,
as well as the correct inertial spin period; using this rough graph, the approximate
longitude solution is between 340° and 341°, and the approximate colatitude between
73° and 74° (Fig. 11, left).

Using these values as boundaries for a more detailed simulation run with step sizes of
0.1°, we get about 341.4° for longitude, and 73.3° for colatitude, at an inertial spin
rate of 77.42 seconds (Fig.11, right).

Two more GP-B passes were analyzed in this way, and the spin axis parameters
determined; all results were coinciding with the on-board values with good accuracy
(Table 1): standard deviation of the differences is 1.6° for colatitude, 1.77° for
longitude, and 0.6 seconds for spin period.
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Table 1: Comparison of complete spin parameters for 3 GP-B passes.

Colatitude Longitude Spin period
Pass date
[deg] [deg] (5]
Calculated | IM-Pegasus | Calculated | IM-Pegasus | Calculated On board
measurements
2004-11-22 18:08 733 7316 341.4 343.26 7742 77.48
2005-04-04  3:23 7.7 7318 339.9 343.26 76.30 7783
2005-07-29 1:48 74.9 7316 341.2 343.26 77.05 77.48

Conclusions and Future Aspects

Using only kHz SLR data to derive spin parameters of satellites, opens completely
new possibilities and areas for present and especially for future missions; larger
separations between the individual elements of the retro reflector arrays automatically
would increase the resulting accuracy. Suitable LRR geometries - to allow the
identification of returns from single retro reflectors - enables complete spin axis
determination from kHz SLR measurements. To get a more uniform distribution of
returns from retro reflectors at different locations on the satellite, it would be easy to
attenuate all echoes to the single photon level, resulting e.g. in the GP-B case in a
much clearer identification of the 9" retro returns (Fig. 9, 10).

As more such kHz SLR stations will be operational in the very near future
(Herstmonceux in the UK, SLR 2000 in USA), the availability of kHz SLR data sets
will increase, allowing even more accurate spin parameters determination. As the
satellite’s payload for SLR is only a passive retro array, without any need for power
supply or transmission bandwidth — and without major concerns about operational life
time - , it might be a good main or backup device to obtain independently spin
parameters of satellites, in addition to its main task of precise orbit determination via
SLR.
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Abstract

kHz SLR data contains unique information about the measured targets; this
information allows e.g. determination of spin parameters (spin period, spin direction,
spin axis orientation) of various satellites, using various methods for different spin
periods / satellites: Spectral analysis for spin periods of 2 s (AJISAI (Kirchner et al,
2007)), simulations for spin periods of 77.5 s (GP-B), and comparing simulation
results with kHz data for very long spin periods like LAGEOS-1 (about 5000 s).

For the long LAGEOS-1 spin periods, we developed a method to calculate spin axis
orientation and spin period from Graz kHz SLR data. This method is based on
simulation of returns from each retro reflector, with spin period and spin axis
orientation as input parameters. Varying these parameters, the simulation generates
retro tracks similar to those seen in the kHz SLR data; comparing simulated and
measured tracks, allows determination of spin period, and spin axis orientation.
Applying this method to a set of LAGEOS-1 passes - covering a period of 178 days —
shows also the slow change of the LAGEOS-1 spin axis direction with time.

Keywords: satellite laser ranging, LAGEOS-1, satellite spin
Introduction

LAGEOS-1 and LAGEOS-2 are identical satellites in circular orbits, about 5,900 km
above Earth’s surface. Both satellites are spheres with 60 cm diameter, covered with
426 cube corner reflectors (CCRs) arranged in 20 rings symmetrically with respect to
the satellite equator (Fitzmaurice et al., 1977) . Because the satellites are totally
passive, their orbital motions are affected only by the natural perturbations. In this
paper, we analyse only kHz SLR data of LAGEOS-1, due to its very low spin rate.

Perturbations can be of gravitational, non-gravitational (for example: Yarkovsky
effect, Yarkovsky-Schach effect) or magnetic nature. SLR distance measurements to
the satellites allow precise determination of these orbital perturbations and
consequently identification of their origin. The more accurately we can determine the
effect of perturbations, the more reliably we can obtain the geodynamical parameters
of the Earth, and the relativistic effects in the near space (Ciufolini and Pavlis, 2004).
It is expected that a detailed knowledge of LAGEQOS-1 spin behaviour should improve
the accuracy of such analysis, and will help to identify and confirm the source and
magnitude of the (unknown) perturbations, which are introduced presently as
empirical accelerations in actual models.

Up to now two methods were used to calculate spin parameters of LAGEOS satellites:
frequency analysis of full rate SLR data (Bianco et al, 2001) and analysis of
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photometric observations. The frequency analysis works well if the spin rate is not too
low (e.g. 23.5 s for LAGEQOS-2 in May 2000 gives good results in Bianco et al,
(2001), but is not applicable anymore for larger spin periods, like the expected 5000 s
for LAGEOS-1 in 2004 (Andres et al., 2004). Photometric measurements of
LAGEQOS-1 spin parameters were performed until 1997, when they were ceased
because of a too low spin rate. In total, 57 photometric observations were carried out
for this satellite (Andres et al., 2004), which allowed verification and improvement of
the models of its spin motion. The most accurate model describing changes in the
parameters of LAGEOS-1 spin is LOSSAM (Andres et al., 2004). According to this
model, LAGEOS-1 started the third phase of its life in 1999, where the influences on
spin parameters by magnetic, gravitational and non-gravitational torques are of the
same order of magnitude. Bertotti and less (1991) have predicted that at this phase
LAGEQOS-1, having reached an extremely low spin rate, will start tumbling more and
more, rapidly changing orientation of the spin axis, with chaotic dynamics.

SLR Graz kHz laser measurements

Usually, SLR stations measure distances to satellites with laser repetition rates of 5 or
10 Hz. The Graz SLR station was the first station to measure with a laser repetition
rate of 2 kHz (Kirchner and Koidl, 2004). Because of the very short 10 ps laser
pulses, and the single photon detection system, the measurements are not only very
precise (2-3 mm single shot RMS), but also allow identification of retro — reflector
tracks in the data, easily seen due to their slightly different distances.

After a successfully measured satellite pass, the differences between measured and
predicted distances are calculated. From these residuals the systematic trends are
eliminated, e.g. by using polynomials; plotting these residuals (Fig. 1), different tracks
from various retro-reflectors (or groups of them) can be identified easily. Residuals of
nearer satellite prisms are on the bottom (satellite front), and residuals originating
from more distant prisms are more towards the top in this figure.

LAGEOS-1 pass, 26-04-2004

depth [mm]

20 30Pass time [rin]

Fig. 1. Range residuals of a LAGEOS-1 pass, measured by Graz kHz SLR system,
28-04-2004, 2 a.m. (P1)

The residuals plotted in Fig. 1 refer to a LAGEOS-1 pass of April 28", 2004 (P1).
During the 35 minutes of the pass, more than 500,000 returns were measured. The
majority of the returns come from the nearest retro-reflectors; the detection
probability for returns from more distant retro — reflectors on the satellite’s sphere is
decreasing. The reason for this effect is the geometry between the incident laser beam
and the CCR. Total internal reflection of LAGEOS-1 optical retro - reflectors depends
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on the angle between the incident laser beam and optical axis of the CCR as well as
on the azimuth angle giving the direction of the incident beam about the normal to the
front face of the CCR (Arnold, 1979; Otsubo and Appleby, 2003).

Identification of the single prism tracks — the method

The tracks in Fig. 1 are due to the passage of retro — reflectors through the field of
view of the telescope; thus they contain information on the satellite spin (Arnold et
al., 2004). To recognize spin parameters out of the geometry of these spin tracks we
developed a new method based on simulations of SLR measurements. The model
used in these simulations is divided into two parts. The first part (macro-model)
contains the Earth’s rotation, the site position in ITRF2000 (Altamimi et al., 2002)
and the orbital motion of the satellite. The second part (micro-model) contains the
retroreflector-array arrangement and the range correction function (Fitzmaurice et al.,
1977). In present study the model does not contain CCR transfer function (Arnold,
1979). The range correction function describes the photon’s time of flight delay when
the photon is going through the glass of the CCR. This correction depends on
refractive index of the glass and the angle of incidence.

The geometry of range residuals distribution depends on spin parameters of the
satellite: spin axis orientation and spin period. To calculate spin parameters it is
necessary to determine epochs of the spin tracks and their tilt angles. The pass shown
on Fig. 1 contains horizontal and tilted CCR tracks.

LAGEDS-1, 28-04-2004
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Fig. 2. Range residuals distribution: Ty - epoch range of horizontal tracks, T, - epoch range
of a-tilted track, pass start 28-04-2004, 2 a.m.

By using simulations it is possible to generate range residuals for every CCR
distributed over the visible satellite’s surface. Figure 3 presents examples of simulated
CCR’s trajectories for different spin parameters of the pass presented on Fig 2. For
both charts spin period remains the same, but the second case was generated for
different spin axis orientation: both angles (longitude and co-latitude) were increased
by 10°. The geometry of the CCRs trajectories is very sensitive for spin parameters.
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Fig. 3. Simulations of the CCR's trajectories for the pass presented on fig 1, for both cases
spin period stays constant, but spin axis orientation for the bottom situation is shifted by 10°
in longitude and colatitude.

Spin parameters determination

The LAGEOS-1 pass shown in Fig. 2 (P1) shows two significant kinds of range
residuals distribution - horizontal and o-tilted - which allows determination of the
satellite’s spin rate. LOSSAM predicts a spin period of about 5,000 s for LAGEOS-1
for the first half of 2004. Therefore we simulated range residuals for the pass P1 for
spin periods Ts from —8,000 s to —3,000 s and from 3,000 s to 8,000 s with 50 s steps,
and for all spin axis orientations with 1° steps.

Figure 4 shows results of simulations for all possible spin axis orientations (longitude
and colatitude), for a spin periods of Ts=-6,000 s and Ts=6,000 s. The top chart
presents amounts (right scale — color bar) of a-tilted spin tracks in T, epoch range for
all spin axis orientations, the middle chart presents amounts of flat spin tracks in Ty
(Tq and Ty are given for the pass presented on Fig. 2). During all simulations the
algorithm was searching for simulated a-tilted CCR tracks within o =5 deg. The
bottom charts (Fig 4) show the sum of the top and the middle charts, evaluated pixel
by pixel; as can be seen, for some spin axis orientations both kinds of spin tracks can
exist. Such common spin axis orientation areas are the biggest for —6,000 s (counter-
clockwise rotation) and 6,000 s (clockwise rotation), therefore those spin periods were
chosen for further investigation.
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Spin period 6000 5 Spin period 6000 s
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Fig. 4. Simulation results for spin period of Ts=-6000 s (left) and Ts=6000 s (right); Top:
Amounts of a-tilted spin tracks; Middle: Amounts of horizontal spin tracks; Bottom: Sum of Top
and Middle, pixel-by-pixel

LAGEOQS-1, 28-04-2004

an 9

Range residuals [mm]

1] 10 20 : ;
Time [min
| Ty, [min]

Fig. 5. Range residuals of LAGEOS-1 pass tracked 12 hours later (P2),
pass start 28-04-2004, 2 p.m.

For both spin periods it is possible to detect two different solution areas (Fig. 4, the
bottom charts), due to the symmetrical arrangement of the CCRs over the surface of
the satellite. After processing four solutions were obtained, two for CW and two for
CCW spinning. To identify which is the real one we used a LAGEQOS-1 pass (P2)
tracked 12 hours after the main pass (P1) — Fig. 5.
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Supposing that spin parameters of the satellite will not change significantly during 12
hours (from pass P1 to pass P2), one of the solutions determined for P1 should be the
solution also for pass P2. Figure 6 presents three charts; the top one shows spin axis
orientation solution for P1 and the middle chart for P2. The bottom chart shows
common area of solutions for these two passes (pixel by pixel comparison); the
appropriate spin axis orientation for both P1 and P2 was calculated as a mean value of
this area.

Spin period B000 5

Colatitude [deg]

Colatitude [deg]

Combined Datatap

Colatitude [deg]
w
[=]

| I I |
0 =] 18 270 360
Longitude [deg)

Fig. 6. Simulation - results; Top and middle: solutions for passes P1 and P2; Bottom:
common area of the solutions

Using this pass-to-pass method reduces the amount of possible solutions from four to
one; the spin parameters of LAGEOS-1 calculated from these two passes are: spin
period (CW) Ts=6,000 s, spin axis orientation: colatitude=103.8 deg, RMS=3.66 deg,
longitude=224.2 deg, RMS=3.76 deg. All parameters are expressed in the J2000
inertial reference frame.

This pass-to-pass method was used to process 33 passes during 178 days of year
2004. Figures 7 and 8 present results for colatitude and longitude of spin axis
orientation. The results were obtained for spin period Ts=6,000 s, mean value of RMS
for all colatitude results is RMScoL mean=5.87 deg, and for longitude
RMSLON_mean:7-19 deg

For both angles the scatter around the fitted trend function is visible and has similar
magnitude. That may be caused by inaccuracy of the used method or even by chaotic
changes of the spin axis precession. The trend function of colatitude values shows
sinusoidal decreasing during the investigated time period, while the longitude angle is
more stable.
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Fig. 7. Time-series of colatitude angle observations of the spin axis of LAGEOS-1, and trend
function
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Fig. 8. Time series of longitude angle observations of the spin axis of LAGEOS-1, and trend
function

Conclusions

The analysis presented in this paper identifies spin tracks in kHz SLR measurements
to LAGEOS-1, and uses them to fully determine the spin parameters of this very
slowly spinning satellite. This was possible by identifying the geometry of the
observed tracks and looking for similar geometries in simulations generated for
various spin parameters. This process allows to find several possible solutions, but
with the pass-to-pass method it is possible to find a single common solution for two
consecutive passes. This method can be applied only when spin parameters do not
change significantly between the two analysed passes. Only one out of 33 investigated
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passes contains both horizontally and a-tilted CCR tracks, which are both necessary
to determine the spin period of the satellite. The simulation model used for presented
investigation is missing CCR energy transfer function, thus obtained results contain
additional error. The transfer function will be taken into account with next version of
the model and then analysis process will be repeated.

The accuracy of our method is a few times worse than that of photometric
measurements. However, for long spin periods kHz SLR measurements and this
simulation-based method is the only source of information about spin parameters of
LAGEOS-1.

kHz SLR measurements, as started for the first time at the Graz SLR station, have
opened new possibilities, allowing determination of the satellite spin parameters when
all other methods fail. Additionally, the expected increase of the number of kHz SLR
stations in the near future will improve the accuracy of spin parameter determination
by a few orders of magnitude.
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Abstract

During night-time kHz SLR operation in Graz, we use an ISIT camera to see
satellites, stars, and also the backscatter of the transmitted kHz laser beam (Fig. 1).
This backscatter image of the laser beam shows a beam pointing jitter in the order of
several arcseconds, caused by the actual atmospheric conditions (““Seeing™).

Using real time image processing, we determine the area of this beam pointing jitter,
and derive the actual astronomical seeing values. These values depend not only — as
usual for optical astronomy - on actual atmospheric conditions and on elevation of
telescope, but also on the angular speed of telescope motion. In addition, the seeing
values are considerably bigger (worse) during winter time, when — due to heating and
poor isolation of the Graz observatory - the air above the observatory roof is
significantly more turbulent than during the other seasons.

This beam pointing jitter due to atmospheric turbulence can reach a similar
magnitude as the laser beam divergence; it spoils our pointing accuracy, affecting
our return rate especially from higher satellites. To reduce these effects, we are
planning to use a fast steering mirror, which is controlled by the ISIT image derived
laser beam pointing offsets.

Introduction

The ISIT camera observes the backscatter of the transmitted laser beam; the image is
transferred into the PC via a standard frame grabber. The software (written in C++)
now uses the brightness of each pixel, to find out the borders of the laser beam image,
and to determine the coordinates of the peak. The offset of the peak from the center
(as defined by the illuminated reticle, visible in Fig. 1), is kept as a result for each
processed image. This image processing at present is running with 25 Hz, and can
handle each ISIT image.

The offsets of the laser beam pointing show variations in the several arcsecond range,
and with frequencies between few Hz up to 25 Hz.

Possible reasons for the Laser Beam Pointing Jitter (other than atmosphere)

To verify that this jitter in laser beam pointing is NOT caused by the laser itself, we
installed a Laser Beam Monitor at the exit window of the laser box (Fig. 2).

A mirror reflects a small portion of the laser beam (<< 1%) on a CCD chip; the CCD
image is monitored by a PC, with up to 30 fps; for each image, the PC calculates the
center coordinates (X/Y) of the laser beam, and stores single frame center coordinates
and / or averaged values. This data sets (Fig. 3) show that the pointing stability of the
laser at the output window of the laser box is in the order of a few microrad (<< 17,
more or less within the measurement accuracy); there is no indication of a laser beam
induced pointing jitter, as seen in the atmospheric backscatter images. The only
visible effect is a very fast (few seconds) warm-up time at start of firing (Fig. 3)
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Fig. 1: ISIT image, with laser beam backscatter, laser beam peak as determined by image
processing, and its offset from the center. This offset shows a pointing jitter due to
atmospheric turbulence
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Fig. 2: Laser Beam Monitor

Another possibility for the observed laser beam pointing wobble is the mount itself;
but tests with fixed mount showed the same wobble of the laser beam pointing.

Laser Beam Pointing Jitter: It is due to atmosphere !

We concluded that the Laser Beam Pointing Jitter is caused by atmospheric micro-
turbulences (atmospheric “seeing”); after talking with astronomers working in Graz,
we expected seeing values of about 2-4 arcseconds as an average, with expected
frequencies from a few Hz up to a few 10 Hz.

However, our measurements usually showed higher seeing values, ranging from about
3” up to more than 8”; there are several reasons for that:

e The fast moving SLR telescope, instead of a more or less constant pointing (or
only slow moving) astronomy telescopes; the atmospheric conditions during
SLR tracking are therefore changing much faster;

e Heating of the — almost NON-isolated — observatory in cold winter nights; the
leakage causes heating of the surrounding air, which heavily degrades seeing;
and most astronomy work at the Graz observatory is done usually in autumn,
with almost NO heating of the rooms;
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e SLR in Graz is usually done down to 10° elevation and lower, where seeing
values are increasing.
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Fig. 3: X/Y coordinates of Laser Beam Center, 10 minutes of routine SLR operation.
What are the effects for SLR ?

The minimum laser beam divergence of SLR Graz is about 5”; with a pointing jitter
caused by seeing values up to 3” to 8” (and sometimes worse) the “hit rate” or
pointing accuracy will decrease (Fig. 4), reducing the return rate.
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___________
———————
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Fig. 4: Atmospheric turbulences cause laser beam jumping
Verifying the Seeing Values

To check and verify the seeing values, as measured by the beam pointing jitter, we
used the standard DIMM (Differential Image Motion Monitor; Hartmann — Shack)
method: With an additional, standard telescope we observed e.g. the polar star; a mask
with 2 small holes at a specified distance is placed at the entrance pupil of the
telescope (Fig. 5); a CCD (defocused; placed with some offset from the focal plane)
monitors the 2 spots created from the star light and the two holes; all images are
stored on the PC.

The atmospheric turbulences cause the dual star images to move relatively to each
other; this relative motion is measured in the PC, and allows calculation of the
atmospheric seeing values.

A typical result of such seeing measurements is shown in Fig. 6; showing an average
seeing value of 3” to 4”; it was made in summer time (no heating), at 45° elevation
(polar star) and with constant pointing (star).

Seeing Values Derived from kHz Laser

Using the ISIT-Camera and the image processing programs- as described at the
beginning - we monitored the atmospheric seeing values automatically during routine
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SLR operation for several months; due to the method, we were able to collect seeing
values along each tracked pass, and to correlate it with azimuth and elevation of each
pass. As an example, an AJISAI pass with about 50° maximum elevation is shown in
Fig. 7; tracking started / stopped at about 10° elevation; the correlation between
elevation and seeing is obvious for this pass; however, other passes showed
sometimes completely different values. Such a different pass is shown in Fig. 8: an
ENVISAT pass, with a maximum elevation of <30°, starts with the usual decrease of
the seeing value with increasing elevation; however, it then shows a significant
INCREASE.
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Fig. 5: Differential Image Motion Monitor (DIMM) / Hartmann — Shack method.
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Fig. 6: Seeing Values measured with DIMM: Summer night, polar star used.
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Fig. 7. Ajisai: day of year 2006 / Day 037: Seeing changes with elevation.
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The explanation for such a strange behaviour: At this time we started to track (at 90°
azimuth) along / above the observatory, where the leakage of the heated building
caused increasing turbulence, and hence increasing seeing values (Fig. 9).

Future plans:

We will continue to monitor atmospheric seeing values along the laser beam path
during routine SLR operation at night; at least we should get some valuable statistics
about the seeing values at the observatory (no such records exist here up to now). In
addition, there are plans to install a Fast Steering Mirror (FSM) at the laser bench, to
be able to compensate at least partially the beam pointing jitter, using the actual
pointing offsets of the laser beam as derived from the ISIT images as control input to
the FSM. The goal is to increase return rate from high satellites, like GPS, Giove etc.
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