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Extending the range

Almost immediately after the first successful demonstration of the functions of a laser, the technology was used to
carry out satellite and lunar laser ranging experiments at a level of accuracy measured in metres. Of course, the tech-
nique continues to develop and to reinvent itself; the powerful concept of a two-way range estimate via a time-of-
flight measurement of ultra short laser pulses has turned LR into a standard tool of modern global geodesy. Extending
the capabilities and accuracy of this powerful technique is therefore an on-going process within the International Laser
Ranging Service.

The 17" International Workshop on Laser Ranging was held in Bad Kétzting near the Geodetic Observatory Wettzell
in Germany between 16" and 20" May 2011. The growing technical diversity within the SLR technology, that already
marked earlier workshops, continued also through this meeting. The implementation of new technologies, including
high repetition rate lasers, single-photon avalanche photodetectors, and new epoch timing systems have increased
ranging systems’ precision and datayield. It is now common for Satellite Laser Ranging (SLR) systems to interleave pas-
ses of several satellites at a time thereby increasing temporal and special coverage. Systems are now routinely ranging
to satellites at GNSS and geosynchronous altitudes helping to link the GNSS and SLR reference frames and enhancing
time transfer capability. Laser Ranging is one of the space geodesy techniques that defines the International Terres-
trial Reference Frame, an essential standard for measurement of global change, and provides a tool for precision orbit
determination and instrument calibration and validation of space-borne metric systems that measure dynamic proper-
ties of the Earth and the Earth-Moon system.

One-way laser ranging to the Lunar Reconnaissance Orbiter, for example, demonstrated impressively how this tech-
nique can be utilized in interplanetary satellite missions and precision inter-continental time transfer. New mission
concepts like Time Transfer by Laser Link (T2L2, on the Jason-2 altimeter satellite) are pioneering, complex additions
to the well-established retroreflector space segment. Several new mission proposals for planetary exploration of the
recent years are built on optical ranging concepts. This gives rise to the expectation that this trend will continue into
the future.Lunar laser ranging, the branch of space geodesy that has the longest time series available, is one of the
science fields where close constraints are put on tests of general relativity in fundamental physics. Furthermore, lunar
exploration programmes also build on laser ranging technology.

As well as these emerging fields of ranging application, a large variety of technological aspects such as advances in
lasers, timers and signal detectors were discussed and it became obvious that the momentum of improvement that has
taken laserranging from a resolution of several meters only four decades ago to range resolutions of about 2 mm today
is still continuing. As a consequence, strategic considerations like the geographic distribution of the station network
and the need for the combination of laser ranging measurements with those of the other major space geodetic tech-
niques are gaining more and more importance. The emergence of the IAG’s Global Geodetic Observing System, with
its goal of definition and maintenance of a global reference frame at a level of accuracy of Imm, ensures that the laser
ranging technique continuesto face challenges both technologically and in data analysis. As measurement techniques
address these challenges, they push the world of geoscience model development and enhance our understanding of
our Earth environment.

On behalf of the Organizing Committee we wish to thank all participants for their contributions.Your effort has made
this workshop a great success. Furthermore we are gratefulto the city of Bad Kétzting for the outstanding support.
Without this generous help this meeting would not have happened. Finally we wish to extend our gratitude to the local
Organizing Committee and the numerous helping hands, which made this workshop a pleasantand efficient experi-
ence.

Bad Kbtzting, May 17, 2011

Ulrich Schreiber, Michael Peariman, Graham Appleby
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M. Schmidt, N. Graf, H. Huber,R. Kelnberger, J. Aus der Au

18:00 New KHz-capable SLR software in Metsahovi
Arsov K.

18:15 -19:15 Data Formats & Procedures Working Group Meeting
Chair: R. Rickleffs

TUESDAY MAY, 17

Session 6: Modeling and Bias issues (9:00 - 11:30)
Session Chairs: T. Otsubo, D. Thaller, C. Luceri

09:00 Introduction: Introduction to Modeling and Bias Issues: Keynote Paper
Toshimichi Otsubo, Daniela Thaller, and Vincenza Luceri

09:15 Improvements in Understanding Systematic Effects in Laser Ranging Observations
Graham Appleby, Vincenza Luceri and Toshimichi Otsubo

09:30 Improving ILRS products after an in-depth characterization of station biases
V. Luceri, G. Bianco, C. Sciarretta

09:45 GNSS satellites as co-locations for a combined GNSS and SLR analysis
D. Thaller, K. Sosnica, R. Dach, A. J&ggi, G. Beutler, M. Mareyen, B. Richter

10:00 Spin of Ajisai: influence of Solar Irradiation on the spin period and precession of the spin axis measu-
red by the Graz 2kHz SLR system
Daniel Kucharski, Georg Kirchner, Toshimichi Otsubo, Franz Koidl, Mihoko Kobayashi

10:15 - 10:45 COFFEE BREAK

10:45 A New Approach for the Spin Axis Determination of LAGEOS
D. G. Currie

11:05 BLITS: spin parameters and its optical response measured by the Graz 2 kHz SLR system
Daniel Kucharski, Georg Kirchner, Hyung-Chul Lim, Franz Koidl

Session 7: Improving Ranging Accuracy, Calibration and Local Ties I. (11:30 - 12:30)
Session Chairs: |. Prochazka, Y. Artyukh, L. Grunwaldt

11:30 Introduction: Alternative approach to the SLR data precision

I. Prochazka

11:45 ILRS Standardization of Hardware, Software, and Procedures
Randall L. Ricklefs

12:00 Event Timer AO33-ET: Curent State and Typical Performance Characteristics
Artyukh Yu., Bespal’ko V., Boole E., Vedin V.

12:15 Main Directions of Riga Event Timer Development and Current Results
Boole Eugene, co-autors: Artyukh Yu., Bespal’ko V., Stepin V., Stepin D., Vedin V.

12:30 -14:00 WPLTN - Meeting

12:30 - 14:00 - LUNCH -

Session 8: Improving Ranging Accuracy, Calibration and Local Ties Il. (14:00 - 15:30)
Session Chairs: I. Prochazka, Y. Artyukh, L. Grunwaldt

14:00 New technologies for sub — millimeter laser ranging

Ivan Prochazka, Jan Kodet, Josef Blazej, Petr Panek
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14:20 Studies on system stability and calibrations of H-SLR station
Makram Ibrahim
14:40 Ground Survey and Local Ties at the Geodetic Observatory Wettzell
Thomas Kluegel, Swetlana Maehler, Christian Schade
15:00 Can Continuous Cartesian Connections realize local ties at 0.1mm level?
Sten Bergstrand
Session 9: Introduction to the Observatory Excursion (15:30 -16:00)
Coordinator: U. Schreiber
15:30 Recent Progress in Sagnac Interferometry
Robert Hurst (Univ. of Canterbury, Christchurch, NZ)
15:45 Introduction to the VLBI 2010 TWIN Telescopes
Gerhard Kronschnabl (Bundesamt fuer Kartographie und Geodaesie)
16:00 -17:00 COFFEE BREAK
17:00 Transfer to Wettzell by bus
Self guided tour around the observatory, Wettzell-Poster, Discussions + Buffet
=21:00 Transfer to hotels by bus
WEDNESDAY MAY, 18
Session 10: Improving support for GNSS and other challenging missions (9:00 - 11:30)
Session Chairs: G. Kirchner, M. Wilkinson, Zhang Zhongping
9:00 Introduction: Beam Divergence: Introduction, results of measurements
M. Davis
Tracking many GNSS targets: Introduction
M. Wilkinson
9:15 Measuring sub-mm range differences caused by polarization effects
Georg Kirchner, Franz Koidl
9:30 The achievements of the dedicated Compass SLR system with 1m aperture telescope: GEO satellite
daylight tracking and laser time transfer (LTT)
Zhang Zhongping, Yang Fumin, Zhang Haifeng, Meng Wendong,Chen Juping, Chen Wenzhen,
Wu Zhibo
09:45 Comparative verification of return rate on GNSS LRA
Shinichi Nakamura, Ryo Nakamura, Takahiro Inoue, Hiroyuki Noda, and Motohisa Kishimoto
10:00 -10:30 COFFEE BREAK
10:30 Improvements at NASA's NGSLR in Support of GNSS Ranging
Jan McGarry, Thomas Zagwodzki
10:50 Direction of the light displacement vector in laser ranging of the artificial Earth satellites
Yu.V. Ignatenko, I.Yu. Ignatenko, A.A. Makeev and V.N. Tryapitsyn
11:10 Polarisation at SGF, Herstmonceux
Matthew Wilkinson, Toby Shoobridge, Vicki Smith
Session 11: Satellite Subsystems: Retroreflector Arrays (11:30 - 15:15)
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11:30 Introduction: Retroreflector and Retroreflector Array: Keynote Paper
Toshimichi Otsubo, Reinhart Neubert,Scott Wetzel

11:45 Design of LRA for Compass GEO and IGSO satellites and observations
Chen Wanzhen,Yang Fumin,Zhang Zhongping,Wang Yuanming,Li Pu
12:00 GNSS array performance prediction using ZEMAX
Mark Davis
12:15 Considerations for the next GNSS Array

Scott Wetzel, Ed Aaron

12:30 -14:00 -LUNCH -

14:00 ETRUSCO-2: an ASI-INFN Project of Development and SCF-Test of GNSS Retroreflector Arrays (GRA)
for Galileo and the GPS-3
S. Dell’Agnello, G. O. Delle Monache, D. G. Currie, R. Vittori, C. Cantone, M. Garattini, A. Boni,
M. Martini, C. Lops, N. Intaglietta, R. Tauraso, D. A. Arnold, M. R. Pearlman, G. Bianco et al

14:15 World first SCF-Test of the NASA-GSFC LAGEOS Sector and Hollow Retroreflector
A. Boni, S. Berardi, M. Maiello, M. Garattini, S. Dell’Agnello, G. O. Delle Monache, C. Lops,
C. Cantone, N. Intaglietta,G. Patrizi, J. F. McGarry, M. R. Pearlman,G. Bianco, D. A. Arnold,
T. W. Zagwodzki, M. Ruggieri

14:30 Far-field diffraction pattern analysis of cube corner reflectors
A.L.Sokolov, M.A.Sadovnikov, V.D.Shargorodsky, V.P.Vasiliev

14:45 Single Open Reflector for MEO/GNSS Type Satellites. A Status Report
Reinhart Neubert, Ludwig Grunwaldt, Christian Schopf, Engelbert Hofbauer, Jost Munder,
Mark Herding, Rolf Sand

15:00 BLITS: The first autonomous zero-signature satellite in orbit
V.P. Vasiliev,V.D. Shargorodskiy, N.N. Parkhomenko

15:15 -15:45 COFFEE BREAK

15:15 -18:00 Poster Session

17:15-18:00 Missions Working Group Meeting
Chair: G. Appleby

18:30-20:00 Governing Board Meeting

THURSDAY MAY, 19

Session 12: Interaction between Data-User and Stations (9:00 - 10:00)
Session Chairs: M. Torrance, K. Arsov, L. Combrinck, S. Schillak

09:00 Introduction: "Setting the Stage"
Ludwig Combrinck

09:15 The estimation of the SLR data
Stanislaw Schillak

09:30 New Performance Assessment “Hit Rate” for Laser Ranging Stations
Toshimichi Otsubo, Mihoko Kobayashi

09:45 Measures of Network Performance
P. Dunn, M. Torrence

10:00 ASecond Look at Engineering Data Files
K.Salminsh



10:15 -10:45

Session 13:

10:45

11:15

11:30

11:45

12:00

Session 14:

12:15

12:30 -13:30

13:30

13:45

14:00

14:15

14:30

14:45

15:00 -15:30
16

COFFEE BREAK

New Laser Ranging Technologies and Capabilities that must be developed to support future
missions (10:45 - 12:30)
Session Chairs: J. Degnan, U. Schreiber
Introduction: Introduction to laser transponders for precise interplanetary ranging and time
transfer
J. Degnan

Introduction to One-Way Ranging Technique (confirmation pending)
E. Samain

The First ILRS Laser Transponder Mission: Laser Ranging to NASA’s Lunar
Reconnaissance Orbiter
Jan McGarry, Christopher Clarke, Julie Horvath, Dandan Mao, Mark Torrence

Laser Ranging Experiment on Lunar Reconnaissance Orbiter: Timing Determination and Orbit
Constraints

Dandan Mao, Jan McGarry, Mark Torrence, Gregory Neumann, Erwan Mazarico, Michael Barker,
Xiaoli Sun, David Rowlands, James Golder, Thomas Zagwodzki, John Cavanaugh, Maria Zuber,
David Smith

Simulation of Two-Way Laser Transponder Links — The Wettzell Experience
K. U.Schreiber, P. Lauber, A. Schlicht, I. Prochazka, J. Eckl, G. Herold, H. Michaelis

GETEMME - An ESA Mission Proposal to Explore the Martian Satellites and the Fundamentals of Solar
System Physics
J. Oberst et al.

The European Laser Timing Experiment (ELT) and Data Centre (ELT-DC)
Schlicht A., Schreiber U., Prochazka I., Luigi Cacciapuoti

Lunar Laser Ranging (13:30 - 15:00)
Session Chairs: J. Miller, E. Samain

Simulation of optical response for next-generation single-reflector LLR targets
Toshimichi Otsubo, Hiroo Kunimori, Hirotomo Noda, Hideo Hanada, Hiroshi Araki

- LUNCH -

Introduction: Lunar Laser Ranging —recent activities at Institut fir Erdmessung (IfE)
J. Miiller

Recent progress at APOLLO (tentative title)
T. Murphy (presented by U. Schreiber)

Lunar Laser Ranging Retroreflector for the 21st Century
D. G. Currig, S. Dell’Agnello & G. O. Delle Monache

Development of pulse detection IC for LIDAR on planetary lander
Takahide MIZUNO, Hirokazu IKEDA, Kousuke KAWAHARA

Ground Stations for the Next Generation Lunar Retroreflectors
D. G. Currie

Lunar Laser Ranging: Support Tools for observers
Sebastian Bouquillon et al.

COFFEE BREAK



Session 15:
15:30

15:45

16:00
16:15
16:30
16:45
17:00 -18:00

19:30 = 22:30

FRIDAY MAY,

Session 16:

9:00

9:15
9:30
9:45

10:00

10:15 -10:45

10:45 -11:30
11:30 -13:00
13:00

14:00 -16:00

In-Sky-Laser-safety (15:30 - 17:00)
Session Chairs: H. Donovan, G. Appleby, F. Pierron

Introduction: What are stations doing and what should we be doing?
H. Donovan, G. Appleby, F. Pierron

Ranging Jason2 from Paris Observatory for Time transfer experiment in summer 2010, operations
and security achievements
F. Pierron

Implementation of the LASER Traffic Control System at the Haleakala Observatories
D. O’Gara, E. Kiernan-Olson, C. Giebink, D. Summers

Skyguide and Flarm - 2 in-sky-laser-safety systems used at Zimmerwald Observatory
Martin Ploner, Adrian Jaeggi, Johannes Utzinger

WLRS: In-Sky Laser Safety
Johann Eckl, Martin Ettl, Alexander Neidhardt, Andreas Leidig, Uwe Hessels, Glinter Herold

Air traffic patterns near SLR site Riga and In-Sky laser safety
K.Salminsh

Transponder WG Meeting
Chair: J. Degnan, U. Schreiber

Banquet (Haus des Gastes)

20

System Automation (9:00 -10:15)
Session Chairs: A.Neidhardt, C. Moore, M. Ploner

Introduction: Introduction to the session about automation
Alexander Neidhardt, Chris Moore, Martin Ploner

SLR Station Automation - Factors to Consider
Chris Moore

Automated Data Management of SLR Data and Products at the EUROLAS Data Center (EDC)
Christian Schwatke

Controlling Laser Ranging with RTAl-based Real-Time Linux
Evan Hoffman, Randall Rickleffs

SLR Automation for the New Space Geodesy Multi-Technique Sites
J. McGarry et al.

SLR-2.0: An overview about the new SLR/LLR Control software from Wettzell
Martin Ettl, Alexander Neidhardt, Pierre Lauber, Johann Eckl, Martin Riederer, Lea Schreiber,
Andreas Leidig, Reiner Dassing

Automation and remote control as new challenges on the way to GGOS
Alexander Neidhardt, Martin Ettl, Pierre Lauber, Andreas Leidig, Johann Eckl, Martin Riederer,
Reiner Dassing, Matthias Schénberger, Christian PI6tz, Ulrich Schreiber, lain Steele

COFFEE BREAK

Workshop Summary
General Assembly
Adjourn

Analysis Working Group
Chair: Cinzia Luceri
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Session 1:
Science Session

LARES Laser Relativity Satellite

I. Ciufolini, A. Paolozzi, E. Pavlis, R. Koenig, |. Ries, R. Matzner, R. Neubert, D. Rubincam, D. Arnold, V. Slabinski, G.
Sindoni, C. Paris, M. Ramiconi, D. Spano, C. Vendittozzi, H. Neumayer.

ABSTRACT

After almost three decades since the first idea of launching a passive satellite to measure gravitomagnetism, launch
of LARES satellite is approaching. The new developed VEGA launcher will carry LARES in a nominally circular orbit at
1450 km altitude. This satellite, along with the two LAGEOS satellites, will allow to improve a previous measurement of
the Lense-Thirring effect by a factor of 10. This important achievement will be a result of the idea of combining orbital
parameters of a constellation of laser ranging satellites along with a specific design of LARES satellite. Other key points
of the experiment are: the everimproving knowledge of the gravitational field of Earth, in particular the lower degree
even zonal harmonics with GRACE satellites, and an accurate estimate of all the classical perturbations such as atmos-
phericdrag and solar radiation pressure. In the paper both the scientific aspects as well as the design consideration will
be described.

1. Introduction

The Italian Space Agency supported the LARES space experiment, in occasion of the foreseen qualification launch of
the new launch vehicle VEGA. LARES (LAser RElativity Satellite),is a new laser ranged satellite, it will have an altitude of
about 1450 km, and orbital inclination of about 70° and nearly zero eccentricity. The achievement of reaching a few
percent uncertainty of Lense-Thirring effect will be the combination of several aspects. The first one is the combined
use of three satellites LAGEOS (NASA) LAGEOS 2 (NASA and ASl) and LARES; the second one is the use of the new and ever
improving gravitational field of Earth provided by the team of the GRACE (NASA-CSR and DLR-GFZ) satellites. The third
oneis an optimized design of LARES satellite and relevant orbit.

The original idea of measuring the Lense-Thirring effect dates back to 1984 and required the use of the nodes of two
laser ranged satellites in supplementary orbit, one of which (LAGEOS) was already orbiting.

An excellent occasion to materialize thatidea was offered by the LAGEOS Il satellite in1992. However it was not possible
at that time to launch it in the optimal orbit that should have been supplementary to the one of LAGEOS. Neverthelss
Ciufolini and Pavlis were able to obtain an accurate measurement of the Lense-thirring effect at the level of about 10%.
The optimal orbit would have allowed a complete cancellation of the static Earth's spherical harmonics secular effects
on the satellite nodes in order to measure the much smaller Lense-Thirring effect. Later, Ciufolini proposed a third sa-
tellite called LAGEOS Ill but the weight of about 400 kg (same mass as the LAGEOS satellites) and especially the high
altitude of its orbit (about 6000 km) would have required an expensive launch vehicle. In response to a call for proposal
of ASI, in year1998 it was proposed for the first time LARES satellite that was an economic evolution of the predecessor
LAGEOS satellites. The satellite orbit should have been supplementary to the one of LAGEOS | and the weight much
lower (about 100 kg). But later, aside the difficulty of finding a launch for that altitude, new factors have changed the
need of such a high altitude orbit for LARES: in 2002 GRACE spacecraft was launched, making possible the publication
of a new generation of very accurate Earth's gravity field models; the idea to use the nodes of N laser-ranged satellites
was proposed, to cancel the uncertainty due to the first N-1even zonal harmonics responsible of the error higher than
1% on the measure of Lense-Thirring effect.
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2. LARES orbit.

The node motion of a satellite in polar orbit will not be affected by the even zonal harmonics, making in principle pos-
sible to measure the Earth's gravitomagnetic field and the Lense-Thirring effect, since those are not canceled at that
particularinclinationi.e., the Earth will drag its orbit anyway. However, it was pointed out in the 1989 LAGEOS Il NASA/
ASl study that the uncertainty in the K tide (tesseral, m=1, tide) is too high to make such an orbit useful for the measure-
ment of the Lense-Thirring effect. Furthermore this consideration is confirmed by Peterson calculation (1997). Finally,
to impose a small orbital injection error, as far as inclination goes for the polar orbit, would be too demanding for the
launchvehicle.Infactit can be shown that, a quasi-polar orbit would have a nodal precession, due to its departure from
90 degrees of inclination, that would make the measurement of Lense-Thirring effect almost unrecoverable unless a
combination with a second satellite is considered. The analysis of the effects of the tides has actually been done with
the LAGEOSIand LAGEOS lland itisshown thatitisthelargest periodical amplitude observed in the combined residuals.
If one considers also LARES satellite, the combinations of the three satellites provides as an error in the measurement
of the Lense-Thirring effect due to the inclination, the results reported in Fig. 1 for an altitude of 1500 km, i.e., a LARES
semimajor axis of about 7880 km (under reasonable assumptions such as zero eccentricity for the LARES orbit).

0.06}
0.05}

0.04

0.03¢

relative error

0.02f

0.01f

50 100 150

LARES inclination in degrees

Figure 1: Uncertainty in the measurement of the Lense-Thirring effect, due to the even zonal harmonics
uncertainties, as a function of the inclination of LARES, using LARES, LAGEOS and LAGEOS II. The altitude of
LARES is here 1500 km.

The error sources of gravitational origin, i.e., those due to the uncertainties in the Newtonian gravitational field, are by
far larger than the uncertainties of non-gravitational origin, i.e. radiation pressure, both from Sun and Earth, thermal
thrust and particle drag; indeed the LAGEOS satellites and especially the LARES satellite are extremely dense spherical
satellites with very small cross-sectional-to-mass ratio.

In consideration of the results shown in Fig.1 it was proposed for LARES an inclination at nearly 70 degrees. That would
allow a total error in the measurement of the Lense-Thirring of just a few percent.

3. TheLARES satellite.

As mentioned earlier, the go to the LARES mission has been given by the availability of a qualification flight of the VEGA
launcher, developed by an ASI-AVIO joint venture (ELV S.p.A.) under the European Space Agency (ESA). Since the alti-
tude foreseen for the qualification flight could not exceed 1500 km the design of LARES was quite demanding because
it should have been optimized for reducing the surface perturbations such as atmospheric drag. Salento and Sapienza
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University had a major role in the development of LARES mission and satellite since those were in charge of the design
and main tests of both LARES satellite and separation systems. Also the construction of the Mechanical Ground Support
Equipments and of some prototypes have been under the responsibility of the universities. The prime contractor for
LARES system is CGS. In Fig. 2 is reported a drawing of the LARES system, whose main parts are indicated.

s

satellite

Figure 2: LARES System. Image taken from reference “Objectives of LARES Satellite*.

The key decision to achieve a surface-to-mass ratio 2.7 times smaller than the one of LAGEOS was that one of using a
high density material: a tungsten alloy with 18000 kg/m?® making it the densest known single object in the solar system.
The alloy chosen was not-magnetic to avoid unknown effects on LARES orbit due to the interaction with the magne-
tic field of Earth that even if small could affect the accuracy expected for the experiment. LARES has a radius of only
182 mm with a mass of about 400 kg. Also thermal thrust perturbation needed to be reduced as much as possible. For
this reason the main body of LARES was therefore conceived as a single piece (differently from the LAGEOS satellites).
The reduction of components will reduce the number of contact conductances that in turn are the main cause of tem-
perature gradients on the surface of a satellite.

One of the mostimportant components of LARES satellite are the Cube Corner Reflectors (CCRs) that provide the return
signal of the laser pulses sent by the laser ranging ground stations. The 102 CCRs were positioned on the surface of the
satellite in such a way to allow an easier attitude determination that is useful to a better estimate of thermal thrust.
Spin axis determination can be performed using for instance the Sun glints, that is sun flashes at the observer location
obtained when Sun, CCR front face and observer have a geometrical position which fulfill the law of reflection.The
material used for the CCRs is Suprasil 311 with excellent property of homogeneity and isotropy. Surface finish of CCRs
were the same as the ones used for LAGEOS satellites: the three back faces are 110™ of the light wavelength while for
the front face is 1/8", resulting in a reflected wavefront 1/4™" of wavelength (Peak-to-valley, not RMS). As well known a
dihedral angle offsetis required to compensate for the satellite motion. Being LARES at lower altitude than LAGEOS this
value has been set for all the three back faces to: 1.5 arcsec +/- 0.5 arcsec, while for the two LAGEOS it was 1.25 arcsec.

The effect of thermal condition in orbit on the CCRs was tested in a thermal vacuum facility of Sapienza University. A
breadboard simulating the satellite material, carrying a CCR, was positioned inside a thermal vacuum chamber. Tem-
perature of the breadboard was controlled using resistive heaters. The wall of the chamber were cooled by a liquid nit-
rogen shroud to simulate irradiation toward deep space; a window allowed to illuminate the CCR with a Sun simulator
(AMO spectrum), while a black disk maintained at 250 K simulated the infrared irradiation from Earth. An optical circuit
outside the chamber collects the Far Field Diffraction Pattern (FFDP) of the CCR; the laser beam from the optical bench
passes through a high quality optical window (A/20 surface flatness) to reach the CCR inside the chamber. The FFDP
acquired in simulated space environment is then compared to the FFDP collected at room temperature (T=20° +/- 5°C)
toverify that the pattern shape and the intensity will not significantly change. In Fig. 3 are reported, as an example the
results of the CCR exposed to the simulated deep space. In the horizontal axis are reported the velocity aberrations ex-
pressed in microradians. The two vertical lines in the bottom figure delimitate the range of interest (30-50 microrad).
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The figure shows that in the range of interest, the minimum value of energy is about 60% of the one that the CCR would
return if it would be in steady state condition at room temperature. Considering that LARES is much lower altitude
than LAGEOS this value is completely acceptable. Similar results were obtained with the CCR pointing towards the sun
simulator or towards the Earth. The tests have therefore proven that LARES CCR can work even in the worst cases of
thermal conditions.

Figure 3: FFDP comparison during one test in Thermal Vacuum Chamber.
FFDP at Room Temperature (RT) (top left). FFDP in simulated space environment (SPE) (top center). Thick
curve is relevant to FFDP at RT. The lower curve is the ratio between the intensity of the two FFDPs.
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Benefits of SLR in epoch reference frames

Mathis BloRfeld, Horst Miiller, Manuela Seitz, Detlef Angermann

ABSTRACT

In the actual terrestrial reference frame realizations the station motions are approximated by linear velocities (multi-
year reference frames). But this parameterization is not adequate, since we know that the station movements include
not modeled non-linear parts due to various geophysical effects. One possibility to overcome this deficiency in the
modeling is to estimate the station positions more frequently by computing epoch reference frames in addition to
the conventional multi-year reference frames. SLR is the primary technique to determine the origin of the reference
frame (i.e., center of mass) together with station coordinates, EOP and gravity field parameters. To combine the station
coordinates of the different techniques (SLR, GPS, VLBI), stations with at least two techniques available (colocation
sites) are used. The coordinates of the different techniques at the colocation sites are tied together using terrestrial
difference vectors (local ties). The quality of the transfer of the origin information from SLR to the other techniques
depends strongly on the connection of the different station networks within the combination. Therefore and because
of the different accuracies of the local ties, the selection of the local ties, which should be used, is one crucial part of
the combination process.

In this study we analyze the quality of the datum realization by comparing the obtained epoch reference frames with
a multi-year solution. Furthermore we discuss the impact of the temporal resolution on the datum realization. The
coordinates of the terrestrial pole are validated w.r.t. the International Earth Rotation and Reference Systems Service
(IERS) 08 CO4 time series.

1. Introduction

The station coordinates in global terrestrial reference frames are changing with time. In the latest realization of the
International Terrestrial Reference System (ITRS), the ITRF2008, the station coordinates are parameterized as a coor-
dinate triple (X, Y, Z) at a reference epoch t; and a constant velocity per station coordinate component [Altamimi et
al., 2011]. The DGFl realization of the ITRS is called DTRF2008 [Seitz et al., 2011]. Due to this parameterization multi-year
reference frames do not consider high-frequency time variations like seasonal signals caused by inter alia atmosphe-
ric loading. These discrepancies between a regularized position and the instantaneous position should be considered
with conventional corrections [Petit et al., 2010]. Since recent geophysical models are not accurate enough, possibi-
lities to overcome this deficiency in the parameterization are to consider not modeled non-linear station motions by
mathematical functions. Another possibility is to estimate epoch reference frames which are valid only for a certain
time interval assuming that the movement of the station is negligible within that time period. Abrupt changes in the
station coordinates, which are caused for example by an earthquake, could be considered in multi-year reference
frames by introducing discontinuities whereas epoch reference frames consider them automatically. Epoch reference
frames allow the estimation of station coordinates in an inter-technique combination (GPS, VLBI, and SLR) with a high
temporal resolution (Fig.1). The temporal resolution of the obtained solutions depends on the arc length (7-day/28-day)
in the SLR only solution. Fig. 1shows the different parameterizations of the station coordinates (x-component) of the
GPS station Arequipa in Peru (Domes number 42202MO005). In the multi-year solution, five jumps were introduced to
approximate the abrupt change and the non-linear post seismic behavior of the coordinates with a piecewise linear
polygon (solution numbers AO1to A06). The station coordinates are not included within the multi-year solution during
the yearright after the earthquake (24.6.2001 until 25.8.2002) because to the short time spans.
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Fig. 1: Different parameterizations of the station position of the GPS station Arequipa (Peru).

2. Epochreference frames

2.1 Dataand processing scheme

The calculation of epoch reference frames at DGFl is based on the combination at the normal equation level (see Fig. 2).
For SLR normal equations (NEQs) with an arc length of seven days or 28 days are used. The GPS NEQs have a daily reso-
lution starting from midnight whereas the VLBI NEQs contain the observations of a 24-hour observation session which
start at various epochs different from midnight. If the different techniques are combined, the EOPs are the only com-
mon parameters and are stacked whereas the station coordinates are handled as different parameters. To combine
the station coordinates, the terrestrial difference vectors (local ties) between the techniques at the colocation sites
(station, where at least two techniques are available) are used. The calculation of epoch reference frames could be di-

stinguished into two main steps. In the first step,

VLBI- Eama Ll Sl I the intra-technique treatment, the technique-

NEQ NEQ NEQ - specific NEQs are prepared for combination
= Lilmgipl it ""‘”‘“‘“’"““j;g,m“ which means that different parameterizations
= different parameterization (EOP) P

for example of the EOPs have to be equalized.

Aot bos o GT';; S;LRRF PSRl Thisis necessary because the VLBI EOPs are para-
= Homogerintion of v resokdin _ meterized as an offset and arate at the reference
~ Stacking of EOPs = i i i -
= Sackingofic e A e S e e.poc.h ofthe observation sessnon.Thls par.amf:te
— Realization ofthe geodetic datum = Stacking of EOPs rization has to be adapted to the piecewise line-
~ Estimation of variance factors. ~ Realization of the geodatic datum

= Estimation of varisnce factors ar polygon parameterization of the SLR and GPS

EOP. In the second step of the calculation the dif-
{7day/i8dayinteral) ferent space geodetic techniques are combined.
Therefore, the local ties at the colocation sites

Station position Station position . K
|—'_._._‘..——I—." are introduced in the combination. Variance
2"‘:'"“ " z"?s"’ , factorsare estimated in order to obtain relative
+ E0Ps & SH cofficlents up to dfo 2 +EOPs weights of the different techniques.

Fig. 2: Processing scheme for epoch and multi-year reference frames.
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2.2 Geodeticdatum

The geodetic datum is defined by assessing the origin, the orientation and the scale of the estimated reference frame.
One way todefine thisis described in the IERS Conventions 2010 [Petit et al.,2010]: the origin of the ITRF2008 should not
show any translations at a reference epoch t, orany translation rates w.r.t. the SLR technique-only solution. The scale of
the ITRF2008 should be realized as a weighted mean scale of SLR and VLBI. Hence, there should be no scale factor at a
reference epoch t0 and no scale rates w.r.t. the weighted mean scale of SLR and VLBI. The orientation of the ITRF2008
should be defined by a No-Net-Rotation (NNR)

Epoch reference frames IERS Conventions 2010 (Petit etal.)  condition for a subset of GPS stations w.r.t. the
previous realization of the ITRS, the ITRF2005.

SLR origin (Cyo, Cazs S13 =0 no translations/translation | 1herefore, the rotation angles between the
via local ties to GPS & VLBI l rates wirt. SLR. epoch solution and the multi-year solution
should be zero at a reference epoch t,. The rota-

tion rates should also be zero over time. In con-
trast to the multi-year reference frames (datum

—

no scale factor /scale rate

combined R IGHLE il w— W.rt. mean scale/scale rate

via local ties to GPS

100

of VLBI & SLR. definition by the IERS Conventions), for epochre-

o o ference frames only the time-independent part

NNR condition w.r.t. no rotations /rotation rates of the datum definitions has to be realized which
DTRF2008 over a subset of between ITRF2008 & e

o o a6 TR e e e e means that no conditions for. the rates c?f the

SLR & VLBI sites. datum parameters have to be introduced in the

combination (Fig. 3).

Fig. 3: Different realizations of the geodetic datum.

In the combination process the local ties play a very crucial role. The quality of the geodetic datum of the estimated
epochreference frames depends strongly on the accuracy of the local ties and the global distribution of the colocation
sites. The local ties are used for connecting the station coordinates of the different techniques in order to get a most
stable and homogeneous global station network within the combination. Because of this the local tie handling in the
combination directly affects the quality of the datum realization in the different network parts. For the orientation in
x-and y-direction, the coordinates of the terrestrial pole play an important role in the combination, too.

2.3 Results and Comparisons

Additionally to the station coordinates, the epoch solutions contain consistently estimated ERPs and gravity field pa-
rameters of degree two (parameters of degree zero are fixed to one, parameters of degree one are fixed to zero). To
validate the quality of the realized datum parameters, the transformation parameter time series of a seven parameter
Helmert-Transformation are derived w.r.t. a multi-year solution like the DTRF2008 which has a much more stable geo-
detic datum than the obtained epoch reference frames. The coordinates of the terrestrial pole are compared to the
official reference time series IERS 08 C04. The estimated UT1-UTC values and the gravity field parameters of degree two
are analyzed in BloRfeld et al., 2011.

2.3.1  Quality of the realized geodetic datum

The left side of Fig. 3 shows which techniques are used forrealizing the datum parameters. To validate the quality of the
realized origin, the mean offsets of the SLR technique-only solution w.r.t. the DTRF2008 and the mean offsets of the GPS
and the VLBI stations of the combined terrestrial reference frame (TRF) could be compared. Tab. 1shows that the GPS
stations of the combined TRF of the 7-day solution are in a good agreement with the DTRF2008, whereas the SLR only
solution shows an offset of about -3 mm in the x-direction. Furthermore, the VLBI stations of the combined TRF show
an offset of -4 mm in the y-component of the origin. The weighted RMS (WRMS) values for all techniques are between 4
and 6 mm for the x- and y-translation parameters and around 1cm for the z-translation parameters, respectively. These
accuracies also hold for the 28-day solution.

The orientation of the combined TRF is realized by a NNR condition for a subset of GPS stations w.r.t. the DTRF2008. Tab.
1shows the rotational offsets of the GPS only solution and the SLR/VLBI part of the combined TRF. The NNR condition en-
sures that the rotation angles of the GPS only solution are equal to zero. Nevertheless Tab. 1shows that small rotations
are estimated. This is an effect of the transformation, where the GPS stations are not weighted equally and therefore

26



small rotations are estimated. The agreement of the datum information within the combination is below 2 mm for the
SLRstation networkand 3.5 mm for the VLBI station network, respectively. The WRMS values of the rotation parameters
for the GPS only solution are less than 1mm whereas the WRMS values for the SLR/VLBI station network in the combina-
tion are between 3 and 4 mm for the 7-day and the 28-day solution. This increased scatter of the gained parameters is
caused by the inhomogeneous distribution of colocation sites and stations used for transformation and the accuracy
of the used local ties.

The scale is realized as the mean scale of SLR and VLBI, which is emphasized by the values given in Tab. 1. The GPS net-
work scale in the combined solution is a good approximation of the mean scale of SLR and VLBI.

lem] Tx Ty Tz Rx Ry Rz Sc
SLR -0.293 -0.173 0.093 0.138
GPS 0.083 0.066 -0.008

VLBI -0.274
comb. (SLR) -0.090 0.174 -0.032

comb. (GPS) -0.055 -0.142 0.095 -0.081
comb. (VLBI) -0.023 -0.428 -0.085 -0.312 -0.002 0.243

Tab. 1: Mean offsets of the transformation parameters between the epoch reference frames and DTRF2008.
Only values which are relevant for the validation of the geodetic datum are displayed.

2.3.2  Quality of the pole coordinates (x, y)

The ERPs are compared with the IERS 08 C04 time series. The left side of Fig. 4 shows the differences of the coordinates
in x-direction of the terrestrial pole w.r.t. to the IERS reference time series. It is clearly visible, that SLR shows the highest
scatter. The corresponding WRMS values are displayed on the right side of Fig. 4. All solutions use a piecewise linear
polygon representation of the pole coordinates with estimated offsets at midnight. The WRMS of the GPS and VLBI only
solutions and both combined solutions (7-day/28-day) is below 1 cm. The GPS only solution shows the smallest WRMS
value (cca. 3 mm). The scatter of the combined solutions is higher than the scatter of the GPS only solution. This could
be due to the fact that the WRMS of the SLR only solution is about 1.2 cm. The high scatter results from the not well esti-
mated coordinates of the terrestrial pole at the borders of the satellite arc. Also the VLBI only pole coordinates could
be affected by some systematic effects and therefore could cause the increased scatter within the combination. If the
two combined solutions are compared, the 28-day solution has a higher scatter than the 7-day solution which needs to
be further investigated.

5 1 - - & ITY & I TIIT X T — 0-5
— SLR—VLBI—GPS—comb. (7d)
- ) 1cm
S foa === T = "V}
g. o ’
=
: 50.2
0.1 .
1994 1996 1998 2000 2002 2004 2006 GPS SLR VLBl  comb.(7d) comb. (28d)

Fig. 4: Left: X-component differences of the terrestrial pole w.r.t. the IERS 08 C04 time series. There are
displayed the technique-only solutions SLR, GPS and VLBI and the combined solution with a seven day arc
length; Right: WRMS values of the differences of the technique-only solutions and both combined solutions
(7-day/28-day).
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3. Conclusions

The DGFI SLR solution contains consistently estimated station coordinates, ERPs and gravity field parameters. In the
combination with GPS and VLBI, SLR plays a fundamental role for realizing the geodetic datum. SLR is the unique tech-
nique to provide the most stable information about the origin and together with VLBI it is used to realize the scale. The
resultsinsubsection2.3.1show that the geodetic datumin epoch reference frames could be realized with a mean accu-
racy of 3 mm and WRMS values of about 5 mm for the orientation and the scale w.r.t. the multi-year solution DTRF2008.
The origin shows offsets below 4.5 mm with WRMS values up to 1cm. Therefore, the accuracy of the geodetic datum
of the more stable multi-year solution DTRF2008 could not be reached with the epoch solutions at present. However,
the epoch reference frames could be a reasonable additional product to the multi-year solutions in order to represent
the non-linear station motions in a better way. The validity of the station coordinates after big earthquakes could also
be improved with epoch reference frames. The results discussed in subsection 2.3.2 show that the most accurate esti-
mation of the coordinates of the terrestrial pole in the combined solution could be estimated if a temporal resolution
of seven days is used. The 28-day solution has a higher scatter. The pole coordinates of the GPS only solution show the
smallest scatter of the analyzed solutions. The SLR only and VLBI only pole coordinates might be falsified by systematic
effects within the solutions.
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ABSTRACT

The M8.8 Chilean earthquake of February 27, 2010 caused a large surface displacement near its epicenter. Satellite
Laser Ranging (SLR) station 7405, cooperatively operated by Germany and Chile about 130 km from the epicenter was
affected by the earthquake. Another SLR station, No. 7406, operated jointly by the National Astronomical Observato-
ries of the Chinese Academy of Sciences and San Juan University of Argentina, was about 600 km from the epicenter.
Combining the observations of these two SLR stations with global SLR station observations, we calculate the geocen-
tric coordinates of the two stations based on ITRF2000. The results show that the coordinates of the two stations have
changed by varying degrees. SLR-7405 moved substantially towards the southwest with displacements of about 3.11,
0.52and 0.49 min X, Y, Z directions; the corresponding displacements for SLR-7406 are about 0.02, 0.03 and 0.02 m.
The follow-up analysis showed that SLR-7405 station is still influenced by the subsequent medium earthquakes close to
it during 2010-2011.

1. Introduction

In South America, there are several SLR stations. One of them is SLR station co-operated between German and Chilein
Concepcién City, and the equipment numberis 7405 in the ILRS network. Northeast of the 7405 about 700 km, where is
the Observatory of San Juan University of Argentina, there is another joint establishment of the SLR stations by National
Astronomical Observatories of China and San Juan University, and its numberis 7406 in the ILRS network.

The magnitude 8.8 quake struck near Maule of Chile on Feb. 27, 2010. It caused the movement of the entire city of
Concepcidén by ~3-meter to the west, major damage and a tsunami near the epicenter at the same time. SLR-7405
(¢ =—36°.843,A\=—73°.025) isabout 80km from epicenter (¢ =—36 °.122,A=—72°.898) of Chile M8.8 earthquake, it was
struck by the major earthquake and was fully operational again near May 2010. SLR-7406 (¢ =—31°.509, A =—68°.623)
is about 650km from the epicenter, its observation was not interrupted by the earthquake. The distance between
SLR-7405 and SLR-7406 is about 716 km. Utilizing the observations of these two SLR stations with global SLR observa-
tions, we calculate the geocentric coordinates of the two stations.

2. Data Analysis

The Lageos-1laser-ranging satellite was designed especially for geodynamic research and is also one of the preferred
satellites for the global SLR network. Therefore, observations from of Lageos-1are abundant as well as highly precise.
We selected Lageos-1data supported by all the SLR stations (http://ilrs.gsfc.nasa.gov/). Methods of accurately determi-
ning the orbit of Lageos-1are undertaken based on similar sets of input parameters (Yin Z.Q., et al, 2011). The reference
frame, measurement and force models basically follow the IERS conventions. After analysis of the observations after
the M8.8 Chilean earthquake of 2010, station SLR-7405 was determined to have moved 3.11,0.52 and 0.49 min X/Y/Z di-
rections, while station SLR-7406 moved about 0.02, 0.03 and 0.02 m. After that, there still are many subsequent earth-
quakes during the last year. Taking concepcion as a center, we select the earthquakes M>6 in 1000 km radius, some of
them are listed in Table 1. The station coordinates of SLR-7405 are also calculated, and the result is showed in Figure 1.
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Year Mon Day TIME LAT LONG DEP MAG DIST

2010 0714 083221.49 -38.07 -73.31 22 6.6 138

2010 0909 0728 01.72 -37.03 -713.41 16 6.2 40
2011 0102 202017.69 -38.37 -713.35 24 7.1 7
2011 021 200530.79 -36.47 -73.12 27 6.8 4
2011 021 23392131 -37.20 -73.20 15 6.0 42
2011 0212 0117 01.41 -37.02 -72.95 16 6.1 21
2011 0213 103506.74 -36.65 -73.18 17 6.0 25
2011 0214 034009.92 -35.38 -72.83 21 6.6 163

Table 1: Subsequent earthquake near Concepcién after Chile 2010 earthquake
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Figure 1: the earthquake sequence and coordinate of Concepcion (7405) after the Chilean 2010 earthquake

3. Conclusions

Combining the observations of these two SLR stations with global SLR observations, we calculate the geocentric coor-
dinates of the two stations based on ITRF2000. The results show that the coordinates of the two stations have changed
by varying degrees. SLR-7405 moved substantially towards the southwest with displacements of about 3.11, 0.52 and
0.49 min X, Y, Z directions; the corresponding displacements for SLR-7406 are about 0.02, 0.03 and 0.02 m, respec
tively. The continual analysis about the two stations showed that concepcion station is still affected by the subsequent
earthquakes close to it. For example, the measurable movement of concepcion station might cause by the frequent
earthquakes about 20-40 km away during February 11-13, 2011 (see Figure 1), the systematic displacement is about 2 cm
on SLR-7405 station. San Juan station 7406, separated from station 7405 by about 700 km, did not show the obvious
movement during these bunch of earthquakes periods. This solution, as an independent result derived from SLR obser-
vations, could provide an essential external check for other positioning techniques such as GPS.
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Assessment of the non gravitational forces
acting on the Lageos satellites,
and impacts on gravitational parameters
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ABSTRACT

The Lageos-1and Lageos-2 satellite motions have been at the origin of a relevant literature, developing various models
accounting for non-gravitational forces. In this paper, some past results are recalled, and then extended toward recent
observations to show which changes can now be observed, in relation with the time evolution of the satellite spin. We
then analyze the long-term evolution of the Lageos satellite orbits, tracked by the Satellite Laser Ranging network over
more than 20 years. The level of residuals enables to show very small perturbations in the orbit, that can be reasonably
attributed to non- gravitational effects. These perturbations are displayed through time series of empirical residual
accelerations, linked to the non- gravitational effects. We then discuss the impact on the determination of the gravity
field coefficients of degree 2.

1. Introduction

In the mid-seventies, a new generation of geodetic satellite were launched to make available ideal geodetic targets
in space. These satellite were spherical, very dense (to minimize the effects of non gravitational perturbations), and
covered by retro-reflectors for the laser tracking. Two first satellites were launched, Starlette launched by CNES in 1975
and Lageos launched by NASA in 1976. Other satellites of this type were launched, in particular Lageos-2 satellite built
by Alenia-Spazio in Italy and launched by NASA in 1992. In the mid 90°th, UT CSR group (J. Ries, R. Eanes) pointed out
unexplained residual excitations on the Lageos eccentricity vector.

Non gravitational phenomena perturbing the artificial satellite motion has attracted considerable attention in past
years, mainly because the precision of the satellite orbit determination has continually increased since the launch of
the SLR satellites. Over long periods of time, more and more dynamical effects become apparent, especially those
inducing small but cumulative effects on the orbits.

As mentioned in (Métris and Vokrouhlicky, 1997), a main difficulty to study non gravitational effects acting on Lageos-1
orbit is a "lack of firm knowledge of the satellite spin axis evolution. Several important effects, notably the thermal
phenomena and the optical anisotropy effect, depend criticaly on the spin axis orientation. Alack of the theoretical un-
derstanding of this evolution has posed (and still poses) an important obstacle in the non gravitational force modeling
process.” This difficulty to model the spin axis orientation has been increased since the middle of the 90’s, because the
rotation Lageos-1rotation period has been considerably decreased by the action of the eddy current dissipation.

In addition to the well-known radiation pressure, and to the discover in 1981 by Smith and Dunn of an unexplained
decreasing of the semi-major axis of about 1.1mm/day, (corresponding to a constant along track acceleration of —3.3
107m/s?), different non gravitational effects have been enlightened in the LAGEOS-1 orbit, and produce very specific
perturbations on the orbital motion, and mainly: (i) the Yarkovsky-Shah thermal effect which requires a model for the
satellite spin axis, (ii) effets induced by the asymmetric reflectivity of the satellite surface, (iii) effects induced by the
asymmetric thermal emissivity of the Earth (albedo).

Metris demonstrated that a modified (empirically) thermal model using Farinella et al spin axis model, allowed to re-
construct the observed residual excitation both for a, e*cosw and e*sinw. This was the case up to 1996...

In this paper, we have recomputed empirical accelerations for the two Lageos satellites using the GRGS GINS s [ w. We
provide an analysis of the time series over the period 1990-2011, and we estimate the impact of the non gravitational
modelling on the gravity field time series estimation.
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2. Lageos-1&-2long orbital arcs

2.1 Parameterization

We have recomputed long orbital arcs of the two Lageos satellites over the period 1990-2011for Lageos-1, and over the
period 1993-2011for Lageos-2. The modelling follows the guidelines provided by the Analysis working Group of the ILRS,
except for the following points:

. Best known dynamical model but without thermal effects neither optical asymmetry

. 65 days arc, to avoid absorbing a large part of non gravitational effects through the initial state vector. It
was checked that suchg along period of time was suitable with the purposes of the study.

. Adjusted parameters:
- 6 initial conditions
- 1setofbias (BT,BTC, BTS, BNC, BNS) every 5 days (13 sets [ arc)
- 1Solar radiation pressure coefficient.

. No range bias related to the station measurements.

The estimated biases are supposed absorb the long period part of unmodeled accelerations, and the main unmodeled
accelerations are due to non-gravitational effects such as thermal effects. The estimated biases can be interpreted as
follows:

- BT, BTC, BTS are related to the so called along-track direction (T) and eccentricity vector excitations :
AT(t)=BT +BTC cos(w + M) +BTSsin(w + M), and are related to the eccentricity vector excitations,
as ,Z_BT
a na

Ai(e cosw) = LBTC
dt

na

Ai(e sinw) = L,BTS
dt na

- BNC and BNS are related to the across-track (N) direction :
AN(t) =BNC cos(w + M) +BNSsin(w + M)

2.2 Post-fit residualslevel

The levels of magnitude of the 65-day orbital arc residuals are very similar for the two satellites, and have the same
typical values as the weekly operational orbital arcs provided by the GRGS ILRS Analysis Center : 1.37cm for Lageos-1
(Figurel),1.40cm for Lageos-2 (Figure2).

LAGEOS 1: 65-day long orbital arcs

from 6, Aan 1990 1o 38, March, 2011 (mean: 1.37em)
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Figure 1: Lageos1 orbital arc residuals.
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LAGEOS2: 65-day long orbital arcs
froan 13, Feb 1993 (o 25, Mareli, 2011 (mean; L40cm)
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Figure 2: Lageos2 orbital arc residuals.

Itis rather difficult to understand properly the dramatic improvement of the residual level after 1995, but it is likely to
be due to a terrestrial reference frame effect, and a further study should be carried out to point out to what extent this
fall is related (or not) to the lack of range bias... But, since no effect is induced on the empirical coefficient and gravity
field time series, it is not discussed in that paper.

Another issue has to be kept in mind: the level of Lageos-2 residuals is growing slowly but regularly since a couple of

years, and the correlation between a possible change of the spin axis rotation regime could be an explanation (it could
be confirmed by studies of the same kind as in (Kuchardski, 2007) or (Bianco 2001)), as we will see hereafter.

2.3 Modelling the SRP coefficient

The case of the Solar Radiation Pressure coefficient can be interpreted separatly from the others, since there is no phy-
sical reason why it should vary: it can be interpreted, mainly, as a variation of the optical properties of the satellite
surface from the nominal values provided by the builders. It appears (Figure 3) that no clear modelling can be adjusted
for Lageos-1(mean value: 1), and that an exponential model can be adjusted for Lageos-2:

FS(LA;) 1

FS(LA;) = (7.04651 10~%(t — 1990)?
+0.0166(t — 1990) + 1.01985)
x exp(—0.0254067(t — 1990))
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Figure 3: Solar Radiation Pressure coefficient, for the Lageos1 (time series in yellow), and Lageos 2 satellites
(time series in brown, modelling in brown).
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3. Time series of empirical parameters

Theresults of empirical accelerations (towards the tangential direction) obtained between 1990 and 2011 are now pre-
sented (Figures 4 & 5). Asignificant change can be seen on the 3 coefficients.

For Lageos-1(Figure 4), the decrease of the semi-major axis corresponding to a mean value of BT of about -310"2m/s?is
to some extent predicted by Farinella and Vokroulhicky in 1996, or (Scharroo, 1991) but the precise behaviour is poorly
observed. The behaviors of BTC and BTS are very different after 2000. This fact could be probably linked to the motion
of the spin axis and precession rate of the spin axis which tends to be large. Indeed short periodic excitations yield small
amplitudes compared to long periodic excitations.The problem is open and new modeling of the spin axis would be
suitable for the present period.

Concerning Lageos-2 (Figure 5), the correlation between the Solar Radiation Pressure coefficients is much more visible.
The change of behaviorin 2009-2010 could be an indicator as a spin axis starting to be chaotic.

LAl: Tangential bias
(NG 2011)
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Figure 4: Empirical Tangential time series coefficient for Lageos-1: without constraining the SRP coefficients
(black), or by constraining to 1the SRP coefficients (red).

LA2: Tangential bias
(NG 2011)
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Figure 5: Empirical Tangential time series coefficient for Lageos-2: without constraining the SRP coefficients
(black), or by constraining the SRP coefficients described in the previous section (red).
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4. Consequenceson Gravity Field parameters time series

4.1 Degreel: geocenter motion

Figure 6 shows the time series of the degree 1 of the gravity field, namely the geocenter motion. It contains a “dynami-
cal” approach, based on the variations of the C(1,0), C(1,1), S(1,1) coefficents, as well as a “geometrical” approach, based
on a global motion of the station network. Both approaches are fully compatible.

Geocenter coordinates / Degree | solutions
(in green: Degree | solution with continuity constraints)
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Figure 6: Geocenter motion deduced from Lageos-1 and Lageos-2 trajectory analysis

4.2 Degree2,including dynamical flattening of the Earth

We show here the impact of two different strategies concerning the empirical coefficient: constraining or not the SRP
coefficient variations, and resolving simultaneously the degree 2 of the gravity field and the coefficients towards the
normal direction.

Figure 7 shows the time series (in red) of the degree 2 of the gravity field, for the coefficients C(2,0), C(2,1), S(2,1), dedu-
ced from an inversion of a normal system containing as well the empirical coefficients through the normal direction.
It appears that the time series are much more noisy than the reference models using, as well, data from the GRACE
mission.

Degree 2
C(2,0) difference to 00048416525

i

"l

= EELESENE s S INITRS
e A o T ) T S A B e Figure 7: Gravity Field coefficient time series
‘ —— GRACE+LAGEODS EIGEN-GRGS RLOZbis Mean Field (2003-2010.5)

GRACE+LAGEOS EIGEN.GRGS RLO2bis 10-day time seties (degree2).
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Figure 8: C(2,0) time series, the Solar Radiation Pressure coefficients being constrained or not

Figure 8 shows only the variations of the dynamical flattening of the earth (C(2,0)), as well as a windowed averaging:
the mainvalues as well as the secular variation as not the same whether the Solar Raditation Pressure coefficient if mo-
delled or not. This is confirmed in the following table, as well as for the other coefficients of degree 2:

c(2,0)
FSfree: y = -1.1767e-08 + 5.74140-12 » x
FSmod.:y = -3.56606e-00 + 1.7037e-12 » x

€(2,1)
FSfree: y = 9.1414e-00 - 4.7157e-12 » x
FSmod.:y = 4.8405e-09 - 2.5765e-12 + x

5(2,1)
FSfree: y = -1.810Te-08 + 9.7533e-12 » x
FSmod.:y = -9.866e-09 + 5.64Te-12 » x

€(2,2)
FSfree: y = 2.425610-06 + 7.093%0-12 » x
FSmod.: y = 2.4154e-06 + 1.1951e-11 = x

8(2,2)
FSfree: y = -1.3879e-06 - 6, 1596e-12 » x
FSmod.: y = -1.38480-06 - 7.7051e-12 » x

A new error budget, as the one provided in (Deleflie, 2003) should be performed again, to quantify the amplitudes of
the various components of the signal, as J2dot and the 18.6 year tide.

5. Conclusion

We investigated the consequences of the non gravitational forces parameterization of the Lageos-1& -2 satelite trajec-
tories over the period 1990-2011. We built long orbital arcs suitable to describe the correlations between the various
coefficients adjusted in the orbital computation process : initial state vector, time series of empirical parameters, gra-
vity field coefficient time series.

The Lageos-1spin axis chaotic behavior seems to be confirmed through the time series of empirical coefficients. Con-
cerning Lageos-2, a change of regime on the tangential direction has been detected.

We showed that the strategy used for the empirical coefficients supposed to compensate for alack of non gravitational
forces modelling has a non negligible impact on the gravity field time series deduced from the orbital motion. A forth-
coming paper will analyse each of them very carefuly, but the preliminary conclusions are the following : (i) the gravity
field time series have not the same characteristics whether the Solar Radiation Pressure coefficints are modelled or are
free; (ii) the gravity field coefficients time series are highly correlated with the empirical coefficients towards the nor-
mal direction. The impacts of the C(2,0) time series are at the level of a few107°, and an impact on the secular variation
can also be quantified.
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On the Calibration of TanDEM-X Precise Baselines
via SLR

R. Koenig, Y. Moon, L. Grunwaldt

ABSTRACT

The TanDEM-X mission strives for the generation of a digital elevation model of the Earth from SAR measurements
taken by the TerraSAR-X and TanDEM-X satellites. As a requirement to achieve height accuracies of a few meters, the
baseline between the two satellites needs to be known with millimeter accuracy. The baseline is operationally derived
solely from the GPS measurements of the geodetic grade IGOR receivers onboard both satellites. Quality assessment
is possible via comparison of results by independent solutions within GFZ and from outside institutions. It was foreseen
from the beginning of the mission to also validate the GPS based baselines via SLR. As SLR data are sparse in time and
space, they may not be used in operational baseline generation. However as the SLR technique may provide range
measurements with millimeter accuracy, they may advantageously be used for validation of the GPS based baseline.
With the newly developed interleaving technique at Herstmonceux, a method to range to both satellites by switching
from one to the next without loss of time, and in use also at Potsdam, a means of measuring the differential motion of
the two satellites is available. The data of the two stations are analyzed and results and conclusions with view on base-
line validation are given.

1. Introduction

The TanDEM-X (TerraSAR-X add-on for
Digital Elevation Measurement) mission
(Fig. 1, Krieger et al., 2007) is based on
two nearly identical satellites, TerraSAR-X
(TSX) and TanDEM-X (TDX). TSX was laun-
ched on June 15, 2007, TDX on June 21,
2010. Since then both satellites are flying
in a close formation forming a Synthetic
Aperture Radar (SAR) interferometer in
space in order to generate a global digi-
tal elevation model (DEM). Mission goal
is to reach meter level DEM accuracies in
height, for this the relative position bet-
ween the two spacecrafts, the “baseline”,
has to be known with millimeteraccuracy. The GFZ German Research Centre for Geosciences has supplied the geodetic
grad, two-frequency Integrated GPS and Occultation receiver (IGOR, Rothacher et al.,2007) to both satellites. By these
data, the baseline can be inferred with millimeter accuracy as was demonstrated for the GRACE mission firstly by Kroes
etal.,2005 and independently by Jaeggi et al., 2007.

Figure 1: TanDEM-X artist’s view (courtesy DLR)

Within the TanDEM-X mission ground
segment the baseline is operationally
generated from the IGOR data only. Also
in this case the baselines are determined
with millimeter accuracies as can be con-
cluded from comparing independent so-
lutions and from calibrating the baselines
via SAR data takes over well known test
sites.

Satellite Laser Ranging (SLR) data would
be too sparse in time and space for the
operational generation of baselines.
However as the SLR data potentially can

Figure 2: Screen shot of ranging residuals in the inter-leaving mode
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2. Analysis
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Figure 4: Degree 3 polynomials for one pass over Potsdam

provide millimeter level ranging accura-
cy, they could be adopted to validate the
GPS only based baseline. In particular the
interleaving tracking technique invented
recently in Herstmonceux by Gibbs, 2010,
supports this idea. The interleaving tech-
nique allows to track both satellites with
seamless switching between TSXand TDX
within one pass (see Fig. 2).

In the following we analyze SLR interle-
aving data gathered at Herstmonceux
and Potsdam, where this technique
was implemented as well, over a recent
four months period. From the results
we can draw some first conclusions.

In order to check the potential accuracy
of recent Herstmonceux and Potsdam
ranging data to TSX and TDX, residuals
from Precise Orbit Determinations (POD)
with GFZ’s Earth Parameter and Orbit
System - Orbit Computation (EPOS-OC)
software (for features of the software
see Zhu et al. 2004) are analyzed. POD
methods and achievable orbit accuracies
for Low Earth Orbiters (LEO) are discussed
e.g.in Michalak and Koenig, 2010. For TSX
and TDX EPOS-OC delivers orbits with ac
curacies of a few centimeters. From these
PODs, the residuals are taken for all inter-
leaving passes observed by Herstmon-
ceux and Potsdam in the period January
to April 2011. Due to imperfect modeling
in the dynamic POD approach used, some
systematics remain in the residuals that
behave smooth to a large extent and can
be modeled pass-wise by simple polyno-
mials of low degree. In order to assess the

impact of the degree of the polygon, Fig. 3 depicts a degree two polynomial fit to the residuals of either TSX or either
TDX for one pass over Potsdam. For TSX the fit is 4.4 mm for TDX the fit is 6.2 mm. Fig. 4 shows the degree three polyno-
mial fits for the same constellation, for TSX the fit is 4.4 mm, for TDX the fitis 4.9 mm, a slightly better performance for
TDX. This behavior is observed in few more numbers of cases, so for the further analyzes the degree of the polynomial
fitis restricted to three. Fig. 5 completes the resume thus far by a view on a degree three polynamial fit for one pass of

range residuals by Herstmonceux. For TSX the fit is 2.8 mm, for TDX 3.1 mm.

A graphics displaying all degree three polynomial fits of all interleaving passes tracked by Herstmonceux and Potsdam
in the analysis period is given in Fig. 6. The overall fit for Herstmonceux amounts to 3.3 mm inferred from 81 passes, for

Potsdam the fit results little worse with 5.6 mm inferred from 66 passes.
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3. Conclusions

Within the TanDEM-X ground segment precise baselines are generated from the onboard IGOR data with millimeterac
curacies. This is validated by comparisons of independent solutions and via SAR calibration over known test areas. The
SLR interleaving technique implemented at Herstmonceux and Potsdam offers differential ranging to both satellites.
If millimeter accuracies of the ranges would be available, SLR could validate the GPS based baselines. As however the
accuracies of the analyzed SLR data is still at the few millimeter range as shown, the SLR system need to enhance their
accuracy to the sub-millimeter region which is probably achievable once they migrate to kHz or few-kHz systems. The
impact of the geometry has not been considered here and is going to be analyzed next.
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ABSTRACT

Ground-based networks of co-located space geodetic techniques (VLBI, SLR, GNSS, and DORIS) are the basis for the
development and maintenance of the International Terrestrial Reference Frame (ITRF), which is our metric of reference
for measurements of global change. The Global Geodetic Observing System (GGOS) of the International Association
of Geodesy (IAG) has established a task to develop a strategy to design, integrate and maintain the fundamental ge-
odetic network and supporting infrastructure in a sustainable way to satisfy the long-term requirements for the refe-
rence frame. The GGOS goal is an origin definition at 1T mm or better and a temporal stability on the order of 0.1mmyy,
with similar numbers for the scale and orientation components. These goals are based on scientific requirements to
address sea level rise with confidence, but other applications are not far behind. Recent studies including one by the
US National Research Council has strongly stated the need and the urgency for the fundamental space geodesy net-
work. Simulations are underway to examining accuracies for origin, scale and orientation of the resulting ITRF based
onvarious network designs and system performance to determine the optimal global network to achieve this goal. To
date these simulationsindicate that 24 - 32 co-located stations are adequate to define the reference frame and a more
dense GNSS and DORIS network will be required to distribute the reference frame to users anywhere on Earth. Stations
in the new global network will require geologically stable sites with good weather, established infrastructure, and lo-
cal support and personnel. GGOS will seek groups that are interested in participation. GGOS intends to issues a Call for
Participation of groups that would like to contribute in the network implementation and operation. Some examples of
integrated stations currently in operation or under development will be presented. We will examine necessary condi-
tions and challenges in designing a co-location station.

1. Introduction

Ground-based networks of co-located space geodetic techniques (VLBI, SLR, GNSS, and DORIS) are the basis for the
development and maintenance of the International Terrestrial Reference Frame (ITRF), which is our metric of reference
for measurements of global change. These networks provide measurements of static and time-varying components
of the Earth’s gravity field; precision orbit determination, calibration, and validation for active satellites systems for
altimetry; and time transfer and determination of fundamental constants. Data from these networks provide Earth
Orientation Parameters, time history of ground station positions and baseline length, strain models, mean sea level
and ocean surface topography, marine tide models, atmospheric and ionospheric parameters.

2. GGOS and the Geodetic Reference Frame

The Global Geodetic Observing System (GGOS) of the International Association of Geodesy (IAG) has established a task
to develop a strategy to design, integrate and maintain the fundamental geodetic network and supporting infrastruc
ture in a sustainable way to satisfy the long-term requirements for the reference frame. The GGOS goal is an origin
definition at1mm or better and a temporal stability on the order of 0.1 mm/y, with similar numbers for the scale and ori-
entation components. These goals are based on scientific requirements to address sea level rise with confidence, but
other applications are not far behind. Recent studies including one by the U.S. National Research Council (see Figure 1)
have strongly stated the need and the urgency for the fundamental space geodesy network. The needs are articulated
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in more detail on The Global Geodetic Observing System: Meeting the requirements of a global society on a changing planet
in 2020 (Plag, H-P and Pearlman, M.R., 2009). These levels of accuracy and precision are about a factor of 15 - 20 bet-
ter than the current reference frame models and represent significant challenge in both measurement and modeling
techniques.
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Figure 1: Positioning precision requirements

3. TheFundamental Station

The reference frame is defined through a global network of co-located VLBI, SLR, GNSS and DORIS Fundamental Sta-
tions and a more dense network of GNSS and DORIS ground stations will be required distribute the reference frame
globally to the users so that geophysical measurements anywhere in the world can be positioned in the frame any time
of day. The four techniques measure different quantities in different ways and each has a different set of systematic
errors. Proper combination allows us to take advantage of the strengths and mitigate the weaknesses of each. The
techniques are co-located so that the measurements among them can be related to sub-mm accuracy. These sites will
also have ancillary measurement including absolute and cryogenic gravimeters, tide gauges, seismometers, etc, to
connect other geophysical measurements to the reference frame (see Figure 2).

Figure 2: Schematic of a fundamental station
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The first version of a Site Requirements fora GGOS Fundamental Station has been written, and is available at http://cddis.
gsfc.nasa.gov/docs/GGOSSiteRequirements_v1.pdf. The document includes the justification for a Fundamental Site and
desirable site conditions. It is recognized that not all sites will meet all conditions, so some trade-offs will be necessa-

ry.

4. Network Simulations

Simulations have been conducted by E. Pavlis to examine accuracies for origin, scale and orientation of the resulting
ITRF based on various network designs and system performance to determine the optimal global network to achieve
this goal. These simulations show that about 30 co-located stations, with modern technology, will be adequate to de-
fine the reference frame. Stations in the new global network will require geologically stable sites with good weather,
established infrastructure, and local support and personnel.

Today nearly all SLR and VLBI stations have GNSS and some have DORIS. SLR and VLBI are the most costly systems at
Fundamental Stations, so co-location of these techniques is the largest undertaking. There are presently eight stations
with co-located SLR and VLBI and several more are in the process of being built or are planned, as shown in Figure 3. The
co-location network is building, but there will still be significant shortfalls on numbers and geographic coverage.
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Figure 3: Map of SLR and VLBI stations with Co-Locations highlighted

An essential aspect to co-location are the intersystem vectors that must be determined to sub-mm accuracy in order
to place the measurements from the separate systems in the same reference frame. Baselines between closely loca-
ted, accessible geodetic markers can be measured to sub-mm accuracy with modern instruments, but the necessary
extrapolation to system reference points (intersection of the axes, antenna phase centers, etc) which are not readily
accessible is the real challenge. This requires fairly elaborate measurement and extrapolation procedures to estimate
the reference points, which limits the overall accuracy and in many cases, is a limiting factor in the overall reference
frame itself. Approaches continue to be refined and one recent proposed methodology is to use a multi-technique,
well-calibrated satellite to determine the co-located intersystem vectors from space.

5. System Upgrades

All of the space geodetic techniques are in the process of upgrading their technologies. SLR has several systems wor-
king at higher repetition rates (100Hz — kHz), new fast detection, and automated control systems with the resulting
increased data yield, data quality and daylight ranging. Considerable progress is being made on the placement of ret-
roreflector arrays on GNSS satellites. The VLBI2010 prototype with its new front and back ends providing substantially
increased observation and recording bandwidth is deployed at several stations, including the new stations atin Tasma-
nia, Katherine, and Yarragadee.
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GNSS performance is improving with additional frequencies and new constellations. The DORIS network is already
nearly at its planned global distribution and will benefit from additional satellites schedule for launch and from new
beacons now being deployed.

6. NASA’s Space Geodesy Project

As a part of the GGOS Network, NASA has undertaken a program to provide its contribution to a worldwide network of
modern space geodesy fundamental stations. The first phase of a proposal has been funded for a 2-year activity to:

. Complete network simulations to scope the network and examine geographic, operational and technical
tradeoffs based on LAGEOS and GNSS tracking with SLR;

. Complete the prototype SLR (NGSLR) and VLBI (VLBI2010) instruments;

. Co-locate these instruments with the newest generation GNSS and DORIS ground stations at GSFC;
. Implement a modern survey system to measure inter-technique vectors for co-location;

. Develop generalized station layout considering RFl and operations constraints;

. Undertake supporting data analysis;

. Begin site evaluation for network station deployment;

. Develop a full network implementation plan for a follow-on phase for deployment for up to 10 stations
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Session 2:
Operations: Spatial and Temporal Coverage

Statistical Analysis in 20xx

Horst Miiller

ABSTRACT

This paper deals with the statistic of SLR tracking since 2000, trying to see if there are changes in data quantity and
quality which can influence the results for station coordinates and velocities and the definition of the origin and scale
of the ITRF. We also had a look into the distribution of tracking data between northern and southern hemisphere, day
and night, and identified a weekend effect. An other aspect were the quality of the new Khz systems. For our analysis
we used the statistical information available at the ILRS Web-pages and results from the processing of SLR tracking data
tothe Lageos and Etalon satellites at DGFI.

1. Introduction

In the last years the quality of SLR tracking has slightly improved. Since 2001 the mean orbit adjustment of the weekly
arcs in the DGFI SLR solutions is below 5 mm for the core sites and for all stations around 1cm, see figure 1. The slight
degradation since 2007 comes from new sites with still no good coordinates. But the station network has changed with
time as well as the data quantity is not constant over this period.

This paper shows the development of SLR tracking since 2000 and some aspects of data distribution and balance which
may influence the SLR results for station velocities and the definition of the origin of the network. The graphics are co-
pied from the ILRS Web-pages (ilrs.gsfc.nasa.gov) or generated from analysis results at DGFI.
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Figure 1: Mean weekly orbital fit of the DGFI SLR solutions in cm for Lageos1 and Lageos2 in cm from 1993 to
2010, for all stations and the core stations only.

2. Spatial and Temporal Distribution

Presently SLR stations have a good tracking record to all satellites equipped with retro reflectors. An overview on the re-
cently tracked passes can be found on http:/[ilrs.gsfc.nasa.gov/stations/recent_groundtrack.html. The spatial distribu-
tion is very good with the known gaps over the oceans, Africa and parts of Asia. But most passes are from Ajisai, an easy
target, whereas the Etalon passes are sparse. The statistic on the last years tracking to all satellites can also be found
onthe ILRS Web-pages, in section: stations/site info/global_report_cards. Figure 1shows the temporal distribution for
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the Lageos and Etalon satellites, with some distortions since the individual points shown in the graphic are too large.
It can be seen that the coverage of the Lageos arcs are quite good whereas the Etalon arcs are sparsely covered. For a
single day this can only be 3 4 normal points for one of the Etalon satellites. For the last two years the mean number of
observations for a weekly arc are 1540 for Lageos], 1420 for Lageos2, 180 for Etalon1and 160 for Etalon2 which isin the
case of the Etalons not enough to compute a stable orbit and solving for parameters.
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Figure 2: temporal distribution for a weekly arc, for presently used satellites

3. History and Balance of SLR tracking since 2000
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& = ] tionsisnearly constantthough there were
13000~ 7] some changes of stations. Most stations
- f4 track all geodetic satellites, but some
e 1 have problems tracking the Etalons. The
— B 1 highest number of normal points are from

Ajisai, an easy target, whereas Stella and
especially Etalonl/2 are sparsely tracked,
see figure 3. For the number of tracked
passes the figure is similar only the domi-
nance of Ajisai is not as visible, because of
the shorter bin width. The total number of
; & e, tracking sites per month show only small
2001 2004 zo;w 2010 variations, though some new stations had

0
Figure 3: Number of SLR observations per month, sorted by been installed but older stations were
satellite shut down.
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Figure 4: Number of observations from nothern and southern
hemisphere for weekly Lageos1 arcs
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The distribution between day and night
is another aspect of good orbit coverage
and with a good value of around 40 %
daytime passes it is constant for the last
years, see figure 5. The situation is diffe-
rent for Etalon1/2 with only a few day time
passes but similar for Lageos2, Starlette,

A clear weekend effect can be seenin the
data records. Tablel shows the observa-

T L} | L 1 T T | T 1 1 Ll | T T
0,5 = . . 2o . =
P | LI 2t L <)
E 8 % ' . * o :"' .;' ot } ... :}. ‘-.‘
20’4 < ige .: .’. ..‘\‘ L4 P ” ;’ ® e '¢ . ." ...‘.'.P.,. .Or‘_!
E‘ “"’.'.-» " l\“‘f e * ’5 ke o“ﬁ. :‘o ige s e TORY. ..oé. .l
§0v3._‘:. ';:\ o“. 8 .'. ..: 2 . ’o; P . 3:
) Y o s un . ' % ‘e ® 5
by + * . : -
g . S I
8 » Lageosl| 7 StellaandAjisai.
5‘0,1 = + Lageos2|
0 L 1 ] L 1 L 1 r L 1 1 1 | L 1
1500 1550 1600
GPS week

Figure 5: Percentage of day time passes

tions sorted by day of the week from mid
2008 to mid 2011 for the Lageos and Eta-
lon satellites. There are significantly less

observations on Saturdays and Sundays. For Etalon is a peak of the observations on Tuesday and very few on Sunday,
which we cannot yet explain. From the aspect of orbit computation this situation is not optimal because the standard
SLR orbits which were used for the ITRF computations were calculated from Sunday to Saturday, a full GPS week, so that
the borders of the arcs have fewer observations then the other days.

Lageos1/2 Etalon1/2
Sunday 57970 14662
Monday 71540 16541
Tuesday 78560 27326
Wednesday 77867 16055
Thursday 74395 18977
Friday 72067 11453
Saturday 60195 5058

Table 1: Observation sorted by weekday (June 2008 to May 2011)

4. Quality Aspects of Khz systems

To see the effect of the new Khz systems we examined the system at Graz (7839) which was the first tracking station
with a Khz laser in October 2003. Although the number of observations per normal point and hence the accuracy has
increased, see figure 6, we could not find an improvement in the orbital fit for that station. Thisis an indication that the

Graz, Austria 7839
pass average number LAGEOS obs in a normal point
ave 3183.49 £ 4384.92 max 38618.00 min 1290 for 4788 data points
L : £ —r o -t

20730 ¢

-y — .

12438

Figure 6: Pass avarage Lageos obs per normal point, Graz (7839).
(from http:/[ilrs.gsfc.nasa.gov)

system was always a good tracking site
and that remaining systematic errors are
dome-inant. The history of the r.m.s. Orbit
fit for the Graz station is given in figure 7.
It shows smallvariations and some outliers
up to 1.5 cm. But in general the accuracy
is around 5 mm and is similar for Lageosl
and Lageos2.

Thesamesituation appliestoall other new
Khz systems. We did not see differnces
between the 10 Hz and the Khz tracking
for these sites and the system of Yarra-
gadee (7090) has the same quality as the
new Khz systems. But with the recently
developed better center of mass correc
tion models this can change.
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Figure 7: Graz (7839) r.m.s. orbital fit for weekly Lageos1 and Lageos2
arcs in cm (2000-2011)

5. Conclusion

The quality of SLR tracking has reached the sub-centimeter level, with a clear improvement since 2001. To verify these
results we looked into the data and results since 2000 to see if there are improvements in the data quality or distribu-
tion. Since 2000 the number of tracking stations and normal points are constant with seasonal variations. The ratio of
day vs. night time passes is constant over the time, which gives a good coverage of the Lageos arcs in contrast to the
Etalon arcs, which need more tracking. A clear weekend effect can be seen in the tracking records. Since 2006 the 6
southern hemisphere stations contribute nearly as much as the northern hemisphere stations.

The present situation of SLRis quite good, concerning LageosT/2, Starlette and especially Ajisai, but the tracking of Eta-
lon could be improved. Since Lageos1/2 and Etalon1/2 are the only satellites used for the present official ILRS product,
earth ori-entation parameters and weekly station coordinates, an intensified Etalon1/2 tracking could help to improve
the product.
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ABSTRACT

San Juan 7406 SLR station is operated by the National Astronomical Observatories of Chinese Academy of Sciences
(NAOC) and the Observatorio Astronomico Felix Aguilar (OAFA) of National University of San Juan of Argentina. Now,
San Juan SLR station has obtained excellent results and become an important station in ILRS network, especially in the
southern hemisphere. Our SLR team is carrying out the upgrade project on the SLR system. We hope that the SLR sys-
tem can implement daylight tracking and kHz operating, also improve the precision of observations. A new project
of ~ 40-meter radio telescope started to be performed in the beginning of this year, the station will fulfill collocated
measurements with multiple techniques in the future.

1. Introduction

San Juan 7406 SLR station is operated by the National Astronomical Observatories of Chinese Academy of Sciences
(NAOC) and the Observatorio Astronomico Felix Aguilar (OAFA) of National University of San Juan (UNSJ) of Argentina.
The SLR station began to operate in the end of February of 2006. Due to the colleagues of the SLR team hard works and
thelot of clear nightsin SanJuanregion, SanJuan SLR station obtained excellent resultsin the past years. At present, we
are updating the SLR system on daytime tracking and kHz laser. In this year, a new collaboration project about ~ 40-me-
ter radio telescope between NAOC and UNSJ just begin to carry out both astrometric and astrophysics works in the
future. San Juan station will become a comprehensive station include multiple techniques such as SLR, GPS and VLBI.

2. Progress of Upgrading works

KHz repetition Satellite Laser Ranging with the advantages of fast target acquisition, large amount of returns, high
measuring accuracy and high normal point data density, has become the trend of international laser ranging techno-
logy. In the end of 2009, we started upgrading work of kHz and daylight tracking in order to improve the precision of
observations and obtain more high-quality data for the ILRS. The scheme design of the system upgrading was comple-
ted in early 2010. In the year, a company in China started to make a new kHz laser for the SLR system. We emphasize
maintainability of the laser, set up multiple test points in the laser, and request easy replacement of devices. The main
peremeters of the new Laser are exhibited in Table 1. Now, the design of photoelectric conversion receiver has finished.
The upgrades of control and operating system are developed by the cooperation between NAOC and Changchun Sta-
tion in 2011. An A033-ET event timer will be used for kHz operations, the Start and C-SPAD Stop Pulse adopt a set of the
Pulse Distribution Module (design by Graz Station) and their output NIM logic Pulse is for AO33-ET, to utilize a set of
pco.1600 camera for night and daylight tracking, a set of steel grating encoders instead of old AZ-EL inductosyns. The
system integration and test is being done via the cooperation with Changchun and Beijing stations. First trial observa-
tion of the laser was carried out during March, 2011. Observations of LARETS satellite showed the r.m.s is 25.8mm, the
r.m.s of target is about 7mm (see figure 1). But serious multi-pulse phenomena appeared in the first time laser testing.
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Table 1: Specification of the new laser

wavelength 532nm divergency 1mrad
frequency 500Hz-1KHz diameter of beam 2mm
pulse energy 2.5mJ at1kHz polarization horizontal
pulse to pulse instability 2% RMS (8 hours) beam point instability <50urad
pulse width <15PS operating temperature 15-30°C

Figure 1: Laser testing (first time, at Changchun SLR Station)

The second time laser testing was carried out at Beijing SLR Station. We adjusted electro-optic switch to filter multi-
pulse, replaced KTP with LBO (frequency doubling crystal), reduced the divergence angle to about 0.5mrad. The r.m.s
is about 10-20 mm on the LEO satellites observations and target accuracy (r.m.s) is about 5-6 mm with diffuse surface
target (see figure 2). The subsequent laser testing is carried out at Changchun SLR Station still. After completion of the
preparation, the equipments will be delivered to San Juan Station and the upgrading will be completed in 2012.
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Figure 2: Laser testing (second time, at Beijing SLR Station)

3. Observation statusin 2009-2010

Observations of Sun Juan SLR system were kept the good statusin2009. However the SLR station met some problemsin
2010. Examine and maintenance of the power supply of the observatory led to a halt of observation in one month and
more, a variety of equipment failure began to appear, the supply of dichloroethane encountered a serious problem.
We also met bad weatherin San Juanin the whole 2010. All of these caused significant reduction of observational days.
The equipment failures of the SLR have been solved in 2011 and its operation is normal now.
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4. Future Development of San Juan Station

The SLR system in San Juan will realize routine observation of kHz and daylight tracking in 2012. In the end of 2010, the
40-meter radio telescope cooperative project (VLBI) between NAOC and UNSJ has been approved by the both sides.
We hope that the station will have GPS and VLBI collocated with the SLR system in coming years.
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Hazards and Risk@SLR Network
A Preliminary Overview

JorgeR. del Pino*

ABSTRACT

Risk/emergency management has become a useful tool for complex, globally distributed organizations as the ILRS. The
basic concepts are introduced, and a set of case examples of the most common hazards and vulnerabilities, in particu-
larthe seismic hazard, that could affect the SLR Network is presented. Several general recommendations are proposed.
Keywords: SLR, hazard, vulnerability, risk, disaster, mitigation, seismic microzoning.

1. Introduction

Risk/emergency management has become a useful management tool for any complex economical/scientific system.
The ILRS, with a globally distributed system, comprising four basic components (SLR stations, Analysis Centers, Com-
munication Network and the human component -SLR community-) can benefit from its application. This will result not
only in the reduction of long term costs, by minimizing the losses due to natural/manmade disasters, but also by gua-
ranteeing the operation of stations during critical situations of high scientific values affecting them, e.g. in case of very
strong earthquakes.

The basic concepts of

Hazard: a situation that poses a level of threat to life, health, property or environment

Vulnerability: the extent to which changes could harm a system or be affected by the impact of a hazard
Risk: the potential that an action or activity will lead to a loss or negative outcome

Disaster: when the riskis realized

are used to identify the hazards affecting the system, the vulnerabilities present and the possible disaster outcomesin
order to create a mitigation program to reduce the possible risks. Thisis an important part of the standard emergency
management procedure.

2. Hazards

The hazards have been classified into five principal categories: geological, hydrological, climatic & atmospheric, wild-
fire and anthropogenic. Not all hazards are of interest to the SLR Network either globally or to individual stations in
particular. This preliminary overview was focused on several of the most typical hazards affecting some components of
the ILRS system: human factor (SLR community), lifelines and SLR stations (buildings, equipment and operation).

2.1. Hazards, Vulnerabilities & Risks, Case Studies

The human factor (SLR community): the risk of losing part of the SLR community historical memory and/or a reduced
amount of knowledge transfer to the next SLR generation is a possibility, due to retirement or death of the community
first generation.

Lifelines: Defined as the essential infrastructures and supplies for the functioning of the society or a system, as: utilities,
communication/transport and human organization factors (sheltering, security, law & order). The lifelines’ vulnerabili-
ty reduction at the SLR stations is of capital importance if the SLR stations are to be kept operational during and imme-
diately after a disaster. This was demonstrated with the 2010 earthquake effects at 7405 Concepcion.

SLR stations: several hazards that could affect the buildings, equipment or the SLR operations are presented, with real
examples when relevant:
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2.2. Hurricanes/Typhoons.

The hurricaneftyphoon hazard is a seasonally permanent one which is geographically localized. Based on the paths for
all hurricanes/typhoons during the period 1945-2006, the highest at risk stations are in Japan, coastal Chinaand the U.S.
Eastern seacoast with a quite low impact on the Pacific basin stations. Because of the advanced hurricane path progno-
sis and by managing the vulnerabilities associated with strong wind/rain, this hazard impact can be minimized.

2.3. Fires

Two cases are presented: the Australian 2003 Mt. Stromlo fire, which partially destroyed the observatory including the
SLR system, and the Texas’s April 2011 Rockhouse Fire in which the McDonald Observatory survived intact, in a good part
due to the excellent mitigation program “Firewise Community” started in 2004.

2.4. Lightning

Thisis avery common hazard which many SLR stations had already experienced, the typical station vulnerabilities rela-
ted to this hazard are defective grounding and long antenna cables.

2.5. Computers/Internet.

The computerfinternet is a key part of the SLR station operation and it is probably one in which its vulnerabilities are
underestimated.

There are three basic vulnerabilities types:

Hardware related (old PC models lacking spares, component catastrophic failures)

Software related failures (as the lack/loss of software code know-how, viruses) and the lack of secured copies of
the program codes and directory/data structure

Loss of the internet connection due to local/global problems, This latter vulnerability is an important one due to
the short CPF lifetimes and the current lack of any emergency point-to-point backup communication procedures.

2.6. Earthquakes.

Up to early 2011, five SLR stations have reportedly been affected by earthquakes, and one of them (7405 Concepcion)
was damaged by the 8.8 Maule Earthquake on February 27, 2010. Given the global SLR distribution, this is a permanent
hazard that could affect a good part of the SLR network.

Because the local seismic microzoning - which is the standard seismic hazard evaluation method - was not available
for all the stations and even if it was available to all SLR stations, it could use different methodologies. It was decided
to use a by proxy homogeneous analysis by extracting from the USGS global catalogue all the potentially damaging
strong earthquakes with magnitudes >6.5 occurring since January 1910. This proxy analysis gives an underestimation
of the hazard situation as the data sampling is only 100 years, and the local geophysical parameters are not taken into
consideration.

The two basic seismic microzoning parameters, the maximum earthquake intensity expected at the place (the
“shake”) and the recurrence period for the strongest earthquake expected (the “when”), were approximated by the
closest/strongest earthquake and the number of earthquakes within a given radius for each SLR station.

According to the minimum distance to a strong earthquake, all SLR stations were classified into four hazard level cate-
gories:

Very low hazard >1000 km. (8 stations)

Low hazard 1000~500 km. (10 stations)
Medium hazard 500~250 km. (10 stations)
High (at risk) hazard <250 km. (15 stations)
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The relevant seismic parameters for the 15 “at risk” SLR stations are presented in Table 1.

Station Closest Earthquake Strongest # Radius % time
2005-2010
m Date dKm.| m Date dKm. | 0-250 | 250-500 | 0-500

Arequipa 73| 1151958 4| 8.5 10/11/1939 150 13 21 34 1.21%
Tanegashima 6.6 | 10/18/1996 7| 8.0 2[11916 126 12 5 17 0.52%
Simosato 8.3 | 12[71944 15| 83| 12[7/1944 15 16 37 53 1.13%
SanJuan 7.8 115/1944 16| 7.8 115/1944 16 4 33 37 6.49%
Simeiz 6.8 9/11/1927 27| 6.8 9/11/1927 27 1 n 12 0.98%
Katzively 6.8 9111927 27| 6.8 9/11/1927 27 1 n 12 1.59%
Concepcion 6.6 3/5/2010 36| 8.8 2/27/2010 81 18 18 36 3.27%
Koganei 8.3 9/11923 46| 8.3 9/1/1923 46 19 56 75 1.10%
Monument Peak | 6.7 | 11/24/1987 56 73| 6/28/1992 145 10 2 12 3.29%
Kunming 7.7 1/41970 93| 7.7 1/41970 93 2 13 15 0.18%
Haleakala Maui 6.7 | 10/15/2006 98 7.2 | 11291975 200 4 0 4 1.65%
Matera 6.5 | 11/23/1980 16| 6.5| 7/23/1930 121 2 15 17 4.01%
Beijing 75| 7271976 179 | 7.6 | 3/22/1966 244 3 3 6 1.38%
Graz 6.5 5/6[1976 187 | 6.5 5/6/1976 187 4 5.98%
San Fernando 7.0 | 3/29/1954 248 | 7.0 | 3/29/1954 248 1 2 3.03%

Table 1: The relevant seismic parameters of the “at risk” SLR stations.

The stations outlined had already reported in their log files a strong felt earthquake.
This group of stations generated 35.8% of the tracking time data during the 2005-2010 period.

Itis possible to rank the hazard level of the “at risk” stations using a semiquantitative analysis. The 7 stations with high-
est hazard level are in descending order: Arequipa, Simosato, Koganei, Concepcion, San Juan, Tanegashima and Monu-
ment Peak. Even if this proxy analysis is done ending in December 2009 (so the recent earthquakes in Chile and Japan
are not used), the station list remains the same.

The importance of the concurrent operation of an IGS GNSS station at the SLR station premises during a disaster should
not be underestimated due to the much shorter station coordinates’ time resolution in comparison with the SLR sys-
tems and its reduced vulnerabilities with regard to power and communication needs. A good example for the high
time resolution of the GPS during the latest strong earthquakes in Concepcion and Mizusawa is shown in the analysis
carried out by Simon Banville at the University of New Brunswick (cf. Fig.1).
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Station CONZ, 2010/02/27 - Chile Earthquake
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Figure 1: Displacement at station Concepcion during the earthquake of 2010

Recommendations

It is recommended for the stations/agencies

to carry out a full hazard analysis for the SLR stations.

to identify the vulnerabilities and rank them by impact importance.

toimplement and execute a cost-effective risk management program.

To perform regular crew training in mitigation procedures.

In particular at the Seismical At-Risk Stations:

- to support the local microzoning updating.

- to create and implement a full seismic mitigation program.

- to guarantee the stations’ IGS GNSS receivers should be operational during a disaster.

- to facilitate at/near the premises the operation of seismical instrumentation.

The ILRS should encourage

the inclusion of hazard|risk analyses into the design of new stations.
the regular hazard|risk analysis updating for the current stations.
the sharing of experience on mitigation procedures.

the conservation of the ILRS historical memory.

all SLR stations should to have an IGS station operating on the premises which should be operational during
adisaster

to upgrade the IGS stations to the maximum sampling rate possible, in particular at the At-Risk stations.
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The ILRS should discuss the possibility of
. the creation of a “hot line” phone(s) number(s) for:
- centralized emergency communication
- point-to-point two-way emergency data transfer.
. the creation of a centralized software/HDD image security bank (off-line and password-protected.)
. atwo-way approach to In-Sky laser safety by
- promoting the generalization of cost-effective technologies and solutions.

- the creation of a reporting mechanism for incidents.
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ABSTRACT

Emerging from Terahertz technology, photoconductive antennae (PCAs) are usually applied to generate terahertz
radiation out of short optical laser pulses in a rather instantaneous way. As PCAs can be constructed for custom appli-
cations, this paper outlines the application of a PCA for generating microwave pulses out of picosecond laserpulses
capable of being detected by VLBI systems. This could serve as an independent calibration signal for the internal VLBI
signal path from feed horn to data registration. Further customization of PCAs for the relatively low VLBI frequency
domain can lead to very interesting applications starting from verification of local ties up to intersystem timetransfer
between SLR and VLBI systems, giving way to an experimental approach of combination of space geodetic measure-
mentsin the GGOS sense.

1. Introduction

Photoconductive antennae (PCA) are devices emerging from terahertz technology. Being a bidirectrional device, as
the name antennasuggests, itis capable of transmitting an electromagnetic pulse preferable in the terahertz frequen-
cy domain, on excitation with short optical laser pulses and, vice versa, detecting a terahertz pulse in temporal coinci-
dence with an optical laser pulse. The customized design of a PCA leads to lower frequency output in order to access
the microwave region, the frequency domain where VLBI observations are carried out. Thus PCAs constructed for the
operation in the microwave region can be used as a link device between microwave and optical space geodetic tech-
niques in a variety of ways, e.g. the verification of local ties between SLR and VLBI systems, the optical to microwave
time transfer and even the replacement of the existing phase calibration device.

2. Experimental setup

Afirst experiment was set up in order to do a phase noise measurement of a laser pulse induced microwave pulse train
using the existing Ti:Sa laser system of the Satellite Observing System Wettzell (SOS-W). The laser consists of an oscil-
lator which can be synchronized to a frequency standard by means of an external frequency synthesizer providing the
nominal pulse repetitive frequency of 73MHz. This frequency synthesizer can in turn be synchronized as well to a stable
reference frequency provided by a maser for time transfer experiments. For nominal SLR operation, the oscillator out-
put is amplified at a repetition rate of 1kHz. This option hasn't been used throughout this experiment due to the fact
that the phase noise analysis of 73MHz is much more comfortable with the equipment in use. Figure Tillustrates the
setup with the laser head on therightside. The output is guided by two steering mirrors onto the PCA where the optical
pulses are converted to microwave pulses. These are detected by a comercial satellite TV receiver (LNB) at a bandwidth
of T1GHz. Next to a schematic setup of the experiment the inlet of figure 1 shows the signals displayed with a 50GHz
sampling oscilloscope. The upper pink trace corresponds to two adjacent optical laser pulses.
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3. Phasenoise analysis

For the phase noise analysis, the laser oscillator is operated synchronously with the 73MHz output of a frequency syn-
thesizer, which is also used to provide a 10MHz reference signal for the phase noise analyzer. The phase noise analyzer
(Rhode&Schwarz) is connected to the output of the LNB mentioned in the experimental setup section. To give an over-
view on the frequency bandwidth of the obtained LNB output an electrical spectrum was recorded from 10MHz up to
more than 13GHz. The obtained frequency comb with equidistant spacings of the 73MHz pulse repetition frequency is
displayed in figure2. The slope of the spectral power corresponds to a gaussian pulse shape of 40ps width.

The phase noise measurement shown in firgure 3 is performed on the signals first harmonic. The signal starts at a carrier
normalized level of -40dBc for 1Hz offset frequency and reaches the noise floor at -130dBc and an offset frequency of
300kHz. The slope shows some volatile peaks of spurious signals as well as some residual phase noise arising from the
laser oscillator length stabilization.

First Experiment

= 60 degree emissionangle
= Linear polarization

Figure 1: Basic schematic setup, illustration and oscilloscope traces of the first photoconductive antenna
experiment.

Electrical Spectrum

= Repetitive signal
= Freguency dependence exp(-(omega*tau)"2/2)

Figure 2: Frequency comb obtained from electromagnetical signal of a photoconductive antenna detected
by an LNB and recorded by an electtrical spectrum analyzer
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Phase Noise

Figure 3: Frequency comb obtained from electromagnetical signal of a photoconductive antenna detected

by an LNB and recorded by an electtrical spectrum analyzer
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Co-optical Path kHz SLR at Kunming Station

Li Zhulian, Fu Honglin, He Shaohui, Zheng Xiangming,
Li Rongwang, Li Yuqiang, Zhai Dongsheng, Xiong Yaoheng

ABSTRACT

Kunming station (7820) laser ranging system is co-optical path means, and low repeat frequency (<10Hz) laser ranging
was routinely done in it ago. With the development of sciences and techniques, high repeat frequency laser ranging
method, which would get more data per second and higher precision, appeared and would play an important role in
this field. The paper will introduce our co-optical path kHz SLR system and give some observed data.

1. Introduction

1.1 LowRepeat Frequency System

Kunming station has begun to do Satellite Laser Ranging (SLR) work since 1998, and produced a series of valuable data
for users, who utilize it to do some science research. Before 2009, this system had 1~ 10Hz ranging frequency with 3cm
ranging precision. To low repeat frequency system, co-optical path laser ranging is relative easy to realized by using
rotating mirror to change emit and receive optical path. With the development of the electronic technique and other
relative sciences, high repeat frequency SLR technique appeared and quickly developed.

1.2 High Repeat Frequency System

Co-optical high repeat frequency Satellite Laser Ranging technique is very difficult, so we planed to carry out 20Hz SLR
before 2009, and ordered the laser from Continus Company. Unfortunately, the order was denied by U.S government,
so our work to update Kunming station’s system to 20Hz ranging system has been delayed several years. Finally we
tried to develop our Kilo-hertz (kHz) co-optical laser ranging system with kHz laser.

Here, we would introduce it carried out principle and technique, and indicate some observed data.

2. Co-optical path kHz system

2.1 Co-optical path

Kunming station’s SLR system uses co-optical path ways, i.e. our 1.2m telescope is used as both transmit and receive
instrument ['. The laser trace during ranging is showed in picture 1, the outgoing laser coming from kHz laser will go
through the 1.2m telescope to the target (satellite), and it will be reflected to observation station by retro-reflectors,
the incoming laser. It will also fly through the same telescope to receiving detectors.
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Figure 1: Laser Trace in Co-optical SLR

2.2 Ranging Control

2.2.1 Hardware

Ranging control system consists of Rotation Shutter (RS), Industrial Personal Computer (IPC), Laser, Event Timer (ET),
and G-SPAD etc. Its block diagram is showed in Figure 2.

Rotation sync Industrial Fire Laser
Shutter signal Personal signal
Computer
| S Laser
C-SPAD gate Laser pulse Beam
C-SPAD Return Eyent Laser PIN
pulse Timer pulse detector

Figure 2: Ranging Control Block Diagram

Laser ranging procedure: RS continuously generates synchronization signal to IPC, when IPC detects these signals, it
will give fire instructions to Laser and begin to detect the laser pulse from Pin detector. Once detects the laser pulse, it
will generate a C-SPAD gate signal to C-SPAD return detector. Laser transmit epoch and its return epoch was recorded
by ET.

2.2.2  Software

The software consists of Run Ranging Software, Orbit Prediction, Telescope tracking, Data collecting and Data pro-
cessed functions. Because all functions don’t work in a same time, so we developed our user application software with
Single Document Multi-Interview (SDMI) of visual C++, Ranging Operational Process is showed in Figure 3.

r—-— — 7 " - — 7/ ™
Orbit Prediction =~ <«— RunRanging Software
L

_T_J - —

Telescope Tracking

- — — ™
SLR, Data Collecting | —> Data Processed
L

Figure 3: Ranging Operational Process
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3. Observed Data

This co-optical path ranging system calibrates the system delay by measuring a ground target, which is put at 200m
from observing station. During observation, we do range it every one hour or after each satellite observed. The ave-
rage of system delay is about 2358.9cm with 0.5cm precision.

3.1 NightRanging Data
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Figure 4: Jason2 and Lageos2 Night Ranging Data

Kunming station’s SLR system successfully got night ranging data in April, 2010. Figure 4 shows the night ranging data
from Jason2 and Lageos2 satellite. They have separately 1.177cm and 1.46¢cm accuracy.?
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Figure 5: Ajisai Daylight Ranging Data

3.2 Daylight Ranging Data

Kunming station SLR system successfully got daylight ranging data in lately October, 2010. Figure 5 shows the daylight
ranging data from Ajisai satellite. It has 1.41cm accuracy. @
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4. Conclusion

It is not easy to carry out high repeat frequency co-optical path SLR, and our experiment of realizing kHz co-optical
path SLR at Kunming station has completely proved this. However, at the same time, our experiment said that co-opti-
cal path kHz satellite laser ranging technique could be fulfilled.
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Experimental Laser System for Monitoring of
GLONASS Time/Frequency Synchronization

Sadovnikov M.A., Fedotov A.A., Shargorodskiy V.D.

A laser-based system is presented for high-accuracy in-flight calibration of regular RF means used for comparison of GLO-
NASS on-board and on-ground clocks, as well as for mutual synchro-nization of on-ground clocks at different far-away points
of territory. The system operation principle is based on comparison of two-way time-of-flight attained by satellite laser ranging
(SLR) of the GLONASS spacecraft, equipped with optical retroreflector arrays, and data of one-way laser mea-surements using
on-board photo receivers. Parameters and methods of on-board and on-ground equipment calibration are presented, as well as
a measurement data processing algorithm providing simultaneous operation of multiple laser stations observing the GLONASS
spacecraft. The ex-pected measurement accuracy is also evaluated.

At all stages of the Russian GLONASS navigation system development, laser systems have been widely used in the
regular ground control structure. All navigation spacecraft (SC) are equipped with retroreflector arrays providing high-
accuracyranging by means of SLR stations. Range measurements are used for calibration of regular RF monitor stations
providing orbit parameter deter-mination, refinement of SC orbit disturbing force models, determination of precise
station coordinates in the geocentric reference frame, as well as for verification of ephemerides translated to the navi-
gation SC by control stations.

The high accuracy of navigation is provided primarily by high-accuracy ephemerides calculation as well as by high-
accuracy synchronization between the SC on-board clock and the GLONASS system time scale.

In the GLONASS system (Fig. 1), the system time scale is formed by the main synchronizer using an hydrogen maser
en-semble, while the time/frequency correction values (relative to the system time scale) for the SC clocks are calcu-
lated in the system control center. The calculation is based on comparison of range values measured by two-way RF
ranging station with pseudo-range values measured by one-way RF station [1]. Currently, the accuracy of such RF clock
comparison measurements is not better than 2...3 ns (at the moment of measurement).

The experimental GLONASS time/frequency synchronization laser-based control system is developed for comparison of
on-board and on-ground clocks with random and systematic errors less then 100 ps. The system purpose is:

. verification of GLONASS RF synchronization system measurement results;
. mutual synchronization of on-ground etalon clocks located at distant points.

The laser-based control system includes satellite laser ranging (SLR) stations located near to the corresponding
on-ground etalon clocks, on-ground laser equipment units (GLEU) connected to the SLR stations and to the etalon
clocks by optical fiber links for translation of synchronizing time marks from the clocks and laser pulses from the SLR
stations to the GLEU, as well as an on-board laser equipment unit (BLEU) connected to the SC clock.

The laser-based control system operation principle is as follows. The SLR station measures the laser pulse time-of-flight
(TOF) to the retroreflector array (RRA) on the SC and back. The on-ground unit receives the laser pulse translated from
the SLR station via the optical fiber link and determines its radiation moment in the on-ground clock time scale. The
on-board unit detect the laser pulses coming to the SC and measures their arrival time in the SC clock time scale.

The SC arrival time moments and calibration corrections for the SC measurements are translated via the RF telemetry
link to the system control center where they are converted into an SC measurement data file. Also the center becomes
from the GLEU a ground measurement data file comprising laser pulse radiation moments, TOF values and calibrati-
on corrections for on-ground measurements. During the data processing, the time difference between on-board and
on-ground time scales is determined.

For the experiment SLR station are used which are located near Moscow, near Komsomolsk-na-Amur, and within the
Altay Optical and laser tracking center, all of them being part of the Russian Laser Tracking Network. The stations are
in regular operation mode for a long time, and are equipped with laser transmitters with a pulse repetition rate of 300
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Hz; currently they are also being equipped with single photon receivers SPAD K14 developed by the Czech Technical
University. The SLR station near the Moscow is located near the GLONASS main synchronizer, while the Komsomolsk
and Altay stations are equipped with hydrogen masers.

The on-board unit (Fig. 2) is located in the upper part of the Glonass-M space craft; its mass is 6.5 kg and power con-
sumptionis 35 W (including the thermo-regulation system). The main parts of the on-board unit are the multiaperture
photoreceiver and the timer measuring the arrival time of laser pulses detected by the photoreceiver (in the SC time
scale).

The multiaperture photoreceiver has 7 channels with separate receive lenses (8 mm in diameter with a 9°field of view)
and avalanche photodiodes placedin the focal planes of the lenses. The single channel threshold discriminator outputs
are combined in an OR circuit and thus operating as a whole. The multiaperture design provides full covering of the
visible Earth disk and reducing of the back ground noises caused by the solar radiation. The photoreceiver operating
wavelength is 532 nm; the background power is reduced by narrow-band interference filter having a bandwidth of
3 nm. The input pulse energy range in which the required accuracy of arrival time moment determination is provided,
is 0.02 to 2 fJ/mm?. The on-board memory provides up to 2 million pulses during an observation session, and allows
volume-limited selections from the data array due to the SC measurement delivering time.

The single-shot pulse arrival time random error is defined by the laser pulse duration as well as by the receiver noise
and timing jitter (phase noise of timer and on-board synchronizer). With the total timing resolution of the 200 ps and
laser pulse duration lessthen 300 ps, the single-shot arrival time measurement error may be evaluated as no more than
300 ps.

The on-board arrival time measurement systematic error is defined by the calibration accuracy of time delays in cable
connection to the on-board synchronizer, in the timer, and in the photoreceiver, as well as by the accuracy of the time
difference determination between the moments of the pulse arrivals at the RRA reflection center and at the on-board
unit optical center. This difference depends on the navigation SC attitude angles; thus the calibration should be perfor-
med at zero incidence angle of the laser beam, while the angle-dependent correction value is calculated in the system
control center during the on-ground measurement data processing. To avoid the effects of variable delays caused by
signal strength dependent arrival time measurement variations, the photoreceiver channels are provided with ampli-
tude measurement devices, and the amplitude measurement data are translated to the system control center (within
the total measurement data array). Before and immediately after the measurement session, the total measurement
path is calibrated by an active calibration system including a laser diode placed in the on-board unit optical center,
thus allowing to take into account the variable delays caused by the environment temperature variations.

The on-ground laser equipment unit (Fig. 3) is placed directly on the SLR station and is in fact an additional SLR module.
Its main parts are an optical-to-electronic converter (OE converter) placed near the on-ground etalon clock, a measu-
ring photoreceiver, and a timer measuring the SLR station laser pulse radiation time moment in the on-ground time
scale. The etalon clock may be at a considerable distance from the SLR station (up to1km), so forits connection with the
GLEU a wideband fiber-optical link is used.

For the on-ground etalon clock precise time mark forming (high-accuracy time scale), the zero transition moments of
its sine signal are used. The OE converter transforms the electrical signals of the high-accuracy time scale into optical
signals to be translated via the fiber-optical link. The optical time mark pulse duration is 35 ps, at the 1.3 um wavelength.
The optical time mark pulses from the on-ground etalon clock are delivered to the on-ground unit photoreceiverinput,
where also attenuated pulses from the SLR station are delivered via a short optical link.

A germanium photodiode with a response time of 70 ps is used as a measuring photodetector. The pulse time diffe-
rence is measured by an event timer with a measurement accuracy of 40 ps. The measurement data processing is per-
formed by a computer forming an on-ground measurement data file with an account for the SLR measurement data
and for the calibration data.

The return optical pulse arrival time single-shot error with an account for the on-ground etalon clock time scale tie-up
errors is defined by the laser pulse duration, the SLR station return signal receiver resolution, the SLR station and GLEU
timers random errors, as well as the on-ground etalon clock optical mark pulse jitter. With the SLR station receiver re-
solution of 30 ps and laser transmit pulse duration of 300 ps, the GLEU single-shot error may be evaluated as less then
220 ps.
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The on-ground measurement systematic error is defined by calibration accuracy of the time delays in the fiber-optic
connections of the measuring photoreceiver with the on-ground etalon clock and the SLR station laser transmitter, as
well as by the accuracy of the SLR station system correction value determination.

To check the optical time mark delay in the fiber-optic link, an additional optical fiber loop is used. The loop is laid to-
getherwith the main fiber-optic link and has a double length as compared with the main link. As a result, the time delay
inthe loop is twice the optical time mark pulse time delay in the path from the on-ground etalon clock to the GLEU. The
optical signal from the loop output is fed to the GLEU measuring photoreceiver; at its output electrical pulses from the
main linkand from the loop are formed, with the time interval between them corresponding to the current delay in the
fiber-optic connection.

To increase the SLR station system correction value determination accuracy, a calibration procedure is anticipated di-
rectly during the laser ranging session, with a following averaging of multiple system correction value measurement
results.

The mutual processing of on-board and on-ground measurements is performed in the system control center using the
following algorithm:

1. Calibration correction values are introduced in the on-board and on-ground measurement results, reducing the
results to the RRA reflection center of the navigation SC and to the SLR station mount axes crossing point.

2. Using a priori data, on-board measurement results are selected corresponding to each SLR station laser pulse
radiation moment.

3. Forthe on-board and on-ground measurement results, separately using the least-square method, one-way laser
pulse TOF values 7, and 1 are determined.

4.Usingthe X =1,-1, relationship, the difference between on-board and on-ground time scales is calculated.

Thus, the difference between the on-board and on-ground time scales is determined as the difference between the
one-way laser pulse TOF value derived from on-board measurements, and the one-way TOF value derived from the on-
ground measurements.

The expected total error of multiple time difference measurements (synchronization accuracy)iso  / N, where o, is
the single-shot RMS measurement error, and N is the total number of measurements during the observation time inter-
val T. With the observation time interval T = 1000s and the average return signal arrival frequency 2 Hz, the expected
errorisabout5 ps. The expected error of relative stability of the SC clock estimation o,is \3- a/T- VN, whichinthe same
observation condition is about 8107,

Thus, the expected parameters of the GLONASS synchronization monitoring laser system offer an increase of the time
scale difference determination accuracy by more then an order of magnitude relative to the regular RF synchroniza-
tion means. Currently, the equipment developed with an account for the higher reliability and lifetime requirements
is in the final testing phase, and will be soon delivered for ground testing within the spacecraft. The first flight of the
Glonass-M spacecraft with the laser synchronization monitoring system is scheduled for the end of 2011 year.
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New 2kHz capable software in Metsahovi

Kirco Arsov

ABSTRACT

Metsahovi SLR system is currently going through a major renovation. A new 2KHz laser has been bought together with
the timing devices, C-SPAD and other necessary electronics. This change from old 1Hz system to our new 2KHz SLR requi-
res improvement in all the hardware and software in Metsahovi accordingly. Since in 2KHz scenario many operations
are time critical, our old 1Hz SLR software was not capable of many tasks, and together with the hardware a decision has
been made to write a new operational SLR software. The software is written in C++ by the use of MFC libraries and is ful-
ly capable of handling 2kHz scenario. Main objective of this paper is to give an overview of performance/development,
as well to identify all the critical items and their solution. Some test performances will be also outlined, presented and
documented.

1. Introduction

The Metsdhovi fundamental station was founded in the mid-1970s, and over the years it has become an essential part
of the activities of the Finnish Geodetic Institute. The instrumentation of the station serves both the Institute’s own re-
search and the international scientific community. The following instruments are currently installed at the Metsdhovi
fundamental station: satellite laser ranging (SLR), geodetic VLBI (Very Long Baseline Interferometry) in a co-operation
with the Helsinki University of Technology, GPS and GLONASS receivers, a DORIS beacon and a superconducting gravi-
meter. Absolute gravity is regularly measured in the gravimetric laboratory where the National reference point of gra-
vity exists. There is also a seismometer of the University of Helsinki. Metsahovi is one of the few fundamental stations in
the world where all major geodetic observing instruments are installed in the same site.

SLRis one very important segment of our station. It has been operational with 1THz from 1994-2005. In 2007 we decided
to completely replace the old 1Hz system with the new 2 KHz SLR. Therefore, a new 2kHz capable laser was purchased
from the HighQ companytin 2006, and it was delivered in the station in the first half of 2007.

Due to the new laser, the necessary improvement and modernization of the old equipment was necessary too. A new
C-SPAD replaced our old PMT, new GPS receiver together with the new meteo station was also purchased, and for the
time critical tasks we ordered the well known Graz ISA fpga board. This board was planned initialy to operate separately
in DOS. We left this concept later by development of our own PCl fpga board who perform all the time critical tasks in
the main program. It is slightly improved version of the old ISA Graz board. Our old 1Hz SLR software was not able to
manipulate, control and operate all this new equipment. Therefore, we decided to write a new, modern and powerful
2kHz software from scratch. In the following context of the paper we give an overview of thus developed software
package.

2. Software description

As we already mentioned, the quantum leap from 1 Hz to 2 kHz implied writing from scratch the whole operational
SLR software. Our old SLR software used old Linux installation together with some obsolete libraries, the person who
developed the software over many years was not present in the station anymore and it was impossible to get any docu-
mentation on the current software situation. Even (re)compiling of the software was very difficult, due to obsolete or
missing libraries, different hardware etc. So, to summarize, our old SLR software was far of being able to handle the new
2kHz system. Taking all of the above mentioned into account, a decision has been made to develop anew modern2 kHz
capable SLR software from scratch in Metsahovi. It has been started in the second half of 2007 and in the following we
give a short description of its capabilities so far:

. Platform: Windows 7 operating system with intel i9 -> 8 threads. Operator knowledge is limited only to
using the mouse; no scripting or other out-of-software actions needed.

. Implemented as option DOS communication, but later dropped off by the use of our own PCl fpga SLR cont-
roller. Old DOS communication interfaces are left if needed for something in the future.
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. C++ as programming language, and GUI was programmed by MFC libraries.
. No real time operating system needed because:
- All tasks are performed in hardware PCl fpga board.

- Tests show that Windows system is never later thren Imsec. This is especially true if one uses loops or
threads.

- Timer used is AO32-ET and it has around 12000 FIFO points for reading the measurements, so no need of
directresponse.

- In the fpga board most of the tasks are performed by using FIFOS so also this does not imply real time
system.

- Only important thing is to get the data from timers and fpga within the time-of-flight of the satellite
whichin case for example of GOCE satellite is about 1.4-2 msec.

- Graphicsis done by usage of DirectX10 inside PCle graphics board. All rendering plotting etc is done
inside the graphics board. For graphics manipulation, we used DXSDK (DirectX Software Development
Kit) . No additional burden on the CPU.

- All writings to disk are done binary in threads by writing big amount of data at once, ex after 5 min
observing.

. Implemented GUI modules for session downloading, CPF treatment, session planning, observation etc.
. Full 2 kHz scenario uses only 20 % of the CPU.

MetsdhoviSLR OS software is developed based on object-oriented programming. It consists of different classes tailored
to different tasks to be performed. In Fig. 1 we give the basic objects of which Metsdhovi SLR OS software consists.
Dashed squaresrepresent objects that are programmed but not used anymore. In the DOS option for example, we used
as data trans-fer our own developed protocol with the parallel PCI-DIO96 board because of almost no latency time in
handshaking (8255 chip) and together with that very fast data transfer compared to GBit LAN after handshaking. In this
DOS scenario, for upload of orbits, time and meteorological data, we used from the DOS side TCP/IP or UDP protocols.
But for the real time software status control, time[/range biases upload and residuals upload to windows we used the
parallel DIO96 board because of its very fast response. It is also interesting maybe to mention that on the DOS side we
used the DJGPP C++ compiler who made it possible for us to use 32 bit addresses as well as whole 3Gbyte RAM in pure
DOS environment. The old Graz ISA fpga board was mounted in the DOS computer and its main task was range gate
computation/setting, event timing with 5ns resolution, laser and CCD control, calibration etc. Now these tasks are per-
formed in the main computer via our own PCl fpga board. We used at the beginning also one NI-PCI6601 counter for
time synchronization, very rough event timing, time counting etc, and the dashed box is one class we developed for
manipulating this counter. It is now obsolete and not used, since we do also these operations with the fpga board, but
is present anyway in the software, so if someone wants to do something in the future to be available as option.

Satellites |5959"°”||FTPnrbits |

Mets&hovi
SLR OS

— T 1

| DOS comm r, / Main FPGAISA
| pclesot \ MFC GUI
Properties
A032-ET | | DirectX10 (filters etc)

Figure 1: Main objects of Metsdhovi SLR OS program

72



Figure 2: Some screenshots of the Metsahovi SLR OS

In Fig.2 we give some screenshots of the software. As it is seen in Fig.1the program has some parts dealing with satel-
lites, satellite orbits, download of the orbits via ftp, their manipulation, loading in the program etc. It is also possible
to manipulate satellites used, to add new satellites, to set priorities, delete satellites etc. For loading the cpf orbits we
used as starting point the EOS submitted class in the ILRS pages with some modifications regarding additional test of
cpf orbits and programming some wrappers to better fit to our software general interface. We also as may be seen
from Fig. 1and 2 programmed window for session planning, satellites management and including certain passes in
the session. Also setting of range and time bias is possible on-the-fly. There is also TCP/IP interface to the timing and
meteorological station so it has been updated and checked from threads every predefined certain amount of time.
There is also an option of setting the filters for the residuals,as explained in Kirchner 2004 and it offers a great flexibility
in the filtering and screening of the residuals. It is capable of finding 0.1% returns present in the measurements. For
real time plotting, the requirement is to process 4000 points per second. It is managed by using DirectX10 SDK and is
uploading the plot 30 times per second. All rendering of these points etc is done in the external graphics board and is
notusing the CPU. The only CPU usage in the graphicsis to react from a thread to timer trigger 30 times per second and
toinstruct the graphics board to do the refreshing of the residuals plot. The program also controls our own developed
PCl fpga board for range gate setting, event timing, laser control, CCD control etc. The overlapping avoidance is done
in the fpga board automatically, so no CPU time is needed for that at all. There is also object for reading the A032-ET
event timer from Riga and itis red in real time from our software to get the start and stop epochs. For this purpose, we
redesigned the RIGA’s C program for reading the timer, and wrote one wrapper for our program so it directly reads the
timer, checks for available measurements, performs calibration, scaling, absolute orientation to UTC etc. At this point
it should be mentioned that it is foreseen to make our software freely available to the SLR community for non-profit
usage. For this purpose a necessary modifications are done in terms of allowing usage of MAXII cheap cpld for time cri-
tical tasks for example (since our PCl fpga board is now obsolete and can not be bought from Altera), writing excessive
documentation of the software to make it more easy to install and use etc. No present code will be removed from the
current version affecting these modifications. Also all obsolete code will be left (such as the DOS case for example) so
in the future if someone interested may use it. We do hope that in few months the Metsahovi SLR OS software will be
available for download from our ftp site and/or from the ILRS homepage.
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3. Software future work

Software writing is always long process and one is actually never finished and has one “final” version of the program.
Same holds also for our Metsahovi SLR OS program. In the current version, main focus was put to be able to perform one
full2 kHz closed loop simulation and be able to perform all time critical tasks without any problem. Well we succeed to
meet this goal so far. We are able to perform one full 2 kHz measurement scenario with the current version. Our Plans
for future are to manage a bit more elegant the setting of the program parameters, to include more automation in
the computation, to perform automatic setting of the range gate as well as automatic control of the satellite search,
time bias, range bias management of the program etc. What is also not done is performing the calibration. We assume
in the current version that the calibration is perfectly known what in praxis of course is not true. Our PCl fpga board is
capable of automatic control of the range gate pulses needed for calibration, so what we need to implement in the
future is just the software part into our operational software together with some statistics. For now we assume also
that the telescope is perfect what is also not true. For this reason one interface with the telescope should be program-
med and implemented in the future as well. And last but not least, one post processing object should be developed
in the future with functions to post process the raw measurements, send auto e-mail to ILRS data centers, archive the
sessions etc. We also planin the future to make the program more flexible to the hardware used, since there are certain
optionsfollowing our hardware development, so if someone is testing or using the software, for him should be possible
to select hardware from within the options dialog window. Currently, this is hard-coded in the program according to
current hardware used and one has to uncomment/comment these lines in the program and recompile it for specific
hardware. For example, we developed 2 fpga boards, one with cyclone Il fpga, but since this development board is now
obsolete, we also have one lightweight MAXII PCI cpld version capable of handling 2 kHz scenario, and dependant on
what board someone wants to use the code has to be changed. The reason for MAX |l project is the free code option, so
if someone wants to test it and this cyclone board is not anymore available, the alternative is MAXII. This board is not as
capable as cyclone, but we still programmed the most basic functionality for kHz SLR. Hard coding also holds for cable
delay, meteorological and time server IP address, address of the parallel port for AO32-ET, other boards addresses, di-
rectory name for measurements, naming conventions of output files etc. Anyway, at the end we conclude that 2kHz is
a powerful SLR method, we were able to produce one piece of software being able to deal with this high rate without
any problems by putting all time critical tasks to be executed in hardware, and finally we would like to mention that for
stations having lower rates, the upgrade to kHz might need writing new software from scratch. We believe that this is
the right way to do instead of modifying the old one as our experience showed.
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Modeling and Bias Issues: Keynote Paper

Toshimichi Otsubo (Hitotsubashi Univ, Japan), Daniela Thaller (AIUB, Switzerland), and
Vincenza Luceri (e-GEOS, ASI/CGS, Italy)

1. Introduction

The global satellite laser ranging stations have strived to increase the measurement precision since the early days in
1960’s, and it currently reached, in the best cases, 3 mm in single-shot RMS and, theoretically, around 0.1 mm in a nor-
mal-point basis of kHz laser ranging. On the other hand, the repeatability and the accuracy of the analysis products
have not achieved the same level as the normal-point precision (Thaller, et al., 2011; Luceri, et al., 2011). Systematic error
sources are considered to stem from various components and procedures such as timer, detector, laser, optics, meteo-
rological sensor, calibration, local survey, operational software and also on-board reflector array. Systematic error also
arises from the analysis procedures such as the physical models and parameter estimation configurations (Appleby, et
al.,201).

As anintroductory paperin the session “Modeling and Bias Issues,” this paper presents the measurement accuracy with
respect to detection intensity. Itisimportant to lookinto how such error behaves in the real observation data through
precise orbit determination, and to convey the information back to the stations.

2. Intensity-dependent Range Bias

In this section, the precise behavior of satellite laser ranging data is studied with respect to intensity. Otsubo and Ob-
ara (2006) demonstrated that the number of returns per normal-point bin can be used as a parameter that represents
intensity, and that an intensity-dependent trend is found in a number of stations using 2005-2006 data. We apply this
procedure using our analysis software package ‘concerto v4.10’ to the laser ranging data of LAGEOS and AJISAl in 2010.

A series of 6-day arc orbit determination of LAGEOS-1 and -2 reduces the normal-point residuals at 1.5 to 2 cm RMS. A
series of 2-day arc orbit determination of AJISAl reduces them at about 3 cm RMS. One set of station coordinate and
range bias are also solved for together with orbital parameters. The residuals are sorted by the number of single-shot
returns per bin. This parameter 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 an intensity dependent bias. It is also
related to the so-called target signature effect, which can cause a station-dependent and intensity-dependent bias, at
maximum, by 4 to 5 cm for AJISAl and ETALON, and 1cm for LAGEOS (Otsubo and Appleby, 2003).

Figure 1 shows a part of the results for the most productive three stations in 2010: Yarragadee, Zimmerwald and Mt
Stromlo. The full contents for the most productive 20 stations are available at the website of Geoscience Laboratory of
Hitotsubashi University:

http://geo.science.hit-u.ac.jp/research-en/memo-en/koetzting-update

The negative trend isintuitively expected and is actually found in a number of stations, as seen in the case of Mt Stromlo
in Figure 1. It should be noted here that a C-SPAD detector which tuned by a simple (single reflector; zero-signature)
ground target ranging does not compensate the satellite signature effects, and it results in a negative trend. On the
other hand, there are also a few cases in which the trend is positive, opposite to what we expect. Photomultipliers are,
ingeneral, morerobust, but there is sometimesstill atrend remaining. In this way, the intensity-dependent erroris also
dependent on the target and also on the station.
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Figure 1: Intensity dependence of laser ranging data.

A few stations show different characteristics from the 2005-2006 period in the previous study. For instance, Graz data
that had a negative trend in the past does not have any intensity dependence probably due to their recent policy
change in the data reduction to use the first trace (closest reflector) only for these satellites.

The signal intensity is closely related to the elevation angle, and as a result the height component of station coordi-
nates can be affected constantly. Therefore this method is likely to underestimate the true intensity dependence, i.e.,
the intensity-dependent error is likely to be more than the one presented in the graphs. It is essential to check and
remove such a systematic effect by the stations themselves.

3. Conclusions

A quality assessment method is demonstrated using the global satellite laser ranging data obtained in 2010, to quan-
tify the intensity-dependent systematic error. Despite the sub-mm measurement precision achieved in a normal-point
basis, the range observations for a number of stations are statistically found to have strong intensity dependence up to
Tcm for the two LAGEOS satellites, and up to 2 to 3 cm for the AJISAl satellite. It is desirable to eliminate such systematic
error sources to make full use of the high measurement precision of the modern laser ranging techniques.
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Improving ILRS products after an in-depth
characterization of station biases

V. Luceri!, G. Bianco?, C. Sciarretta’

ABSTRACT

The correction of station systematic errors is a non-trivial aspect of the SLR data analysis mostly due to the fact that
many biases are not known nor reported by the stations. The ILRS Analysis Working Group has devoted a big effort in
modelling the biases during the definition of the ILRS contribution to ITRF2008 with the establishment of guidelines to
be followed by each analysis center for the individual solutions.

The in-depth characterization of the station biases has improved the quality of the Iatest ILRSA combined solution for
ITRF2008 and some indicators will be presented.

The bias monitoring is an ongoing work to keep the ILRS routine product at a high quality standard. A few analysis
centers are involved in this activity, in close contact with the site engineers, to estimate the biases whenever a field
measured correction doesn’t exist and keep the bias list updated.

1. SLRsystematic errors

SLRis a clean, absolute ranging technique with the two possible kinds of systematic errors due to problems at the sta-
tions (e.g. calibration and/or synchronization issues, hardware malfunctioning): time biases and range biases. The ran-
ge bias is the most critical, being highly correlated with height over short periods; the presence of intermittent biases
can introduce jumps in the coordinate time series and a non homogeneous treatment of biases through the different
Analysis Centers affects the combined product.

The ILRS Analysis Working Group (AWG) paid attention to the bias correction from the very beginning of its activities. Its
main product is the weekly estimate of site coordinates and Earth Orientation parameters, using LAGEOS and ETALON
tracking data, obtained from the combination of individual Analysis Centers (AC) solutions; the time series of weekly so-
lutionsisits fundamental contribution forthe International Terrestrial Reference Frame (ITRF). The delivery of ITRF2005,
the first reference frame obtained from the time series of solutions submitted by the various geodetic Services (ILRS,
IVS, IGS and IDS), pointed out the problem of the jumps in the coordinates time series of some sites due to unmodelled
errors and evidenced the necessity to make a deeper investigation on the systematic errors in the SLR data.

1.1  Error handling

The aim of the AWG was the establishment of guidelines to be followed by each analysis center for the individual so-
lutions and the first important step was the recovery of information, above all for the historical data. Main sources of
information were the engineering bias reports collected at the CDDIS database (technical report, station communica-
tion, ecc.) and the rapid, daily bias analysis report from the ILRS Analysis Centers. This information were not sufficient
and, in order to compile a more complete list of biases in the data, a dedicated multi-year solution was made following
the old fashioned way of doing global multi-year solutions: a wide data span back to 1983 was analysed to recover a
single set of station coordinates and velocities, daily EOP and LOD, orbit parameters and time series of biases for all the
stations of the worldwide network. This type of solution was chosen above all to obtain estimated biases de-correlated
from the station height. The bias time series was a precious source of information to detect changes in the station
configuration or unreported issues and was used, together with the information in the site logs, to define a mean cor-
rection to be applied whenever the presence of biasis clear and its value is not known. It is worthwhile to underline that
this work was done in strict collaboration with the stations engineers and the resulting mean corrections followed the
timeline of real changes made at the stations.

Te-GEOS S.p.A., ASI/CGS, Matera, Italy
2 Agenzia Spaziale Italiana, ASI/CGS, Matera, Italy

78



The result was the definition of the ILRS AWG data handling file containing: the corrections to be applied in the SLR data
analysis, the biases to be estimated, the unrecoverable data to be deleted. The file is available on the ILRS website and
is maintained by the ILRS AWG.

After correction

1905 Te90 == 2000 2006 EL]

Figure 1: Herstmonceux systematic errors, before and after corrections

Figure 1is an example of the LAGEOS range bias time series for Herstmonceux derived from the multi-year solution wit-
hout any corrections (graph in the top) and after the application of the mean error correction shown as red segments
in the graph at the top of the figure. Each single jump in the time series corresponds to a change in the station configu-
ration: the last one is the replacement of the Stanford time interval counter. As easily seen, a refinement is needed for
the data taken before 1991 because a small systematic error is still present.

The monitoring of the systematic correction is a continuous work. The AWG is providing feedback to the station whene-
veranerrorisvisiblein the dataandissetting up anintegrated alert system in order to support the stations 24 hours per
day. One of the last cases is the range bias affecting Wettzell from the beginning of 2009 (see Figure 2), due to a calibra-
tion problem; the problem is now solved but the corrections are unrecoverable and the AWG will take care of that.
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Figure 2: Wettzell systematic height time series

2. ThelILRS contribution to ITRF2008

The realization of the last International Terrestrial Reference System, ITRF2008, follows the same strategy of ITRF2005
andisbased on aninter-technique combination of geodetic solutions. The ILRS contribution to ITRF2008 is a time series
of loose solutions containing SSCand EOP, from 1983.0 t0 2009.0. Each weekly solution is obtained through the combi-
nation of weekly solutions submitted by the official ILRS Analysis Centers (ASI, DGFI, GA, GFZ, GRGS, JCET and NSGF) and
the AC solutions have strictly followed the ILRS/AWG guidelines, bias policy included.

The major upgrades, with respect to the previous submission for ITRF2005, are the larger time span (starting from 1983
instead of 1993) and the application of the error corrections as defined in the data handling file.

An immediate evidence of the benefit coming from the proper data error correction is the elimination of artifacts in
the coordinate time series. As stated before, a range bias is correlated with the site height over short periods and the
change of the bias value canintroduce jumps in the coordinate time series not corresponding to a real site movement.
The problem is obviously bigger when affecting stations with a valuable and extended data set as, for example, in
the mentioned case of Herstmonceux. Figure 3 shows the plot of the Herstmonceux UP component, as computed in
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ITRF2005, and a discontinuity is clearly visible at the beginning of 2001 while there is no physical reason that can justify
its presence; the artifact is not present anymore in ITRF2008.
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Figure 3: Herstmonceux height time series in ITRF2005 (plot from itrf.ensg.ign.fr)

The improvement in the estimate of the individual site coordinates has a direct impact in the reference frame datum.
The ILRS SLR time series plays a fundamental role in the definition of the ITRF2008 origin (null translation parameters at
epoch 2005.0 and null translation rates with respect to the ILRSA SLR time series) and a major role in the definition of
the ITRF2008 scale (null scale and scale rate between ITRF2008 and the average of VLBl and SLR scales|rates).

2.1 Origin and scale

The time behavior of the ITRF origin and scale defines the stability of the reference frame: any non linearity or disconti-
nuity is directly mapped into the geophysical results.

The translation and scale factors at epoch 2005.0 and their rates from the ILRS SLR solution to ITRF2008 are reported in
the following table. The values have been estimated on the time span 1983-2009 according to the following formula

ITRF2008 =T + SF°R “AC

where Tis the translation vector, SF the scale factor, R the rotation matrix and AC the SLR solution

AC Offset @ 2005.0 Slope
mm - ppb mmy - ppbly
TX |0.09+0.14 0.10+£0.02
. TY |[-0.01+£0.12 0.05+0.02
ILRSA (core sites)
TZ |-0.66+0.25 -0.08+0.05
SF 10.58+0.02 0.04+0.00

The translations and their rates should be in principle equal to zero because the ITRF2008 origin is based on SLR and,
generally, they are within the 3-sigma. A slope is present in the X translation and it can be explained by a 1 centimeter
offsetinthe period 1982-1988 that will be investigated. All the parameters estimated considering the time range 1993-
2009 are within 1-sigma.

Figure 4 shows a graphical representation of the linear fit of the scale estimated in the two time ranges.

core sites
1-sigrma area (core sites)
core sites (1993 on)

1-sigma area {1993 on

05~
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Figure 4: ILRSA scale offset and rate to ITRF2008
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The realization of ITRF2005 showed a discontinuity in the SLR scale and a low level of agreement between the SLR and
VLBI scales (Altamimi et al., 2009), 1.4 (£0.11) ppb at epoch 2005.0 and 0.08 (£0.01) ppb/yr for the scale and scale rate
respectively. The effort spent in the improvement of the technique solutions for ITRF2008 brought an increase in the
agreement level to 1.05 (+0.13) ppb at epoch 2005.0 for the scale and 0.049 (+0.010) ppb/yr for the scale rate. The SLR
scale discontinuity is reduced within the error of the parameter.

3. Conclusion

The latest ILRS official product forITRF2008 has adopted acommon bias strategy for the single ACsolutions (data hand-
ling SINEX file available). The effort devoted by the ILRS AWG has improved the quality of the SLR contribution to ITRF.

The bias monitoring is an ongoing work to keep the ILRS routine product to a high quality standard, in close contact
with the site engineers.

References

Altamimi,Z., Collilieux,X., Métivier,L., 2011 (ITRF2008:an improved solution of the international terrestrial reference
frame, J.Geod., d0i:10.1007/s00190-011-0444-4)

Correspondence

Vincenza Luceri Giuseppe Bianco Cecilia Sciarretta

e-GEOS S.p.A. Agenzia Spaziale Italiana e-GEOS S.p.A.

Contrada Terlecchia SN Contrada Terlecchia SN via Cannizzaro 71

75100 Matera 75100 Matera 00156 Roma
cinzia.luceri@e-geos.it giuseppe.bianco@asi.it cecilia.sciarretta@e-geos.it

81



GNSS satellites as co-locations for a combined
GNSS and SLR analysis

D. Thaller, K. So$nica, R. Dach, A. Jdggi, M. Mareyen, B. Richter, G. Beutler

ABSTRACT

GNSS microwave data were analyzed together with SLR observations to GPS, GLONASS, LAGEOS and ETALON satel-
lites for a time span of five years. The GNSS satellites are used for connecting GNSS microwave and SLR range data.
Consistently estimated SLR-GNSS range biases, offsets for the satellite microwave antenna as well as for the laser
reflector array are derived. Corrections to the official values of about 3.3 cm are obtained for the laser reflector array.
The corrections for the microwave antenna differ between the GPS and GLONASS satellites and are in average about
2.5cm and -14 cm, respectively.

1. Introduction

SLR range observations to satellites of Global Navigation Satellite Systems (GNSS) are taken for a long time, especially
satellites of the Global Positioning System (GPS) or the Russian GLONASS. The ILRS stations are tracking both GPS sa-
tellites equipped with a Laser Reflector Array (LRA), i.e., GPS-05 and GPS-06, as well as a sub-set of the active GLONASS
satellites, i.e., for most of the time three satellites in parallel, and since August 2010 the number was increased to six
GLONASS satellites. Additionally, Herstmonceux is tracking the full GLONASS constellation since December2009.

It is well known from the daily Quicklook reports sent out by AIUB (see ftp://ftp.unibe.ch/aiub/sIr/gnss_report.txt for
the latest report), that the biases seen in the pure SLR range residuals to given GNSS orbits (based on microwave data
only) are at the level of a few centimeters. The possible reasons for the biases present in the pure SLR range residuals
are manifold:

. bad SLR station coordinates (fixed to SLRF2005),

. discrepancies in the underlying terrestrial reference frames of GNSS (used for the satellite orbits) and SLR
(used for the station coordinates), mainly regarding scale and geocenter,

. deficiencies in the modeling of the orbits of the GNSS satellites (problematic issues are, e.g., solar radiation
pressure and Earth albedo),

. errors in the phase center model of the GNSS microwave antenna (offsets and variations),
. errors in the offsets of the LRA,

. unknown SLR range biases for GNSS satellites.

2. Combined analysis of microwave and range data

In order to overcome the deficiencies with the pure SLR range residuals mentioned above, we performed a combined
analysis of SLR range data to the GPS and GLONASS satellites together with the microwave data of a global GNSS net-
work of about 240 stations. The time span 2006 - 2011 (beginning) has been considered, i.e., five years in total. The
analysis of the microwave data as well as the SLR data has been done using the Bernese Software (Dach et al., 2007).
This guarantees that identical models and parameterizations are used for the analysis of all data.

The analysis of the GNSS microwave data was done in the framework of a combined GPS-GLONASS reprocessing per-
formed by Dach et al. (2011). The phase center model igs05.atx (Schmid et al., 2007) has been used for modeling the a
priori antenna phase center offsets and variations. Daily normal equations (NEQs) including GNSS station coordinates,
Earth rotation parameters (ERPs), geocenter coordinates, GNSS orbit parameters and satellite antenna offsets (SAOs)
were generated.
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The SLR data to GNSS satellites have been analyzed using the same orbit modeling for the GNSS satellites as in the ana-
lysis of the microwave data. For the time span considered, SLR observations from all stations are available for two GPS
satellites and altogether ten GLONASS satellites. SLR data to all GLONASS satellites collected by the station Herstmon-
ceux since December 2009 have been considered additionally. Daily NEQs were generated containing SLR station co-
ordinates, ERPs, geocenter coordinates, GNSS orbit parameters, LRA offsets, and range biases for all stations.

As a result from both steps, combined daily NEQs have been generated with the GNSS orbits determined by both, i.e.,
microwave and SLR data.

As a third step, SLR data to LAGEOS and ETALON have been analyzed and weekly NEQs were generated. The inclusion of
these data should mainly stabilize the estimation of the SLR station coordinates as the amount of SLR data to the GNSS
satellites is comparably small (i.e., in average only 10-20 observations per day and satellite).

Al NEQs described above have been accumulated for the entire time span of five years. Finally, a combined multi-year
solution has been generated with station coordinates and velocities estimated (amongst the other parameters). The
station network is aligned to the official TRF by applying no-net-rotation conditions with respect to IGSO5 using a sub-
set of GNSS stations. Local ties have not been applied. This implies, that the two space-geodetic techniques GNSS and
SLR are connected only at the GNSS satellites tracked by SLR.

The focus of this contribution is on three different parameter types: SLR-GNSS biases (parameterized as a range bias),
SAOs for the GNSS microwave antennas, and offsets for the LRA. In order to study these parameters and their corre-
lations, four different solutions have been generated. The characteristics of the solutions are summarized in Table 1.
GNSS-SLR bias parameters are estimated as one range bias per station in all solution types. In the case of fixing the SAO
parameters to the official values given by igs05.atx (Schmid et al., 2007) it is clear that any errors in the microwave
phase center model might show up in the SLR-related parameters, e.g., in the SLR-GNSS biases. The same holds for the
solutions with LRA offsets fixed to their official values. These considerations lead to the conclusion that the GNSS-SLR
bias parameters resulting from solution types 1-3 cannot be considered to represent real SLR range biases. Only the bias
parameters resulting from solution type 4 represent real SLR range biases. The question arises, however, whether the
three parameter types estimated in solution type 4 can be de-correlated.

Solution1 Solution2 Solution3 Solution 4
GNSS-SLR “range” | 1bias per station 1bias per station 1bias per station 1bias per station
bias parameter estimated estimated estimated estimated
LRA offset Fixed to official Fixed to official values Correction forthe Correction forthe
values z-component estimated | z-component estimated
Microwave SAO Fixed tovalues Correction for the Fixed to values of Correction forthe
of igs05.atx z-component estimated igs05.atx z-component estimated

Table 1: Types of combined GNSS-SLR solutions.

3. Results

3.1 SLR-GNSS bias parameters

The estimated SLR-GNSS bias parameters per station are shown in Figure 1 for the different solution types listed in
Table 1.

Inthefirstsolution, i.e., assuming the LRA as well as the SAO to be correct, the estimated bias parameters are at the cen-
timeter level and quite systematic (almost all negative). This leads to the conclusion that several effects are absorbed
by these parameters such that they cannot be considered to be actual SLR "range biases".

When estimating corrections for the SAO (solution 2, not shown in Figure 1), the bias parameters do not change signi-
ficantly: the median of the differences compared to the first solution is 0.4 mm. Therefore, we conclude that errors in
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the SAO values do not map into the SLR-GNSS range bias parameters. On the other hand, the resulting bias parameters
still cannot be considered to be an SLR “range bias”, as already stated for solution 1.

In the case of the third solution (i.e., estimating corrections to the LRA offsets), the resulting bias parameters clearly
change (see Figure1). In general the values are smaller than in the solutions discussed before, and they are less systema-
tic with positive as well as negative values. The differences compared to solution 1, however, are rather systematic, i.e.,
about 25 mm for almost all stations. From this behavior we may conclude that the biases we see in the pure SLR range
residuals might be due to an errorin the LRA offset.

Compared to the third solution, the estimated bias parameters do not change significantly for the fourth solution (me-
dian difference compared to solution 3 is 0.0). This is a good indication that all parameter types can be estimated to-
gether.

The resulting SLR-GNSS bias parameters may represent real SLR range biases only in the case of solution types 3 and 4.
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Figure 1: Station-specific SLR-GNSS range bias parameters including their formal errors.

3.2 Z-Offsets for Laser Reflector Array

Independently of estimating corrections for the microwave SAO or fixing them to igs05.atx values, the corrections to
the LRA z-offset are in the order of about 3 cm. The estimates are shown in Fig. 2a for the two GPS satellites tracked by
theILRS sites and all GLONASS satellites. The mean corrections for the GPS and GLONASS constellation for solution types
3and4are givenin Table 2. We can see that the impact of additionally estimating corrections for the microwave SAO is
negligible for GPS and only at the level of a few millimeters for GLONASS. This can be explained by the fact that the SAO
for GLONASS given in igs05.atx are obviously not correct (see e.g. Dach et al., 2011).
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Figure 2: a) Corrections to the LRA offsets in z-direction (filled signatures: satellites tracked by all SLR
stations; open signatures: satellites tracked only by Herstmonceux since Dec. 2009); b) Corrections to the
microwave SAO in z-direction.

3.3 Z-Offsets for GNSS microwave antenna

The estimated corrections to the SAO in z-direction are shown in Figure 2b for the full GPS and GLONASS constellations.
The corrections are quite different for both constellations: only about 25 mm in average for GPS (see Table 2), whereas
about 140 mm for GLONASS and even with opposite sign. This confirms the assumption made already in Sec. 3.2 that the
igs05.atx values for GLONASS are wrong, and it confirms earlier studies by Dach et al. (2011) and Thaller et al. (2011). The
differences between solution types 2 and 4 (i.e., additionally estimating LRA corrections or not) are about 3 mm, thus,
they are negligible. This behavior confirms that the three parameter types SLR-GNSS range bias, LRA offset and SAO can
be estimated together.

Mean correction for LRA z-offset [mm] | Mean correction for SAO in z [mm]
GPS GLONASS GPS GLONASS
Solution 2 - - 23.3 -142.4
Solution 3 34.8 33.6 _ _
Solution 4 34.8 26.5 25.9 -138.8

Table 2: Estimated corrections to the offsets of the LRA and the microwave antenna: Mean corrections for
the GPS and GLONASS constellations.

4. Conclusions

Combined solutions based on GNSS microwave data, SLR observations to GNSS satellites, LAGEOS and ETALON allow to
estimate therelevant geodetic parameters consistently, i.e., station coordinates, satellite orbits, ERPs, SLR range biases
as well as offsets at the GNSS satellites to the microwave antenna and the LRA. The accurate knowledge of the latter
two parameter types is essential for combining both observation types, i.e., microwave and range data. Our studies
revealed that the offsets provided by igs05.atx as well as the official LRA offsets do not fit together and do not fit to the
observations. Corrections to both offsets are estimated at the centimeter level. Improvements may arise if the newly
provided ITRF2008 and the corresponding SAO values of igs08.atx are used. Furthermore, the studies revealed that the
three parameter types range bias, offsets for the LRA and microwave SAO can be estimated together. When estimating
only range bias parameters, the resulting values do not represent a real SLR “range bias”, but absorbs as well errors in
the two offsets.
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Spin of Ajisai: influence of Solar Irradiation on the
spin period and precession of the spin axis measured
by the Graz 2 kHz SLR system

D. Kucharski', G. Kirchner?, T. Otsubo’, F. Koidl*, M. Kobayashi®

ABSTRACT

Using Graz 2 kHz SLR data of more than 5 years we calculated spin period of Ajisai with an accuracy of 84 js (0.0042%
of the spin period value). The spin period is increasing with an exponential trend: T =1.9028 * Exp(0.014859 * (Year -
2003.0)) [s]. This slow down is mainly caused by gravitational and magnetic fields of the Earth. The high accuracy of
the spin period determination allows detection of small perturbations of the spin period caused by non-gravitational
effects related to the solar energy flux to which the satellite is exposed.

The high repetition rate of the laser makes it possible to determine the epoch time when the laser is pointing directly
between two corner cube reflector rings of the satellite. Identification of many such events during a few (up to 3) con-
secutive passes allows to calculate the satellite orientation in the inertial frame. Analysis of 6 years of 2 kHz SLR data
delivered 331 orientation values which clearly show precession of the spin axis with a period of 117 days. Accurate mea-
surements of Ajisai’s spin parameters are necessary for the envisaged laser time transfer via Ajisai mirrors.

1. Introduction

The Japanese Experimental Geodetic Satellite Ajisai is a fully passive object equipped with 1440 corner cube reflectors
(CCRs) for SLR and 318 mirrors. Spin parameters of Ajisai have been investigated scientifically (Kirchner et al., 2007; Ku-
charski et al., 2009, 2010; Otsubo et al., 1998; 2000). The knowledge of spin period and spin axis orientation of such
passive satellite allows for investigation and improvement of physical models of the perturbing forces which are of
magnetic, gravitational and non-gravitational nature.

2. Spin period determination

Ajisai, like the other Low Earth Orbit (LEO) satellites, reflects strong laser pulses to a receiving telescope of the SLR
station. The detection system at Graz SLR allows to measure the distance to the nearest CCRs of Ajisai. Fig. 1-left shows
the range residuals (measured minus predicted range) for a two second part of a Graz kHz SLR pass from September 9,
2008.
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Fig. 1: Left: Ajisai range residuals of Graz 2 kHz SLR observation taken on September 9, 2008 (~2 seconds part
only); the 0 level is the mean level. Right: closer look to a single peak, the gray curve is a 6th degree poly-
nomial function - the minimum value of the function indicates the closest approach (CA) between the CCR
panel and the SLR station.
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Fig.1-right gives a closer look to a single peak. In order to calculate the epoch time of the closest approach (CA) bet-
ween a given CCR panel and the SLR station we approximate the range residuals of a single peak with a polynomi-
al function. The minimum value of this curve defines the epoch time of the CA; it is determined with an accuracy of
5-7ms.

The epoch times of the peaks are used for calculation of Ajisai spin period. The method is based on a model of Ajisai
spin (fig. 2), where two coordinate systems are introduced: the Construction Coordinate System (CCS - c index) which
is satellite body fixed (and is spinning with the satellite), and the inertial Spin Coordinate System (SCS - s index) which
is centered at the satellite. Ajisai spins around its symmetry axis of the body Z_which coincides with Z.. Since the Ajisai
spin axis is almost parallel (£ 1-2 ©) to the Earth spin axis and is stabilized by a passive nutation damper, the SCS is set to
be parallel to the Inertial Coordinate System (J2000). This model neglects polar motion of the Earth. As Ajisai is spinning
clockwise the phase angle ¢ between X, and X _is decreasing with time.
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Fig. 2: Ajisai spin model. The Construction Coor- Fig. 3: Top: Ajisai spin period values calculated
dinate System (c index) is fixed with the body of from 877 Graz 2 kHz SLR passes from October 9,
the satellite, and spins within the Spin Coordinate 2003 to December 22, 2008. Bottom: spin period
System (s index). The phase angle ¢ between the residuals calculated to the exponential trend func
two coordinate systems decreases with time. tion of the spin period values.

In order to calculate Ajisai spin period for a given pass the epoch times of the peaks are calculated (Fig. 1-right). Because
Ajisai spin axis orientation is almost parallel to the Earth’s spin axis, it is possible to define which CCR ring Graz station is
ranging to at a given epoch. For an epoch time of a given peak the spin model allows identification of the phase angle
¢ at which the corresponding CCR panel has the nearest distance to the SLR station. Usually it is possible to identify
around 300 peaks during a single pass, which indicate a linear decrease of the body’s phase ¢. This methodology was
appliedto 877 Ajisai kHz SLR passes measured at Graz kHz SLR station between October9,2003 and December22,2008.
The spin period results are presented on fig. 3 — top and show an exponential trend: T=1.9028818 * Exp (0.0148591 ¢
(Year-2003.0)) [s]. Fig. 3 - bottom presents spin period residuals calculated to this exponential trend function. The dis-
tribution of the spin period residuals indicates that the slowing down rate of Ajisai is not constant, what is caused by the
solar energy flux received by the satellite and known as Yarkovsky and Yarkovsky — Schach effects. We used Total Solar
Irradiance (TSI; at the Earth’s distance) parameter to build a model for Ajisai spin period residuals. The model of the spin
period residuals is calculated as a mean value of the TSI acting on Ajisai during one orbital cycle (116 minutes).

Fig. 4 —top presents the model function and Ajisai spin period residuals for the year 2004. The value of the model func
tion is low when Ajisai orbit is partially (up to 30%) in the shadow of the Earth (fig. 4 - bottom). When the orbit is com-
pletely out of shadow, the satellite constantly receives solar energy, and the value of the model is high. The RMS of the
T residuals around the model function calculated for the full set of data (877 Ajisai passes, more than 5 years) is 84 s
—about 0.0042 % of the spin period value.

88



1.0

2005

2 .

1] A

(V]

2 00 i\

B (W Wi NI , s

05 : : ; .
= 52100
g2, M { M
L LAY I W AR W A
2% 70 . . : .
T 2004 2004.25 2004.5 2004.75

Year
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. Spin axis orientation determination

During a single pass the satellite is chan-
ging its attitude to the SLR station, thus
the laser is pointing to different latitudes
of the satellites body. Because the Ajisai
spin axis orientation is roughly known, it
is possible to predict the body’s latitude
that the Graz station is ranging to at a gi-
ven epoch time. During the ranging the
SLR system detects photons reflected by
the CCRs of the neighboring rings. Fig. 5,
case A: the R, ring is more distant for the
incident laser beam than R, thus the SLR
residuals show the distance D between
the CA of the corresponding peaks. As the
station - satellite mutual attitude is chan-
ging during the pass, the distance D is de-
creasing (situation B). Case C occurs when
the laser is pointing directly between the
R,andR,rings, thus the distance D is close
to zero.

In order to determine the spin axis orien-
tation we search in the data for the epoch
time t, when D = 0. The linear change of
the D value within a short time slot of the
pass allows estimating t, with precision of
2-3s.

Fig. 5: Left: Ajisai range residuals. Right: laser axis L is pointing to the CCRs of the
rings. S is the satellite’s spin axis; R, and R, are the CCR rings which are placed
on different latitudes of the body (¢, ¢ ). L is pointing: A) directly to the R , B)
between R, and R,, C) exactly to the middle between R, and R,. D is the dis-
tance between peaks given by CCR panels from the two neighboring rings.
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Determination of t; and identification of the observed
rings gives the body’s latitude where the laser beam is
14 pointing to. This information is sufficient to find possi-
RA [h] ble spin axis orientations that Ajisai can have at a given
5% epoch time. Investigating at least two t, events allows
calculation of a single solution for the spin axis orienta-
tion. We used 749 passes and calculated 331spin axis ori-
entationvalues. In order to determine single orientation
value we have processed SLR data from passes measured
within 6 hours, assuming that the change of the spin axis

180 is negligible within this time.

12 86°

Fig. 6 presents the spin axis orientations (black points)
plotted in the J2000.0 celestial reference frame. The
spin axis vector is precessing along a cone centered (C)

* at14"56m2.8¢in right ascension and at 88.512° in declina-
tion with the half aperture angle 8 of 1.405°; the residual
RMS of the orientation measurements is 0.128°. The ori-
Fig. 6: Spin axis evolution in J2000.0 celestial refe- entation of the central vector Cis estimated by applying
rence frame: measurements (dots), precession cone aleast squares method to the spin axis orientation mea-

(circle with center C) is scaled with values for the right surements. The period of the spin axis precession is close

ascension of the ascending node of the orbit (Q). Time to117 days and is equal to the period of the right ascensi-
follows t arrow. on of the ascending node (Q) of Ajisai’s orbit.

4. Conclusions

Graz2kHz SLR system is able to measure the spin period and spin axis orientation of the passive, geodetic satellite Ajisai
during day and night. The spin period is measured with the best accuracy ever reached: 84 us RMS, corresponding to
0.0042% of ~2 s spin period. Analyzing the range measurements to single CCR panels of Ajisai enables determination of
the actual attitude of the satellite, thus accurately deriving its spin. The spin period is slowing down with an exponenti-
altrend under influence of the gravitational and magnetic fields of the Earth. KHz SLR also enables identification of the
small spin perturbations caused by the solar energy as itis acting on the satellite. Knowledge of this phenomenon is es-
sential to investigate the small forces and torques caused by non-gravitational effects (Yarkovsky, Yarkovsky — Schach)
which perturb the satellite motion.

Analysis of six years of 2 kHz SLR ranging delivered 331 orientation values determined with RMS of 0.124° in declination
and 7’ - 40’ in right ascension. The accuracy of the spin axis orientation determination can be improved by measuring
distance to Ajisai from a few different ground locations (kHz SLR systems). The spin axis is precessing along a cone cen-
tered at 14"56™2.8° in right ascension and 88.512° in declination with the half aperture angle 6 of 1.405°. The axis is
precessing with a 117 days period which is equal to the period of right ascension of the ascending node of Ajisai’s orbit.
This coincident can be a result of the orbital plane orientation to the Sun radiation vector.

Spin determination of Ajisai is essential for the next generation time transfer (Kunimori et al., 1992) — transmission of
laser pulses between SLR stations via Ajisai mirrors to compare time scales at the picosecond level. The achieved accu-
racy of the spin period and spin phase determination allows precise predictions of epochs at which a single mirror of
Ajisai is orientated properly to reflect laser pulses between the participating SLR stations.
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BLITS: spin parameters and its optical response
measured by the Graz 2kHz SLR system

D. Kucharski', G. Kirchner?, H.-C. Lim?®, F. Koid]*

ABSTRACT

The nanosatellite BLITS (Ball Lens In The Space) is the first object designed as a passive, spherical retroreflector of the
Luneburg type, dedicated for Satellite Laser Ranging. The 2 kHz SLR station Graz measures spin parameters and the
optical response of this satellite, providing information about the rotational dynamics and the optical properties of the
body. The measurements obtained during the period from September 26, 2009 to November 24, 2010 show a signifi-
cant change of the spin configuration. The spin axis was dynamically precessing since the launch and currently is sinus-
like behaving between coordinates RA120°...150°, Dec 30°...60° (J2000 inertial reference frame). The angle between
the symmetry axis and the spin axis of BLITS is not constant, but is decreasing since the launch, while its spin period is
rather stable with a mean value of 5.613 s (clockwise rotation). The satellite was dynamically changing its attitude du-
ring the first three months after deployment; after this time the spin parameters are relatively stable.

The optical response of BLITS has been also measured and compared with the response of the classical retroreflector
arrays (RRA) of the Low Earth Orbiting satellites such as ERS-2 and Stella. The optical response of BLITS is flat and fea-
tureless, comparable with the signature of a point-source or a flat target, and suggests that this innovative design will
deliver a higher Normal Point (NP) accuracy (2.55 mm) than any other SLR target currently in orbit. The high reflectivity
of the glassy BLITS (about 60% of the return rate from the multi-reflector Stella) is found to be decreasing by about 30%
peryear, probably due to the solarirradiation. The high return rate of SLR measurements proves that the spherical lens
can be a perfect successor of the classical RRA panels mounted on active satellites such as CHAMP, GOCE and GRACE.

1. Introduction

The BLITS (Vasiliev et al., 2007) satellite has been designed and manufactured by the FSUE-IPIE (Federal State Unitary
Enterprise - Institute for Precision Instrument Engineering, Moscow, Russia). The purpose of this passive, spherical na-
nosatellite (radius 85.16 mm, mass 7.53 kg) is an experimental verification of the spherical glass retroreflector satellite
concept (Luneburg lens), as well as obtaining SLR data for the solution of scientific problems in geophysics, geodyna-
mics, and relativity by millimeter and sub-millimeter accuracy range measurements.

The satellite consists of an inner glass sphere (radius 53.52 mm) covered by concentric glass half-shells. The inner sphe-
re and the outer half-shells have different refraction indices (inner: 1.76, TF105 type; outer: 1.47, LK6 type). The exter-
nal surface of one of the half-shells is aluminum coated and protected by a varnish layer. In this way, the nanosatellite
BLITS demonstrates a new concept of the geodetic satellites which is an alternative for the conservative structure of
a spherical body equipped with glass Corner Cube Reflectors (CCR). BLITS was launched on September 17,2009 into a
sun-synchronous, near-circular orbit with a mean altitude of 832 km (orbital period 101.3 minutes), and an inclination
0f98.85°.

2. Spindetermination

The geodetic SLR satellites are typically designed as fully passive spheres equipped with CCRs, BLITS is the first satellite
which is a single, passive retroreflector by itself what reduces available spin measurement techniques to kHz SLR only
(Kucharski et al., 2011a, 2011b). As the satellite is spinning, the laser beam of the SLR system is alternately pointing to
the transparent or coated hemisphere, thus series of measurements [ no measurements intervals during a pass are
visible. Fig. 1 presents range residuals (O-C, observed minus predicted range) calculated for a pass measured on No-
vember14,2010. The range residuals presented show that the duration of the intervals is changing during a pass. Itis a
consequence of a specific configuration of the satellite’s body in reference to its spin coordinate system (Fig. 2). Fig. 2
presents the configuration of the satellite centered coordinate systems. The Body (B) spins within the Spin (S) coordi-
nate system around the spin axis Z.. The symmetry axis X, of the body is crossing the tops of the half-shells and is orien-
tated towards the reflective one. The Z, axis crosses the border between the half-shells. The orientation of the B system
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within the S frame is expressed by two angles: spin phase a and latitude ¢ of the symmetry axis. The non-equal intervals
visible in Fig. Tindicate that ¢ is different from 0°. At begin of the pass (Fig. 1, top) shorter intervals of measurements
are visible. If the spin period during a pass is constant, the incident angle between the laser beam and the spin axis Z,

defines the duration of the observed intervals.
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Fig. 1: Range residuals of BLITS; pass on November 14, 2010 (423 days after launch). Three slots (20 seconds
each) from different parts of the pass show change of interval durations. The 0 level is the mean value.
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Fig. 2: Sat. centered coordinate systems (right-
handed, Cartesian): Body (B) and Spin (S). The spin
phase is expressed by angle a and the latitude of
the symmetry axis within the spin coordinate sys-
tem by angle ¢.

During the middle of the pass (Fig. 1, middle) the laser
beam is approximately perpendicular to the spin axis,
thus the duration of intervals with returns and intervals
without returns are similar. At the end of the pass (Fig.
1, bottom) the incident angle causes longerillumination
periods of the reflective hemisphere. Simulating the SLR
measurements to BLITS allows investigation of its spin
parameters. 41 passes measured from September 26,
2009 to November 24, 2010 by the Graz 2 kHz SLR sta-
tion were used for the calculation of the latitude angle
¢ - the result is presented in Fig. 3. The obtained ¢ va-
lues show a sinusoidal change of the latitude angle @:
increase for CCW and decrease for CW direction of the
spin. The trends indicate that the symmetry axis is sinu-
soidally approaching the spin axis since the deployment.

This may be caused by the gravity field which is forcing the body to spin around its symmetry axis. Coincidence of the
symmetry axis and the spin axis will eliminate the periodical appearance of return [ no-return intervals during a single
pass, and will introduce long, full-pass phases where the inertial orientation of the satellite determines possibility of
the laser ranging. The solutions of the angle ¢ (CW and CCW) were applied to all (70) good passes measured by Graz
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from September 26,2009 to November24,2010. For each single pass the latitude angle @ was predicted and examined
by simulations with the full range of possibilities for the spin axis orientation. The best fit criterion of the duration of the
return intervals between simulations and observations was used in order to find the actual spin axis orientation and
spin period. The RMS of the obtained spin period values around a trend function is 4.77 ms for CW and 5.49 ms for CCW
spin direction. The difference in the RMS is caused by the apparent spin effect, which is related to the station - satellite
mutual attitude change during a pass. This effect is correctly removed by simulations for the CW case, what indica-
tes the rotation direction of BLITS. The solutions for RA, Dec and spin period obtained for CW rotation are depicted in
Fig. 4. The obtained trends indicate that the spin axis orientation was very unstable after launch, but after about 100
days since deployment it is tumbling around the same area. The spin period of the satellite remains almost constant
(T ..,=5-613 ), however two trends are visible. The first stage (up to day 72 after launch) shows a slight increase of the

spin period, while the second stage (from day 187 after launch) shows the opposite trend. This behavior can be forced
by the initial, very dynamic change of the spin axis orientation.

3. Optical response of BLITS

During a single pass of a satellite laser range measurements are performed. The obtained raw range values are conver-
ted into range residuals (O-C, measured minus predicted range). Fig. 5 presents range residuals calculated for three
example passes measured by the Graz 2 kHz SLR station: top) BLITS, pass measured on March 29,2010; epoch time of the
first data point on the plot: 19:12:58 (UTC); RMS of the normal points RMS, ;=0.047 mm; middle) ERS-2, August 31,2009;
20:39:42,RMS, ,=2.208 mm; bottom) Stella, August 26,2009; 0:29:12, RMS, .=0.088 mm. The plots present the respon-
se of the three different reflectortypes. The spherical lens BLITS allows to obtain a symmetrical, Gaussian distribution of
therangeresiduals (Fig. 5-top). During the pass the distribution of the residuals around the mean remains symmetrical
(flat) allowing for sub-millimeter accuracy of the range determination between the SLR station and the center-of-mass
(COM) of this spherical satellite. The RRA of ERS-2 (Fig. 5-middle) presents the response of a CCR panel. Due to the con-
struction of the panel only one CCR will be observed at a given attitude of the satellite. As the satellite is passing the
station, the pointing of the laser beam around the CCR panel is changing and different prisms are observed. Therefore
the mm-scale range variations can be distinguished.
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Fig. 3: Values of the latitude angle ¢, obtained from 41 passes for clockwise (negative ¢) and counter-
clockwise (positive ¢) spin direction. The results are approximated by 4" degree polynomial functions. RMS
calculated to the trend function: RMS__,=6.25°, RMS_, =5.85°.
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The spherical RRA of Stella (Fig. 5-bottom) is not free from the transition effect between the single CCRs. In this case,
however, the large number of CCRs (60) uniformly distributed over the body ensures that during the pass there will
always be at least one CCR pointing (almost) directly to the SLR station thus representing the face front of the satellite.
The dense distribution of the CCRs allows the measurement of reflections from multiple CCRs at any given attitude of
the satellite - this effect is represented by the up/down slope traces above the leading edge. Such a property causes a
nonsymmetrical distribution of the range residuals thus decreasing the accuracy of the station - COM distance deter-
mination.

In order to determine a systematic deviation of an SLR system the SLR station regularly performs range measurements
to aflat ground target. The range residuals calculated for such a calibration have a symmetrical, Gaussian distribution
(notinfluenced by the satellite signature) and indicate the accuracy of the SLR system.

RMS of the range residuals used for NP formation during the period September 17, 2009 - February 10, 2011 (Graz SLR
station only) is for BLITS: 2.55 mm, ERS-2: 2.87 mm, Larets: 3.11 mm, Stella: 4.34 mm and LAGEOS-1: 5.09 mm. The RMS of
the system calibrations to the flat, ground target is 2.25 mm. The unique construction of BLITS allows achieving very
stable and more accurate NPs compared to the classical RRA.

In order to investigate the stability of the BLITS return rate, satellite Stella was selected as a reference. Stella was laun-
ched on September 26,1993 into a circular orbit at 800 km altitude and an inclination of 98.6° (BLITS: 832 km, 98.77°).
The coincidence of these parameters between Stella and BLITS helps to compare the two different RRAs. Similar orbits
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of those objects assure that the Graz SLR station measures similar ranges to the satellites at given elevation. The relati-
ve response expressed by a return rate ratio BLITS/Stella allows, to some extent, to eliminate the SLR system dependent
factors, which may change over time.

The relative return rate BLITS/Stella calculated for the elevations of 50° - 80° is decreasing by about 30% per year.

4. Conclusions

BLITS is the first satellite designed as a spherical retroreflector for SLR. The body has a clear symmetry axis around which
the massofthetransparentand coated hemispheresisdistributed. During the deployment the separation system made
the satellite spin around an axis almost perpendicular to the symmetry axis of the body. Graz 2 kHz SLR measurements
indicate that the spin parameters of the satellite were not stable after the launch. The initial, very dynamic, change of
the spin axis orientation could be caused by a direct action of the deployment mechanism or by the influence of Earth’s
gravity field, due to an offset between the geometrical center and the center-of-mass of the satellite. The large scatter
of the spin axis orientation (RMS_,=14.7°, RMS__ =7.02°) and the angle ¢ (RMS=5.85°) around the trend functions might
be a result of irregular mass distribution over the body: non-uniform density of the lenses and the glue layer between
the inner core and the outer shells; non-uniform thickness of the aluminum coating and the varnish layer.
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Fig. 5: Range residuals obtained from Graz 2 kHz SLR measurements to: BLITS (top), ERS-2 (middle), Stella
(bottom). Zero level is a mean value after 2.5 ¢ filtering. The NPs (grey circles) are calculated with steps of 30
s (BLITS, Stella) and 15 s (ERS-2). Normalized histograms on the right side show the distribution of the range
residuals (grey area - after c filtering); statistical parameters of the distributions are RMS, peak minus mean
(P-M), skewness (S) and kurtosis (K).

Due to construction of BLITS, the optical range correction (the distance from the apparent reflection point to the
center-of-mass of the satellite) is constant down to sub-mm scale, and is independent of the attitude of the satellite.
The flat response of BLITS allows for the most precise range measurements among the SLR satellites on the precision
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level of measurements to the ground target. Information about spin parameters and spin evolution of the fully passive
satellites helps to understand, describe and model the forces and torques caused by the gravity field, the magnetic
field and the non-gravitational effects which influence the orbital motion of satellites. The successful application of the
spherical retroreflector satellite concept allows recommending this solution for future active satellites such as the LEO
missions CHAMP, GOCE or GRACE. Using a spherical reflector, instead of a classical RRA, would provide more accurate
and stable determination of the COM - at sub-mm level, instead of > 5 mm variations for classical RRA - and a wider
incident angle between the laser beam and the nadir direction over which SLR measurements can be obtained for the
stabilized satellites.
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Session 7:
Improving Ranging Accuracy, Calibration
and Local TiesI.

Alternative approach to the SLR data precision

Ivan Prochazka

ABSTRACT

We are presenting an alternative approach to assess the SLR data precision limit. The precision estimate calculated as
a time deviation using the Allan algorithm is common in time and frequency community. Its application in SLR data
processing might provide an independent check of data quality and reveal some effects and biases. Several recom-
mendations for the future SLR development are listed.

1. General

Satellite Laser Ranging (SLR) is a space measuring technique which provides unique feature of direct range measure-
ment. Itsroleisinevitable in ITRF definition and calibration of numerous other techniques[1]. The constantly increasing
requirements on SLR product precision and accuracy represent a permanent challenge for stations themselves and
data analysts as well. High precision limit is prerequisite for high accuracy. The precision s of the mean value should
increase

s ~1/SQR(N), (1)

where N is a number of averaged values as a consequence of a data normal distribution. The question is- how long (up
to what N) one can average to increase the precision? Orin another words, what is the precision limit when averaging
over alonger period of time? This precision is limited by the system stability and biases involved. An alternative tool to
investigate the precision limit is the computation of the precision in terms of time deviation. This techniqueisused as a
standard in a time and frequency scientific community, the software package applied is a commercial one [2].

2. Precision limit of Graz SLR data

The time variance algorithm STABLE32 [2] was applied to Graz SLR data acquired in 2011. The Graz station is operating at
2 kHz rate, the laser pulse length is 10 ps, the echo pulses were detected by the time walk compensated C-SPAD detec-
tor, the timing was maintained by the Graz ET device based on Thales-Dassault Event Timing Modules.

The example of pure single photon SLR is in Figure 1, where ranging data of the CompassM1 pass are plotted. The mo-
destsingle shot precision was 7 mm is corresponding quite well to the system performance and target characteristics.
One can note that the precision is increasing with increasing averaging time following exactly the equation (1) up to
the averaging time of about 100 seconds. For these averaging times the precision limit is 0.2 mm.
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Graz SLR 2011
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Figure 1: Precision in terms of time deviation evaluated for SLR data to Compass M1 satellite at Graz. Note
the precision limit of 0.2 mm and precision increase following the theoretical curve up to ~100 s.

For comparison, look at the precision evaluated in terms of time deviation for the same SLR system ranging to ERS-2
satellite in Figure 2.
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Figure 2: Precision in terms of time deviation evaluated for SLR data to ERS-2 satellite at Graz.

Note the precision limit of 0.1 mm achieved for10 s averaging time and precision increase not following the theoretical
curve due to additional biases — induced by signal strength variation in this case. Only a short part of the entire pass
was selected for the situation, when single retro-reflector was involved, thus the target depth was negligible. The echo
signal strength corresponded to multi-photons. The single shot precision was 2.9 mm RMS.

The additional satellite laser ranging data were added in Figure 3. The Lageos data were edited for the “first retro” [3].
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Figure 3: the precision in terms of time deviation evaluated for Compass M1, Lageos2, ERS2, Blitz and Ajisai
satellites, SLR Graz.
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The influence of the complex structure of the satellite retro reflector array together with the signal strength variations
influence on the detection delay may be seen for Lageos, Blitz and Ajisai satellites.

3. Conclusions made on the basis of Tdev data

Numerous important conclusions may be done on the basis of interpretation Time deviation data:
. precision limit for all the satellites is below 0.3 mm

. the normal points of 5 seconds will provide sub-mm precision normal points with sufficient margin for all
targets,

. data editing procedure applied (in Graz) for Lageos data[3] is increasing the resulting precision, however
the appropriate CoM correction must be applied in this case.

. the behavior of Blitz data needs further investigations. Surprisingly, the deviation from the ideal curve
of precision versus averaging time is large. Probably the echo signal strength variations are responsible for
the effect.

The most important conclusion, although not unexpected, is:

The ultimate precision and accuracy SLR may be obtained by high repetition rate system operating on purely
photon counting level.
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ILRS Standardization of Hardware, Software,
and Procedures

Randall Ricklefs
The University of Texas at Austin
Center for Space Research

ABSTRACT

Over the years, the ILRS has established and refined standards for station performance. However, standardization of
hardware, software, and procedures appropriate for ILRS stations and operations, analysis, and data centers has been
spotty. Advantages and disadvantages of standardization are explored. Finally, a proposal is made to augment the cur-
rent performance-based standards with a standard station reference design and additional software as a way to facili-
tate new station construction.

1. Introduction

Whenever a technology advances beyond it primitive stage, there is an urge to establish standards to pass the collec
tive wisdom on to other potential users and to keep acceptable options at a manageable level. The technology used in
the International Laser Ranging Service is no exception. The organization has standards for many activities from data
distribution procedures to data formats. The overarching standard for the entire group is the stations' level of perfor-
mance. The issue of standards is examined here in terms of the level of standardization that best promotes the goals of
the ILRS. In discussing this topic, one must consider what is already standardized, what can be standardized, and how
standards can be enforced. As an outcome of these discussions a proposal is presented to codify the ILRS best practices
into a laserranging station reference design.

2. Standardizing on Performance

The ILRS currently focuses on levels of performance of each of its stations, publishing a quarters “report card” for all the
world to see.[1] The guidelines that separate the high performance stations from those aspiring to perform well were
presented at the Shanghai laser workshop in 1996 and published on the ILRS web site [1]. They are as follows.

Yearly Data Quantity Guidelines
. 1000 Low Earth Satellite (LEO) passes
. 400 LAGEOS 1,2 passes
. 100 High Satellites passes
Data Quality Guidelines
. 1cm LAGEOS normal point precision
. 2 cm short term bias stability
. 1cm long term bias stability
Operational Compliance Guidelines
. Data delivery with 12 hours (latency)
. Specified ILRS normal point format
. Current site and system information form (i.e., site log)

In addition to the performance standards, the ILRS web site provides many standards for data formats, sample soft-
ware, and various procedures.
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3. Whatdo we want from standardization?

There mustbe a pointto having standards. Forinstance, they need to encourage reliable, accurate performance, which
is especially true as the stations push their accuracy to the 1 mm level. To reach this and related goals, the standards
must incorporate the best mature hardware, software, and procedures available. Some of the results should be a re-
duction in cost of design, operations, and maintenance of laser stations and their sub-systems. While there will always
be a need for research on new or refined techniques, good standards will reduce unproductive duplication of effort.
However, standards should not stifle creativity and progress, but channel it, and encourage innovation and flexibility.
Standardization should be a resource, not a “ball and chain.”

4. Who and whatis involved?

Itisimportant toidentify the stakeholdersin the standardization discussion. The stations will receive most of the atten-
tion, since they are the critical point where data is taken and processed. Stations are complicated systems, encompas-
sing hardware, software, and procedures which must be considered for standardization. Standards for the operations,
data, and analysis centers deal mainly with procedures, as will be explained below. Also below, the current status and
potential expansion of standardization is examined for hardware, procedures, and software/algorithms by stakehol-
der.

4.1 Hardware (Stations)

Listed below are some of the hardware subsystems found on nearly all laser ranging stations. These are all candidates
for some type of standardization.

Time standards (GPS, cesium, etc.) Laser (10Hz,100Hz, 2kHz, 10kHz)

Range gate generator Timers (event and interval; some to avoid)
Detectors (APD, SPAD, MCP) Calibration piers

Radar Telescope/dome

Otherinfrastructure

Delving into standards for each of these items is beyond the scope of this paper. However, it should be mentioned that
one difficulty in creating a set of stations with identical hardware is that the market changes quite rapidly. Today’s best
detector may not be on the market in 6 months or may have been produced in limited quantities, and 2 copies of the
same timer model may not contain the same components. While the ILRS workshop papers show a certain undercur-
rent of commonality in many of these subsystems, the bottom line is that each station is its own standard.

4.2 Procedures

421 Stations

Some of the key areas of the ranging stations with important procedures are listed below. Many of these overlap with
underlying hardware and software that implement them.

Surveys (how often; what gets surveyed) Range calibrations (how often, etc.)
Prediction and restriction (Go/No-go) downloads Ranging satellites

Status messages (NASA LORs; EUROLAS status) Ranging data uploads

Site log/system configuration file maintenance Adding new targets

Station change notice (for data quarantine) Telescope mount modeling
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Where these procedures interface with the rest of the network, such as prediction download and data uploads, stan-
dardization already exists to prevent chaos. Creating the required procedures is only the first step. The stations must
then actually use the procedures to conduct surveys, maintain site log and configuration files, and send station change
notices to the ILRS!

4.2.2 Centers

Operations centers need to ingest and distribute new data at a certain time and from/to specific locations. They also
need to screen the data for format compliance and perform quality checks. They also must handle quarantined data
from new and updated stations and make it available only to analysts for validation. Data centers also need to ingest
and distribute new data at a certain time and from/to a specific location. They also report data statistics.

Analysis centers have the same need to ingest data, along with screening and fitting data to solve for a host of para-
meters. They also create and distribute data products for the ILRS. Another part of their effort is to validate new or
upgraded stations to insure that data quality is acceptable. They also tell stations when they find problems with data.

Many of the procedures above are already standardized to allow for consistent handling of ranging data and products.
Some procedures such as handling quarantined data are works in progress. Quarantining data also requires the sta-
tions to make it known when significant changes have been made to their equipment. There are differences in the
content and philosophy of creating daily normal point files, and the data screening done by the EDC and NASA OCs
is somewhat different. The file and directory naming conventions are generally compatible between the centers for
datain the CRD format, for which consistency has been a priority. The naming disparities with the old data format are
considerably more serious.

4.3 Software/Algorithms

While it is quite important to have fully documented algorithms, having the algorithms implemented in ready-to-use
source code can make life much easier for station developers and maintainers. Each station has a common set of soft-
ware needs, often expressed and implemented in very different ways. It is important to examine which of these needs
can be filled with a standard piece of software. As an alternative to standard code, sample code has been made availa-
ble for certain projects like Consolidated Prediction Format (CPF) and Consolidated Ranging Data format (CRD). The
distinction is that sample code consists of programs or subroutines that can be tailored to the needs of each station, or
can just be a starting point for writing custom code. Standard code would be used as written.

4.3.1  Station Data Acquisition

There are several areas in which the data acquisition system, to the extent that is a separate from the data reduction
system, presents several opportunities for standardized, or at least sample, code. Some of these are discussed below.

Telescope mount model fitting: Software that takes stars’ observed-calculated (o-c) point angle residuals and fits them
to a particular mount model is something each station needs. The mount model itself may be different at each station
duetomountpeculiarities. Howeverthere isacommon set of 5-10 terms most telescopes will need, soincluding at least
a basic model would be helpful. Other mount-specific terms can be added by the stations as needed. The software to
point and track the stars to take the o-c residuals will contain more station dependencies, although the NASA network
is able to run 5 different telescope designs with one carefully “ifdef-ed” program. There is also a need for other mount
model software to handle very telescope-dependent needs, such as Fourier transform modeling of optical encoders.

Starand planet prediction and refraction: There are at least 2 sets of well-tested free star and planet prediction software
packages available to developers, the US Naval Observatory's NOVAS code and the Rutherford-Appleton Labs Starlink
(now maintained by the University of Hawaii). [2][3] JPL provides FORTRAN and c code to manipulate its DE series of lu-
nar and planetary ephemerides. [4] There are also several refraction routines available, one developed by Mendes and
Pavlis, who are involved in ILRS analysis. [5]

Sun avoidance: Whenever laser stations are engaged in daytime ranging, it is very important to keep the telescope
from pointing at the sun. Many stations have developed algorithms and code to accomplish sun avoidance, so it is also
a good candidate for standardization.
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Tracking restrictions: In the last few years, it has become increasingly important for stations to implement methods
of getting and using go/no-go files, pass segment files, and the like. [6] While much of the code for this task remains
station-dependent, the ILRS could gain from having publicly available code capable of interacting with the standard
restriction file formats.

Prediction sample routines: FORTRAN and c routines to read, write, check, interpolate, and convert CPF files already
exist on the ILRS website. [7]

Range data sample routines: Similar to the CPF code, FORTRAN and c routines to read, write, check, and convert CRD
formatfiles are also available.[8]

There are undoubtedly more data acquisition system software packages that could become candidates for standardi-
zation, depending on the level of hardware abstraction used. At some pointin the SLR data acquisition system, ranging
and computer system hardware and operating system dependencies make further standardization difficult if not im-
possible..

4.3.2  Station Data Processing

There are some clear candidates for standardization on the station data analysis system. Prediction download/prepa-
ration and data upload software can be shared among stations with similar operating systems. The data pre-filtering
software (e.g., Poisson filtering) and normal point generation are modular enough to be common between systems,
although there are one yet available from the ILRS. In fact, there is already a set of routines called distrib on the ILRS web
site that calculates data averages, moments, and the like, and can be used as the heart of data calibration programs.
[9] Of course, the CPF and CRD sample code mentioned above also has application on the data processing systems.
Some years ago, Herstmonceaux made available the npcheck program. It checks normal points for obvious errors inclu-
ding out-of-bound rms-es and calibration values. Another example is the eurostat software, developed at Zimmerwald,
which has made sharing current station status simple. [10] There is a clear need for additional “standard” programs to
be made generally available to ILRS stations.

4.3.3 Centers

The Operations, Data, and Analysis Centers have less code that has historically been shared. Clearly, it is important
than algorithms be similar. CRD/CPF sample code can be used in each of these types of centers. The IERS Conventions
(2003 is currently used) offer algorithms and code that the ILRS analysts all use. [11] However, the precision orbit deter-
mination (POD) software is decidedly not standardized, with the following programs being used at the operations and
analysis centers shown in parentheses. [12]

GEODYN (ICET, ASl, GA) EPOS (GF2) DOGS (DGFI)
GINS (GRGS) SATAN (NSGF) NAPEOS (ESA)
Bernese (BKG)

This is perhaps the area most suited for separate software packages, since using diverse software sets that produce
similar results with the same data strengthens ones convictions that the results can be believed. Similar to the overall
ILRS standardization philosophy, here the performance is the standard.

5. Standards Enforcement

Standards have no effect unless used. Since the ILRS is a volunteer organization in which each station is funded and
operated by different entities, each with its own goals, the ILRS must appeal to common needs to achieve its common
goals. Since ILRS members have united to gain benefits from cooperating, educating each ILRS component about the
needs and benefits of maintaining standards is the only effective enforcement mechanism. Part of this mechanism has
been the agreement that the quarterly report cards with its cut lines can be used to commend good performance or
encourage better performance. Those below the line need to improve their hardware, software, and procedures (or
funding!) to bring performance up to par and to ensure that their data can be used in a meaningful way.
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6. SLRReference Design

Another approach for using standardization to convey best practices is to maintain an SLR station reference design,
probably on the ILRS website. This design would incorporate the best, proven, and available hardware and software,
and “best practices” procedures. It would also provide viable alternative standards and their compatibility with other
sub-systems. This “station” need not be built, but its design can be a starting point for any group wanting to build or
update an SLR station.

The components of such a design would be at least block diagrams of hardware, software, and procedures, a list of
manufacturers, a list of deprecated components, reference articles by subsystem, and a list of “experts” for each com-
ponent or sub-system. Some of these items already exist on the ILRS website, and such a project could unify and fill in
the gapsin the existing work. [13]

7. Conclusion

For many reasons, absolute standardization of ILRS satellite laser ranging stations is not possible, even were every sta-
tion to be replaced. The current standardization on performance, not on hardware and software, has functioned well,
but can be augmented by a further online resources, including more “standard” and “sample” software and a station
reference design. Standards need to be enforced, but here again, the existing system of quarterly report card provides
a good motivator, while education and additional resources provide a good reward for the ILRS’s efforts.
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Event Timer A033-ET: Current State and
Typical Performance Characteristics

Artyukh Yu., Bespal’ko V., Boole E., Vedin V.

ABSTRACT

The main results of experimental evaluation of precision characteristics (conventionally considered as well as new
ones) for the Event Timer AO33-ET are presented in this report. These results allow to suppose that the AO33-ET really
provides the measurement precision and rate that altogether seem sufficient for both routine and advanced KHz SLR.

1. Introduction

The Event Timer AO33-ET represents the latest model of Riga event timersintended for SLR. It has been developed as an
advanced version of the previous model A0O32-ET [Bespal’ko V., et al., 2008] that is well known in SLR community. As it
was announced at the 16th ILRS Workshop [Artyukh Yu., et al.,2009], the AO33-ET became commercially available from
2010, and up to now 10 units of this device have been manufactured and carefully tested. Consequently, significant
statistics have been accumulated to reliably specify the AO33-ET typical performance characteristics

Generally the AO33-ET and A032-ET are closely related instruments in terms of general architecture and functionality.
The main difference concerns the AO33-ET precision which has been considerably improved, making the AO33-ET one
of the highest precision event timers commercially available. In this paper we’ll focus on specification of the actually
obtained precision characteristics.

2. A033-ET precision characteristics

2.1 Single-shot RMS resolution

We consider the single-shot RMS resolution as the main parameter specifying the practicable AO33-ET precision and
define that as the standard deviation of instrumental error in asynchronous measurement of time intervals between
events. The commonly used way to specify the actual value of the single-shot RMS resolution for particular instrument
is direct repetitive measurement of time intervals between events defined by a periodic test pulse sequence. For that
we used low-jitter (RMS<1 ps) crystal clock oscillators with period of test pulses which is virtually incommensurable
with internal clock period of the timer. The evaluated in this way single-shot RMS resolution typically is in the range
2.5-3.0 ps (Fig.1).
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Figure 1: Histogram of time intervals measured by the A033-ET

Itshould be noted thatthe AO33-ET offers the best resolution under stable measurement conditions. In particular, natu-
ral fluctuations of the ambient temperature result in a slight long-term instability of the practicable resolution (Fig.2).
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Figure 2: RMS resolution vs. time under ambient temperature variation in the range +2.5 °C

As can be seen, such instability is quite acceptable to support the measurement for long without recalibration.

The AO33-ET supports the above resolution at relatively high (for such high resolution) measurement rate: up to 20
MSPS for bursts of up to 2 600 events, and up to 12.5 MSPS for bursts of up to 16 000 events. As for the maximum average
rate of continuous measurement, it is limited mainly by the hardware interfacing with PC. For PC under MS Windows it
is not less than 12 KSPS but can be increased by using the operating systems better adapted to real-time applications.

2.2 Non-inearity errors

There are two kinds of non-linearity errorsin event timing. The integral non-linearity error represents a systematic error
in event measurement that depends on the position of measured event over interpolation interval. Stand-alone speci-
fication of the integral non-linearity errors can be important mainly for the case of synchronous measurements when
the measured events are located in some fixed areas of interpolation interval. In this case results of their measurements
can be biased by these errors. For asynchronous measurements the integral non-linearity errors are not of particular
interestsince they getinthe total instrumental error as its random-like component, limiting the single-shot resolution.
Statistical method for such error evaluation is offered in [Artyukh Yu., et al., 2008]; in our case applying this method
allows to define the AO33-ET integral non-linearity with sub-picisecond precision (Fig.3).
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Figure 3: Integral non-linearity error over 10 ns interpolation interval

On average these errors are specified by the value of their standard deviation, representing significant component of
single-shot RMS resolution. Typically the AO33-ET integral non-linearity RMS error is less than 1 ps directly after device
calibration. In this case the actual integral non-linearity decreases the the timer’s RMS resolution by 25-30% approx.
Note that for Riga event timers the integral non-linearity considerably depends on the calibration quality that has been
significantly improved as compared to the previous instrument.

Unlike the integral non-linearity error, the interval non-linearity error is a systematic error in measurement of time
interval between adjacent events, depending on the value of this interval. Mostly specification of the interval non-
linearity error may be important for the case of measurements of time-intervals varied in a wide range. However, the
AO033-ET provides negligible interval non-linearity errors (peak-to-peak value less than 0.2 ps approx) in a wide range
of time intervals. Exceptions represent very small time intervals (close to the timer’s dead time) where the errors can
be alittle greater.
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2.3 Single-input offset drift

The A033-ET has a single-channel configuration. This means that all events provided by eitherinput of the timer’s hard-
ware are measured sequentially in the same manner and by the same means. Owing to this there is no any noticeable
error in time intervals between measured events when these events come at only one input. However there is some
offset drift in measurement of a single event coming at this input (so called Single-input offset drift). Outwardly, it is
seen as long-term instability (phase deviation) of the internal time-base relative to the external 10 MHz reference fre-
quency, depending mainly on the ambient temperature variation. Typically the AO33-ET single-input offset drift does

not exceed 2 ps/°C (Fig.4).
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Figure 4: Single-input offset drift in line with slow linear changing of ambient temperature from 15 to 30 °C

Generally such offset drift is not too important for the applications related to the time interval measurement, except
forvery long time intervals during which the ambient temperature can be significantly changed.

2.4 Input-to-input offset drift

When the events come at the differentinputs some offsetin time interval measurement appears. It is caused by a diffe-
rence between internal propagation delays of input signals before coming to the common measurement unit. These
delays slightly vary with the ambient-temperature change, causing certain offset drift (so called Input-to-input offset
drift) and corresponding long-term instability in time interval measurements. Outwardly, it is seen as long-term devi-
ation of systematic error in time interval measurement between Start and Stop events coming at the different inputs
A and B of the event timer respectively.

The A033-ET input-to-input offset drift typically is about of 0.1 ps/°C (Fig.5), i.e. it is much less than the single-input off-
set drift due to partial compensation of two similar offsets.
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Figure 5: Input-to-input offset drift in line with slow linear changing of ambient temperature
from 20 to 25 °C

Actually this offset is tangible only during warming-up the timer’s hardware after power-up.
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3. Summary

As the Table 1 below suggest, the model AO33-ET, in comparison with the previous model A0O32-ET, is distinguished by

considerably advanced precision concerning different essential aspects of its specification.

Table 1: Precision comparison

Model Resolution | Integralerror | Interval error | Single-input | Input-to-input
offset drift offset drift
A032-ET 7-8ps <2ps <1ps N/A <0.4ps/°C
AO33-ET 2.5-3ps <1ps <0.2ps <2ps/°C <0.1ps/°C

In principle even better measurement precision is possible but its achievement leads to much higher production cost.
However the Riga event timers have been always conceived as commercially available instruments which have an at-
tractive price/ performance ratio. In this case currently we have come to the conclusion that single-shot RMS resoluti-
on of them should be limited by 3 ps approx. to achieve relatively simple and inexpensive technical solution.

Newertheless, it seems that the AO33-ET currently offers resolution and measurement speed that are quite sufficient
for the most of ground-based SLR stations that provide both routine and KHz SLR. Taking that into account, currently
we focus ourresearch activity on advancing of otherimportant performance characteristics of Riga event timers, such
as their reliability, friendliness and hardware simplicity [Artyukh Yu., et al., 2011].
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ABSTRACT

The present-day high-performance event timers (including Riga event timers) already offer the resolution and mea-
surement speed that are quite enough for Satellite Laser Ranging applications. Taking that into account, currently we
focus our research activity on the compact design and advancing of other important performance characteristics of
Riga Event Timers, such as their reliability, friendliness, hardware simplicity, affordable price, etc. In this report we pre-
sent current results of such activity and suppose that a next model of Riga event timer could be offered already in the
nearest future to cover a wider range of applications (including airborne ones).

Introduction

The Riga event timers represent computer-based instruments that measure time instants when input events (repre-
sented by NIM logic pulses) occur. Distinguishing feature of these instruments is a high precision combined with a
high measurement rate due to the innovative DSP-based technology for event timing [Artyukh Yu, 2001]. In particular,
the latest model AO33-ET of the Riga event timers offers single-shot RMS resolution better than 5 ps and measurement
rate up to 20 MHz, making this instrument one of a few best event timers currently available [Artyukh Yu., et al., 2011].
Combining the AO33-ET with application-specific software, a number of top-quality and reasonably priced event timer
systems can be created. But there are some essential characteristics, which can be improved to provide the SLR users
with more reliable, simplified and friendly device retaining the precision and performance of the AO33-ET.

We are working on three main directions of Riga Event Timer (ET) project advancing:

1. Supporting of stable repeatability of the precision at the level 3 ps RMS in a wide temperature range by
means thatinclude:

. temperature stabilization of the main measurement node,
. temperature compensation schematic,
. more robust and timekeeping calibration procedure;.
2. More compact design and faster operating by the means that include:
. integration of all digital functions in single FPGA of the timer’s hardware,
. higher clock frequency (considerably more that the previously used 100 MHz),
. higher-speed PCinterfaces, such as USB3, PCle, Ethernet 1G, etc;

3. Userinterface friendliness including integration and simplification of user-initiated function on PC.

The state of these directions and their evolution will be considered below in more detail.
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1. Thebest and stable precision

The main factor impacting on Riga ET measurement precision is a temperature variation. Due to the environment
temperature variation all electronic components of the timer’s hardware change their characteristics. As a result, the
transfer function, describing the event-to-time conversion, slightly changes, too. At the beginning of the AO33-ET de-
velopment the single-shot RMS resolution degradation by more than 10 percent occurred beyond the range of calibra-
tion temperature & 3 °C. We thought it would be enough for effectively employing a thermostat. For this reason firstly
we have made some experiments with a placement of the measurement node into a self-made small thermostat. Our
experiments showed that neither thermostat with heating elements nor thermostat with cooling on the base of Peltier
elements could not provide a sufficient precision stability and were not the best solution in terms of the hardware sim-
plicity, compactness and power consuming.

Therefore other solutions of the problem were investigated. Unlike the temperature stabilization, right temperature
compensation, where it is possible, leads to a sufficiently effective solution. In the latest versions of the A0O33-ET such
temperature compensation is applied for both precision stabilization and decreasing the single-input offset drift [Ar-
tyukh Yu., et al., 2011]. The last parameter seems most essential in the tasks related with one-way laser ranging and time
transfer experiments. Temperature dependences typical for the AO33-ET precision and epoch offset are presented in
Figure1.
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Figure 1: Temperature impact on A033-ET performance: a) precision degradation; b) single-input offset drift

One canseeinFigurela,that, astheresult of temperature compensation, temperature rangeis considerably expanded
around the temperature when the device calibration has been performed. In this case the single-shot RMS resolution
degradation by more than 10 percent occurs beyond the range of 11°C. Such compensation also decreases the single-
input offset drift and, as can be seen from Figure 1b, this drift is only a little greater than 1 ps/ °C.

In the case of essential temperature change there is no possibility to compensate electronic component parameters
drift without traditional calibration procedure. The calibration procedure includes calculating a new, more adequate,
transfer function in accordance with the current ambient environment. In Riga ET the calibration procedure is execu-
ted using a dedicated signal, which is produced by a generator embedded into Riga ET hardware. The problem occurs
when this generator frequency is out of the range of frequencies, which are the best for calibration. For example, as a
result of frequency deviation in full working temperature range 0 - 50 °C, there can appear the frequencies, which give
very bad calibration results (increasing the single-shot RMS resolution up to 100 ps!). In other words, such “bad frequen-
cies” are unacceptable for calibration procedure.

Currently this problem is solved by means of switching the embedded generator between two adjacent frequencies,
differing by only about 0.3 ppm. A choice between these frequencies is done on the base of specially developed esti-
mate of the frequency “badness”. From two adjacent frequencies the frequency with the lower estimate is chosen. This
approach allows providing the required resolution “almost always”.

Another approach to solve this problem lies in stabilizing the selected frequency and keeping it in a narrow range of
the best frequencies for calibration. The first experiments with Frequency-Locked Loop (FLL) and Phase-Locked Loop
(PLL) solutions for optimal frequency synthesis showed the effectiveness of such approach. In this case every new cali-
bration always allows to get the RMS resolution for the single-shot interval measurement at the lowest limit in a wide
temperature range (figure 2).
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Both FLL and PLL synthesizers give the good results independent on a temperature variation. Theoretical basis and
practice for PLL generator implementations is well developed, and there are some specialized chips which are ready
to use. PLL synthesizer is more suitable for very stable frequency retention, but in off-the-shelf devices there are restric-
tions in an output frequency choice. FLL synthesizer can be oriented to the slight frequency adjusting but has more
complicated retention mechanism, but in case of large FPGA using thisis not a problem.

RMS (ps)

TE 6 4 A0 12 14 16 18 20 22 24 26 25 20 32 34 36 3 40 42 4445
Temperature (0C)

Figure 2: RMS error after re-calibrations with use of PLL synthesizer

As an alternative solution, it is possible to create preliminary calibration tables for different temperature ranges of the
Riga ET operation, and automatically select one of the tables, taking into account the current internal temperature.
Evident advantage of this approach is actual exclusion of the calibration as a complicated online operation. Practicabi-
lity of this approach has been experimentally confirmed in Event Timer Module realization [Artyukh Yu., et al., 2008]. It
seems that, in combination with the right temperature compensation, this approach will allow to considerably impro-
ve precision characteristics of the Riga Event Timers.

2. More compact design and faster operating

Taking into account a performance of the modern super-high integration chips that have more and more integrated
functions and provide higher operation speeds, it is possible to make the Riga ET design more compact, operating at
higher frequencies, and having a faster interface with user tasks in PC.

In the AO33-ET device the functions, associated with the control of measurement process in accordance with com-
mands from PC, and the timing data recording into a buffer memory chip, are implemented in FPGA from Altera Corp.
Now there are more complicated FPGAs containing a few millions of logic gates and a few millions bits of memory. This
will allow to implement in FPGA all digital functions of the Riga ET, including:

. creating and supporting a large buffer memory,

. executing the calibration procedure and storing the interpolation tables,

. a clock pulses counting for time of event coarse fraction,

. providing the timer arming with a time of stop event prediction,

. managing the input signal conditioning and normalizing,

. adigital processing of ADC samples and event time-tag formation,

. processing the commands from and delivering timing data to user tasks in PC.

Implementation of timing related digital functions on single FPGA will allow to make the timer hardware more reliable
and compact, with lower power consumption.

It seems attractive to increase the device internal clock frequency. Higher clock will allow to get better RMS resolution
and shorter “dead time”, which are considered as the main performance characteristics of the event timers. But with
higher clock the problem of logic competitionsin ADC and FPGA can appear, so the alternative choice between speed
and safety should be done.

PC interfaces with peripherals include a wide variety of types and performances. The most popular for measurement
devices connection are: new USB3, providing data transfer at 400 Mbyte/s; PCI Express, having exchange speed from
250 Mbyte/s up to 1 Gbyte[s; and Gigabit Ethernet — from 12 Mbyte/s up to 3 Gbyte/s. Application of such high-speed
interfaces will allow considerable increasing the average rate of continuous event timing and extending the control
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functionality from the user tasks. First attempt of function integration and performance increasing is realized in our
Event Timer Module [Artyukh Yu., et al., 2008]. This module, having the same RMS resolution 3-5 ps, is distinguished by
compact size (130x110x20 mm), and faster USB2 interface.

3. Userinterface friendliness

The AO33-ET operation is fully controlled by the ET-client via TCP[IP network or directly by a user program, which is built
on the base of the sample program delivered with the AO33-ET. To prepare the A033-ET for measurements the user
executes the next procedures: calibration procedure to get an interpolation table; time synchronization with external
GPS to get an offset of the ET time scale; and arming command sequence for certain measurement mode. After that
the events coming at the inputs of the ET device are logged in the internal buffer memory and this timing information
can be read into PC. To get the epoch time-tag in seconds for logged events the user reads from the ET device 8 bytes
containing the number of hardware internal clock counts and ADC samples for each event, and converts these bytes to
epochin seconds, using the interpolation table and offset. If the ET gating mechanism is used it is necessary, on a base
of the time of the Start event marked by a special flag, to calculate the time until Stop event and write this time back
tothe ET device.

To make the user interface with the Riga event timer friendlier, it is necessary minimize the volume of processing and
the number of executed command. We plan to transfer some procedures, currently executed in PC, into hardware de-
vice, leaving to user only the main functions: start measurement in desired mode, and get directly the epoch time-tags
expressed in seconds for all registered events.

Summary

Thus we have defined three main directions of further Riga Event Timer development, based on our view of SLR prob-
lems:

. the best and stable precision
. more compact and faster realization
. user interface friendliness

Some results are already achieved such as single-shot RMS resolution less than 3 ps, weakened dependence on tempe-
rature, robust calibration independents on temperature variation, and modular design with USB2 interface. All other
tasks are planned for realization in the near future.
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New technologies for sub - millimeter laser ranging

Ivan Prochazka, Jan Kodet, Josef Blazej, Petr Panek,

ABSTRACT

We are presenting the work progress and recent results in a development and construction of new technologies for
sub-millimeter laser ranging and picosecond accuracy laser time transfer. The key hardware components: the Start
detector and discriminator, the echo signal detector, the timing device and signal cablings were studied in detail. The
new devices have been designed, built and tested in our lab. The new hardware was tested in an indoor calibration
experiments. We have achieved the single shot resolution of 4 mm rms. The temperature and temporal stability of the
individual components is excellent. The drift is typically below 200fs [ K for each contributor. The overall temperature
drift of the entire laser ranging chain is below 300 fs/ K. The long term stability of the ground target calibration is better
than +/- 800 fs within 3 days. During this period the environment temperature changed by more than 4 degrees Cel-
sius. In the sense of time deviation Tdev the stability of 300 fs was achieved. The presented components will enable to
carry out laser ranging with sub-millimeter normal points stability and reproducibility. The accuracy of the “ranging
machine” based on these devices will reach sub-mm values, as well.

1. Concept

To minimize the systematic errors of the entire laser ranging chain the photon counting approach has been selected.
The ranging chain components have been designed and optimized with a goal of single shot resolution of several milli-
meters and sub-millimeter normal points and overall system stability. The Start detector & discriminator are construc
ted asasingle device to optimize their matching and maintain stability. The NPET timing system based on surface acou-
stic wave interpolator has a resolution of 800 fs and 4 fs long term stability. The echo detector is based on innovated
SPAD detector optimized for high repetition Gate rate and minimal dark count rate. Both the detectors output signals
have ultrafast slew rates <200 ps/1V.In connection to the 6 GHz bandwidth of the timing system inputs these fast slew
rates improves the timing and temperature stability along with the RF interference immunity.

2. Startdetector

The Start detector & discriminator is constructed as a single device to optimize their matching and maintain stability.
The detector consists of an ultrafast avalanche photodiode, both silicon and germanium types may be used, they will
cover the wavelength range of 350 to 1550 nm. The analog signal of this photodiode is sensed by the ultrafast compa-
rator with 6 GHz bandwidth. The ps clock driver is used to generate the fast rise | fall time output pulses, with the am-
plitude of 0.8 Volt and <100 ps edges. Two complementary outputs are available. Additionally the positive TTL levels
pulse and the LED optical indication are available, see Figure 1.

Figure 1: The Start detector + discriminator + output circuits installed on a laser table (left). The linear signal
monitor and the output pulse fall time (right), the scope setting is 1ns/div.
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The jitter contribution of the Start detector itself is on units of picoseconds level, detection delay temperature depen-
denceis well below 300 fs /K. The device uses a standard +5 V, 200 mA power supply.

3. Timing system

A novel time interval measurement method which provides sub-picosecond timing, linearity and stability was develo-
ped. It makes use of a transversal surface acoustic wave (SAW) filter as a time interpolator. A two-channel New Picose-
cond Event Timer (NPET) device based on this new technique has been designed and realized [1,2,3].The timing jitter is
typically 800 fs per channel, the timing non-linearity lower than 200 fs over an entire range and the long term stability
of the order of ~10 fs | hour is achieved. The temperature dependence of the measured time intervalsis typically as low
as ~200 fs/K. The new version of the timing electronic board has been developed and installed in a shielding box main-
taining the passive heat removal and temperature stabilization, see Figure 2.

Figure 2: The single channel sub-ps timing system board (a) and the board enclosed in a shielding and heat
radiation enclosure (b)

The single shop timing jitter is plotted in Figure 3 a).
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Figure 3 a): Timing jitter of NPET, synchronous time markers, timing jitter ~ 800 fs. b) Epoch reading
stability, moving average, note the long term timing stability +/- 4 fs over 3 hours (!).

The long term stability of the epoch reading is plotted in Figure 4. The synchronous time marker Time of arrival (TOA)
was recorded with 763 Hz repetition rate. The moving average over 256 seconds is plotted in Figure 3 b).

The new version of NPET has independent interfaces for each timing channel, thus the timing system is suitable for kHz
rate SLR applications. Maximum repetition rate using the USB interface is >1kHz, the Ethernet version, which is expec
ted to be available in 2012, will provide rates >10 kHz.

The important feature of the NPET timing system is the fact, that thanks to its design and operating principle it is com-
pletely self-calibrating. No field calibration and adjustment of the device is needed ever. All the timing accuracy is
maintained by providing high spectral purity clock signal of 100 or 200 MHz only. The two channel version is housed in
astandard 19” 2U unit, see Figure 4.

nz



Figure 4: The two channel sub-ps timing system NPET.

To summarize — the newly designed timing device provides sub-picosecond timing resolution, long term stability and
non-linearity. The device is completely self-calibrating, it needs no field adjustment and/or calibration ever.

4. Echosignal detector SPAD

For high repetition rate SLR the existing SPAD detector package has been upgraded for higher stability and lower dark
count rate. The package is designed for single photon signal, only. The time walk compensation is not implemented.
The SPAD detection chip is thermoelectrically cooled K14 chip 200 um in diameter in a vacuum housing. The mecha-
nical and optical design of the package remained unchanged, the device should be 1:1 replaceable with the previous
versions.

(N

Figure 5: The SPAD detector package optimized for kHz single photon only ranging purposes.

The new detector electronics is based exclusively on high (>= 6GHz) bandwidth electronic components having ext-
remely low thermal drifts. No active board temperature control is used. The output pulse has NIM specs, however, the
fall edges are <100 ps. The active quenching loop delay was reduced down to < 3 ns, what resulted in reducing the
effective dark count rate at kHz gates rates typically 3.5 times. The optimum electronic board and grounding design
resulted in lower internal cross-talks. This enables to Gate ON the detector quite close to the expected arrival of photon
of interest. This enables the use of tight range gating for high background daylight operation.

5. Lowthermal drift signal cables

The dependence of signal propagation delay versus temperatureis aseriousissue in sub-mm laserranging. The thermal
coefficient of a standard coaxial cable is of the order of ~ 1 ps/K| meter of cable length. Considering the signal cables
length at a typical SLR site, one can expect millimeter changes in system delay (and hence in the calibration constant)
for temperature changes of the order of one degree.

18



The new types of coaxial cables having thermal coefficients lower by one to two orders of magnitude are available,
now. The PhaseTrack 210 cable is aJ4“cable, it has a thermal coefficient typ. 50 fs/K/m and is reasonably flexible for field
use. The LDF50 cable has a similar temperature coefficient and 2" diam. it is suitable for fixed installation of long signal
path, where the losses are an issue.

6. Laserranging performance

The laser ranging performance of the individual components listed above was tested in a series of indoor experiments.
The laser pulse length of 42 ps at 778 nm was used. The laser frequency was 400 Hz, the mean echo rate was 8 % thus
maintaining pure single photon echoes. The experiment was carried out over weekend, the ambient temperature
dropped from 28.5°C to +24.0°C within this period. The results are plotted in Figure 5 a).
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Figure 5 a): Indoor laser ranging, Start detector+NPET+SPAD, single photons, 8 %, 400 Hz. b) Photon counting
results of indoor laser ranging data histogram, the normal distribution curve is added, RMS = 28ps.

Note the excellent overall system stability, the long term (thermal) drift was 1.25 ps peak to peak, what results in a ove-
rall system delay temperature drift of 280 fs/K.

The single shot resolution was 4 mm RMS, see Figure 5 b), where the data distribution histogram is plotted. The fitting
curve is added. The asymmetrical distribution (distribution tail) is a consequence of the laser wavelength used 778nm.
At 532 nm and shorter wavelength the distribution will be close to symmetrical one. The same experimental data have
been processed in terms of a time deviation graph, the result is plotted in Figure 6.
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Figure 6: Indoor laser ranging tests, 2.5 days, 400 hz, 8% rate

Note the effect of averaging following exactly 1/SQR(N) rule down to sub-ps level corresponding to 0.1 mm precision
ranging. The overall system stability in the sense of Tdev is ~ 200 fs over several hours.
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7. Conclusion

The new components of the laser ranging chain have been developed and tested. The indoor calibration tests indicate
that 4 mm precision single shot and better than 0.1 mm precision normal points are achievable together with better
than 0.1mm system overall stability over the period of several hours. These extreme precision and stabilities will contri-
bute to the achievements of sub-mm system accuracy.
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Studies on system stability and calibrations of
H-SLR station

Makram Ibrahim

ABSTRACT

The paper concerns on the calibration and the system stability of the Satellite Laser Ranging station (SLR) at Helwan.
The geometrical setup of the calibration method, applied at the H-SLR station, is explained. The calibration constant
produced from the calibration of the system is computed and the results are summarized for two periods using two
kinds of Photo multipliers (PMT). The average root mean square values of the calibrations carried out during the period
from the year1991to the year 2008 are computed. The stability of the H-SLR station are studied for two different years
before and after the upgrading. To clarify the precision of the Helwan-SLR station, the results of its calibration are com-
pared with the results of the calibrations of the other SLR-Stations.

1. Introduction and System Configuration

The satellite laser ranging (SLR) is a space geodetic technology, which can measure the distance between a ground
station and a satellite most precisely in current methods. The absolute time of flight of photons so that the geometry of
satellite and laser station can be determined precisely as long as the system calibration erroris controlled in a negligib-
le level, equivalent to the accuracy of 1cm or less. For this end, brief information about the Helwan SLR station is given.
The mount configuration is Azimuth/Elevation with a coude system of mirrors for the transmitted beams as shown in
fig. 1. The guiding of the mount is a computer controlled. The receiving system of the mount is a spherical mirror lens
of diameter 40 cm, and optical filter of 6 nm with 80 % transmission. The type of the used detector is a Photomultiplier
(PMT) manufactured by Hamamatsu model H6533. The quantum efficiency of this PMT is 10 % at 532 nm and of normal
gain equal 5.6 million. The mode of the PMT is single photoelectron detection (Cech, M., et.al, 1998).

Fig 1: Three coude mirrors inside the mount to guide the laser beam and the fourth mirror is outside the
mount for calibration.

The used laser is composed of Nd: YAG oscillator, pulse selector, three amplifiers system and a Second Harmonic Ge-
nerator (SHG); it produces a semi train of pulses (Jelinkova, J., 1984, Prochazka, ., 1989). The wavelength of the laser
pulsesis 0.53 um with pulse width of 20 psec and of repetition rate of nearly 5 Hz with 80 mj in energy. The divergence
of the laser beam is adjustable and can reach to 0.1 mill radians. The laser transmitter is placed outside the mount and
then the laser beam is directed to the satellite through the mount via a four coude mirrors. The ranging electronics of
the system consists of a time interval counter of type a Stanford SR620 of resolution equal 4 psec. The start channel is
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a special optoswitch and the stop channel discriminator Ortec is a constant fraction (Cech, M., et.al, 1998). The time
and frequency system is GPS Time/Frequency standard, manufactured by Helwlett-Packard of model 58503B, which
is providing the 1pps epoch signals with accuracy better than 110 ns. The meteorological station (MET-3) is installed to
improve temperature, humidity and atmospheric pressure s' measurements. The pressure sensor model is a Digiquartz
MET3 and it measures with accuracy of 0.1 mbar. The temperature sensor model is Platinum resistance temperature
probe and it measures with accuracy ~ 0.5 deg C. As for the model of the humidity sensor, it is a capacitance probe and
its accuracy is 2% at 25°c. To study the system stability we will carry out calibrations of the station and from the studies
we will concern on the measurements of the resulted calibration delays.

2. The calibration method

The Helwan - SLR station is calibrated using internal calibration method. Itis accomplished by ranging on afixed target
placed at a distance of 1.01 meter from the laser. A detailed description of the calibration method is shown in Fig 1. For
the purpose of the calibration, both the emitter and the receiver are covered. The cover of the emitter has a hole fol-
lowed by mirror to reflect the beam to the direction of the target. The computation of the calibration constant is the
average of nearly 100 returns (echoes) by using the counter SR620, but it was the average of 150 echoes by using the
time interval counter of type HP5370B. The first channel is used for processing the signal from the start detector; the
second channel is used for discriminating pulses from the PMT. The time delays of both, i.e. the start and stop channel
were adjusted to the lowest time jitter. The first results show the mean value of the system calibration is about 85 nsec
and time jitter is about 50 psec where the counter HP5370B is used for ranging (Cech, M., et.al, 1998). There are some
parameters are affecting the calibration results. By fixing all except the PMT in some cases and the time interval coun-
terin others, it will easy to describe the result. For the purpose of this study, we concerned on the results of the calibra-
tion, which is applied to the Helwan SLR-station in two periods. The first period is from Aug. 1991 to Sept. 1997. During
that time the photomultiplier (PMT) of type RCA 31034A has been used. Due to the long operating time of that PMT, its
sensitivity had been decreased by approximately 3 times (Cech, M., et.al, 1998) .In May, 1998 the receiver package was
completely upgraded and the PMT RCA 31034 was replaced by the PMT Hamamatsu H6533 box with PMT tube 4998.
It consists of a PMT tube and high voltage (HV) with precise divider. The Tennelec TC 952A high voltage power supply
with stable 2500 volts was used as a source for the PMT, to obtain standard parameters. On the other hand, the old pre-
amplifiers HP8447A (400 MHz) and HP8447D (1.3 MHz) have been replaced by EG & G Ortec1 GHz pre-amplifier Model
9306. It is a four-stage preamplifier based on Hewlett Packard MMIC chips. Hence, the second period is from May 1998
till December 2008, in which this new PMT are in use.
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Fig. 2: The calibrations vs. the RMS values for all the calibrations carried out using the old PMT in (a)
and the new PMT in (b) .

For all the calibrations, the RMS value are computed in which the root mean square value is selected corresponding to
rejection criteria of 2 Sigma (Hamal, K., 1978). The calibrations applied to the station within the whole period from 1991
t02008 are computed and the results are shown in Fig. 2. During the first period, there are 2375 calibrations, have been
applied. The RMS values of these calibrations are computed and the results are shown in Fig.2 (a). The average RMS va-
lue of the calibrations is found to be 0.174 nsec. Similarly, the results of the calibrations of the system applied during the
second period, in which the new PMT package is used, are shown in Fig.2 (b). The total number of calibrations occurred

122



in that period are 1794 and the average precision is found to be 0.068 nsec, which is nearly 2.6 times better than the
precision of the calibrations produced by the old PMT. It is also agree with the results produced by reference (Cech, M.,
et.al, 1998). For comparison purposes, the numbers of calibrations as well as the average root mean square value are
computed for each yearindividually and the results are given in Tab.1.

Tab. 1: The calibrations applied to the station in the period from 1991 to 2008,
the average RMS value of the calibration per year is given as well.

Year Nr. of calibrations Average RMS
1991 307 0.177
1992 401 0.181
1993 453 0.168
1994 389 0.160
1995 282 0.7
1996 214 0.198
1997 329 0.175
1998 428 0.064
1999 418 0.066
2000 320 0.061
2001 19 0.068
2002 - -
2003 - -
2004 120 0.075
2005 226 0.077
2006 55 0.079
2007 77 0.077
2008 31 0.074

In the first period of the Tab.1, it is clear that the worst precision of the calibrations occurred at the year 1996 with RMS
value of 0.198 nsec and the best one is during the year 1994 with RMS value of 0.160 nsec. However in the case of the
second period, using the new PMT, the worst precision of the calibrations occurred at the year 2006 with RMS value of
0.079 nsec and the best one is at the year2000 with RMS value of 0.061 nsec. Actually, this reason is not only referto the
PMT but also to other parameters such as the method of measurements of metrological conditions. As it is mentioned
in section 2, there is a new instrument for measuring the temperature, humidity and pressure with a high precision,
which has notbeen available in the year1996. Itis also clear from the table that the average RMS value of the years from
1998 to the year2002is below 0.07 nsec while from the year2004 till 2008 the average RMS values are higherthan 0.07
nsec.

The precision of the measurements of the Helwan SLR station is compared with the precision of the other SLR stations,
and the results are given in Fig. 3(a) for the satellite Starlette in the period from October1,2007 through December 31,
2007 (http:/[ilrs.gsfc.nasa.gov/images/2007_12_cal_rms.html). It shows that the root mean square value of the calibra-
tion measurements is 6 mm as measured for the H-SLR station. As for Fig.3 (b), it shows the results as measured for the
satellite Starlette in the same period of 2008 (http:/[ilrs.gsfc.nasa.gov/images/2008_12_cal_rms.html). It shows that
the root mean square value of the calibration of H-SLR station is also 6 mm as for the other SLR-Stations the results are
given as shown in Fig. 3.
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Fig. 3: The deduced precision of the average single-shot calibration RMS, in millimeters,
during the last quarter of 2007 in (a) and during the last quarter of 2008 in (b) .

3. Calibration constant and system stability

The calibration constant of the system or the system delay is one of the important parameters, has been carried out be-
fore satellites ranging. Changes in calibration value indicate that something has happened and may be bias the range
data. The calibration constant has been computed for two different periods (as of the availability of the data), one of
them after using the new PMT at the year 2000 and the other by using the old PMT during the year 1996. The results
show that, the system delay is much more stable at the year 2000 than that at the year1996, as shown in fig. 4. Howe-
verin fig. 4 (a) the data symbol by circles are produced using the old time interval counter of type HP5370B, since the
new time interval counter SR620 has not been yet installed at the station. The data obtained by the new the interval
counter is shown in fig.5 (b). This also proves that the stability of measurements of the system delay obtained using

the new time interval counter is better than the measurements of the system delay obtained using the old counter as
shown in Fig 5.
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Fig. 4: The calibration constant obtained by calibrating the system during the year 2000 in (a) and 1996 in (b)

124



79.5 80.5 4

[ Mean value=78.45ns | [ ¢ Mean value=79.7 ns
‘E‘ 79.0 o @ @ 80.0 4
] 78.5+ Q = ]
ol By 8 sy ;
o @D%D o 0 BERD 3
78.04 a © 79.0 4
mS5+— 77771 S+ 77T 1T
0 10 20 30 40 50 60 70 0 50 100 150 200 250 300 350 400
calibrations calibrations

(@) (b)

Fig. 5: The system delay produced by using the time interval HP5370B in (a) and SR620 in (b) during the year
2000.

4. Conclusion

The calibrations which have been carried out at the Helwan-SLR station during the period from1991to0 2008 are studied.
There are 4196 calibrations carried out with two kinds of photomultipliers. In the first period from 1991 to 1997, there
are 2375 calibrations are carried out using the old PMT. The second period which carried out from May 1998 till 2008
in which the new PMT is in use there are 1794 calibrations are carried out. The average RMS value of the calibration for
using the old PMT isfound to be 0.174 nsec, while for the new PMT is 0.068 nsec. It means that the calibrations produced
using the new PMT package are nearly 2.6 times better than that of the calibrations produced using the old PMT.

It is also clear that the average RMS value of the calibration data obtained through the years from 1998 to the year
2002 is below 0.07 while from the year 2005 till 2008 the average RMS values are higher than 0.07 ns. From the mea-
surements of the system delay, it is found a much more stability at the data obtained after upgrading the system than
that of the stability of the data obtained before the upgrading. By the way, the system stability of using the new time
interval counter SR620 is better than that of using the old counter HP5370B.
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Ground Survey and Local Ties at the
Geodetic Observatory Wettzell

Thomas Kliigel, Swetlana Mdhler and Christian Schade (BKG, Wettzell, Germany)

ABSTRACT

The geodetic space techniques VLBI, SLR and GNSS are realized at the Geodetic Observatory Wettzell since several
decades. The space observations are accompanied by an extensive local survey at more or less regular intervals. Beside
local tie vectors, which are required for the combination of the different space geodetic techniques, the local survey
provides evidence of the long term stability of the geodetic reference points defining the ITRF. The analysis of the dif-
ferent survey campaigns covering a time span of 24 years and the big number of geodetic markers allow a reliable
identification of instable pillars and ground markers, while the reference points of the space geodetic techniques are
considered as stable.

In addition this paper presents different techniques of determining the invariant reference points of the VLBl and SLR
telescopes, which are usually not directly accessible.

1. Relevance of ground survey

Each measurement is affected by errors, either statistic or systematic. In the case of the geodetic space techniques
these errors enter into global solutions degrading products like the international terrestrial reference frame (ITRF) or
Earth orientation parameters (EOP). Measuring errors may arise from:

. local displacements of the antenna reference point

. unsufficient knowledge or variations of the phase center with respect to the reference point
B delaysin cables and electronic components

. multipath effects

While statistic errors are reduced with the number of observations, the systematic errors can be identified only by com-
parison between different techniques. In order to compare station coordinates resulting from different measuring sys-
tems, the exact knowledge of the tie vectors connecting the reference points is essential. This is realized by a local
network of geodetic markers, pillars or ground marks, using classical survey instruments like theodolites, tachymeter,
orlevels.

The second purpose of the local network, usually covering less than a few hundred meters, is the proof of the local sta-
bility of the reference points of the space technique systems, and the identification of unstable monuments.

A regional network usually spanning several or a few tens of kilometers could be established in order to demonstrate
the stability of the surrounding area and to show whether the station is representative for the entire region. Such a
network is mostly realised by GNSS stations.

2. Thelocal network in Wettzell

2.1 Networkdescription

The local network at the Geodetic Observatory Wettzell recently consists of 25 survey pillars and 22 ground marks,
tying together a number of 12 space technique reference points (3 VLBI, 2 SLR and 7 GNSS monuments) (fig. 1). The net-
work is measured in regular intervals, usually each 2-3 years, and the coordinates are determined in a free least square
adjustment. Between 1985 (7 pillars, 8 ground marks) and 2009 (16 pillars, 20 ground marks) 11 measuring campaigns
were performed. This allows the creation of time series showing the long term behaviour of the geodetic markers and
the reference points.
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Geodetic Observatory Wettzell
Local survey network
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Figure 1: Local survey network at the Geodetic Observatory Wettzell.

2.2 Heightvariations

The height uncertainties (1sigma) of the adjusted solutions are less than 0.1mm in most cases. They may reachup to 0.5
mm for the reference points of the radio telescope (RTW) and the laser ranging telescope (WLRS) due to the difficulty in
the point determination. This high precision allows the identification of very tiny displacements of individual markers.
As an example the pillars 1-5 being distributed around the radio telescope show height variations of less than 0.5 mm
over 13 years with the exception of the year 2004, when a subsidence of up to 1 mm is detectable at each pillar (fig. 2
left). This is obviously a consequence of the very dry summers in 2003 and 2004, having lead to a shrinking of the soil.
One ground mark (11) being located directly beside an access road shows a continuous subsidence of 2.4 mm over 16
years, pointing to a soil compaction by traffic. Sudden changesin height are related to close construction work in most
cases, e.g. 1.4 mm at ground mark 10 between 2004 and 2006.
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Figure 2: Height variations of survey pillars (left) and reference points of the VLBI and SLR system (right).

As can be expected the vertical displacements of the big telescopes are somewhat bigger. The WLRS monument sub-
sided by 2.5 mm during the first 10 years and is stable since then (fig. 2 right). The RTW shows vertical variations of less
than1mm up to the year 2002. Then it starts to subside by 1.5-2 mm until 2009. This points to a beginning abrasion of
the elevation bearing, which had to be changed in 2010 due to destruction.

One survey in January 2009 has been rejected due to extreme deviations of up to 20 mm for some ground marks. Verti-
cal expansion by frozen water is obviously a severe problem for some kind of markers.

2.3 Horizontal displacements

The 1sigma uncertainties for the horizontal position is mostly below 0.2 mm. Poorly constrained points at the network
rim reach up to 0.6 mm. Most of the pillars and ground marks show an irregular variation in position of 1-3 mm over 2
decades (fig. 3 top). One pillar (4) moved by 18 mm over 24 years and is clearly identified as unstable. Another pillar (2)
being close to the entrance gate shows a sudden displacement of 3 mm, which can be clearly related to construction
work.

The horizontal displacements of space technique reference points are similar small. After a horizontal motion of 2 mm
between 1985 and 1995, the RTW remained stable within 1 mm since then (fig. 3 bottom). The displacement of the
WLRS reference pointis less than1mm since 1995. The position of the GNSS points at the roof of the GNSS tower varied
by upto1.5mm.
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Figure 3: Horizontal motion of selected survey marks (top) and reference points (bottom). Line spacing is
1 mm, years are indicated by numbers.

2.4 Transformation

In order to compare the locally measured coordinates with the solutions of the geodetic space techniques, they have
to be transformed into the global geocentric system. For this purpose the data from two GPS campaigns performed in
2000 and 2003 were used. The 2000 campaign lasted 4 days and 4 points of the station network were occupied by GPS
antennas. During the 2003 campaign 6 station network points were occupied measuring continuously over 9 days.
Data from the 4 permanently runnings GNSS stations were also included in the analysis.

For the combination the GPS solutions were downweighted in such a way that they only provide the orientation of the
network, while the scale is dominated by the high precision of the ground survey.

3. Determination of invariant points

The geodetic reference point at a moving telescope is defined as the intersection of the azimuth and the elevation axis,
which is the invariant point (IVP). It is usually not directly accessible and has to be constructed through observations of
markers being attached to the telescope at different telescope positions. There are 3 different ways to construct the
IVP:

. determine azimuth and elevation axis independently, intersect both axes
. determine center of elevation arcs at different azimuths, construct center of azimuth circle
. 3D least square adjustment of sphere surface

Table 2 shows the results of 2 different IVP determinations. While the different adjustment techniques yield nearly the
same results, the use of different instruments or the analysis of different campaigns yield differences of up to 0.5 mm
or1mm, respectively.
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Method East | North | Up Method East | North | Up
Tachymeter data: Campaign 09-23-2009:

2D adjustment + | 269.71713 | 187.69011 | 622.46484 || sphere adjustment | 316.92438 | 180.04237 | 616.51454

height (NetzCG) (MatLab LSGE-bib)

3D adjust. 269.71715 [ 187.69011 | 622.46482 || 3D adjust. 316.92439 | 180.04240 | 616.51425

(JAG3D) (PANDA)

circle 269.71720 | 187.69008 | 622.46502 || circle 316.92438 | 180.04250 | 616.51454

adjustment adjustment

max. difference | 0.07mm | 0.03mm 0.2mm max. 0.01lmm | 0.13mm 0.29 mm
Laser tracker data: difference

3D adjust. 269.71739 [ 187.69056 | 622.46506 Campaign 09-01-2009:

(JAG3D) 3D adjust. (PANDA) | 316.9253 | 180.0426 | 616.5134

Difference 0.24mm | 0.45mm 0.24 mm Difference 0.9mm 0.1mm 0.85mm

to above toabove

Table 2: Results from IVP determination of the Radio Telescope Wettzell (Lésler 2008, left) and the Satel-
lite Observing System Wettzell (right) using different adjustment techniques, instruments, and measuring
campaigns.

4. Conclusions

Repeated ground surveys at the Geodetic Observatory Wettzell show that the reference points of the space technique
systems are stable with respect to the local network. The good repeatability, also when using different instruments,
indicate small systematic errors. Stable markers show displacements not exceeding 2-3 mm in 24 years. A few unstable
markers were clearly identified since the network is made up by a sufficient number of markers forming a stable geo-
metry. Construction work is a major source of marker displacements.

The determination of invariant points yield the same results within £ 0.15 mm when using different adjustment tech-
niques. Difference between tachymeter and laser tracker results do not exceed 0.5 mm. However, different survey
campaignsyielded differences up to1mm, which is a consequence of different network geometry, environmental con-
ditions, and deformations.

Itis concluded that the accuracy of the local ties in Wettzell are in the order of 1-2 mm.
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Can Continuous Cartesian Connections realize local
tiesat 0.1 mm level?

Sten Bergstrand

ABSTRACT

We present an approach to achieve continuous Cartesian connections at geodetic co-location stations. The concept
builds on the classical idea of traditional local tie surveys and extends it to the needs of the 21st century. The objecti-
ve is to provide the most accurate achievable continuous connection of the reference points of the various geodetic
equipmentin a local truly Cartesian coordinate system. This task appears to be a necessary pre-requisite for reach the
objectives of the Global Geodetic Observing System (GGOS).

1. Introduction

The primary project of the International Association of Geodesy (IAG) in the coming years is to realize a Global Geodetic
Observing System (GGOS) which will support the monitoring of the earth system and global change research (Rummel
et al.,2005). The GGOS aims at a combination and integration of various geodetic techniques in order to benefit from
all their advantages and to work around intrinsic shortcomings. An important ingredient of the GGOS are the geodetic
co-location stations that host equipment for different geodetic space techniques (e.g. Satellite Laser Ranging (SLR)
and/or Very Long Baseline Interferometry (VLBI) combined with Global Navigation Satellite Systems (GNSS)), geophy-
sical sensors (gravimeters, seismometers, tide gauges, etc.), and atmospheric sensing devices (e.g. ground based mi-
crowave radiometers). A necessary pre-requisite for a meaningful combination and integration of the different obser-
vations and the derived results can only be achieved if the local geodetic relations at the geodetic co-location stations
are accurately known. These relations or local ties are the coordinate differences between the reference points of the
different techniques, including their temporal variations. To achieve the objectives of the GGOS it is required that the
reference points are known with an accuracy better than1mm in a global reference frame (Niell et al., 2006) and that
the full covariance information is available in both the temporal and spatial domains. This is also of major importance
for the International Terrestrial Reference Frame (ITRF) (Altamimi et al., 2007) that combines the various techniques to
derive a stable reference frame for the observations. Both GGOS and ITRF desire local tie information that is accurate
on alevel of 0.1 mm (Rothacher et al., 2009, Ray and Altamimi, 2005). In this article we briefly describe a possible way
to establish a continuous Cartesian connection (3C) system that will facilitate full integration of separate techniques’
observations at a co-location station to the currently highest achievable standard. Furthermore, we propose that a
coherent 3C system is established at all co-location stations in order to reduce the uncertainties of future geodetic
observations.

2. Localties at geodetic co-location stations

Traditionally, the coordinate differences between the reference points of the different techniques at geodetic co-
location stations are determined by so-called local tie surveys. These surveys are usually performed on a more or less
regular basis every couple of years. This low repeat frequency is to a large extent due to the fact that local tie surveying
is an engineering task that lies beside normal operations. In the local tie, the reference points of the various geodetic
techniques are connected to a local survey network that is usually materialized by survey pillars that can be equipped
with geodetic survey instrumentation to measure distance, angles, and height differences between them. An over-
view of available local tie techniques has been compiled by Pearlman (2008).

2.1 Localtie difficulties

In many cases the actual observation reference points cannot be observed directly, e.g. the axis intersections of radio
telescopes used for geodetic VLBI, or the phase centers of antennas used for GNSS observations. In these cases indirect
survey methods are usually applied. For radio telescopes the indirect methods make use of the instrument’s symmetry
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properties, see e.g. Sarti et al. (2004). To perform the necessary measurements the radio telescopes then have to be
positioned according to a predefined scheme. This is maintenance task that usually involves external expertise and me-
ans considerable and undesirable downtime from normal operation. Only recently has a new approach been proposed
that shall allow reference point determination of a radio telescope while the instrument is in normal operation (L&sler,
2009). Traditionally, local tie surveys are often a combination of direction and distance measurements with tachyme-
ters and height differences from spirit leveling. These survey instruments are oriented with respect to the local plumb
line. The coordinatesin the local coordinate system of the survey work thus dependent on the local gravity field and are
notgivenin alocal truly Cartesian (LTC) system, and hence add unnecessary uncertainties to the observations. Further-
more is the local tie information often incomplete, i.e. the covariance information is not available (Thaller et al.,2005).
Atransformation between results derived from space geodetic techniques that refer to global Cartesian systems (e.g.
GNSS, SLR, VLBI) and such traditional local not-truly-Cartesian systems impose an increased loss of accuracy due to the
uncertainties added in the transformation.

2.2 Desired properties of local ties

The accuracy of today’s space geodetic techniques is on the order of 1 ppb and better on a global scale, and it is ex-
pected that 0.1 ppb will be approached in the near future. For example, the next generation geodetic VLBI system,
VLBI2010, aims at an accuracy of 1 mm on a global scale (Niell et al., 2006, Petrachenko et al., 2009). To preserve this
high accuracy and meet the requirements of the GGOS, it appears necessary to know the local coordinate differences
between the reference points of the co-located techniques with even higher accuracy. Space geodetic techniques
deliver coordinate results that refer to global Cartesian coordinate systems. Therefore, also the local coordinate dif-
ferences need to be expressed in truly Cartesian local coordinate systems in order to avoid any accuracy losses in the
transformation, and of course the complete covariance information must also be provided. It is desirable to monitor
the local coordinate differences more often than in the past, and continuous monitoring will help to detect disturban-
cesontheinstruments and will aid to identify the reasons behind perturbations. Such disturbances could be of periodic
or episodic character, e.g. air temperature, ground water column, or ground settling.

3. Continuous Cartesian connections

In the following we outline the 3C concept for geodetic co-location stations. These ideas could be realized at already
existing geodetic co-location stations, and they are highly relevant for new stations to be established, e.g. in connec
tion with the ongoing VLBI2010 efforts (Behrend et al., 2008). The initial step of the 3C concept is to establish an LTC
coordinate system at the station. Subsequently, the reference points of the various different geodetic techniques and
sensors are to be determined in this coordinate system. Since not all reference points can be observed directly, indirect
methods usually need to be applied. Additionally, a number of targets with a stable geometric relation with respect to
thereference points can be deployed; these targets can be used to represent the specific space geodetic equipmentin
amonitoring situation. In the following, the whole network shall be monitored in an automated fashion without distur-
bing the normal operations at the co-location station. Statistical analysis can be used in real-time or close to real-time
to check the stability of the network. Post-processing data analysis will be used to derive the necessary transformation
information for combination and integration purposes. Furthermore, any disturbances of the reference pointlocations
can be investigated in detail in post-processing, too.

3.1 Localtruly Cartesian coordinate systems

As mentioned earlier are local tie surveys traditionally often a combination of direction and distance measurements by
e.g. tachymeters and height differences from spirit leveling. This implies that the local coordinate system is not truly
Cartesian since the instruments are oriented with respect to the local plumb line. This effect is on the order of 3 mm for
the z-componentin survey networks with an extension of 200 m and need to be accounted for by local geoid and ellip-
soid models. However, an LTC coordinate system that facilitates a direct transformation between different coordinate
systems can be established e.g. by a laser tracker instrument. This type of instruments allows accurate distance mea-
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surements in interferometric and absolute mode as well as direction measurements. These instruments have many
applicationsin e.g.industrial measurements (Juretzko and Hennes, 2008) and do not require any particular orientation
with respect to the local gravity field.

An example for the application of a laser tracker is described in (L6sler and Haas, 2009) where such an instrument was
used to determine the reference point of the 20 m radio telescope at the Onsala Space Observatory and the local tie
between this reference point and the reference point of the GNSS monument. By using a laser tracker, an LTC coor-
dinate system can be established and the reference points of the individual techniques and all survey pillars can be
surveyed and expressed in this system. Additional retro-reflecting targets that are eccentrically mounted at some of
the sensors can be included in the network. This is particularly important for sensors that have not-easily accessible
reference points. These eccentric targets should be mounted in a way that the geometrical relation with respect to
the sensor’s reference point is known, and a continuous monitoring of these eccentrically mounted targets can be
used to indirectly monitor the sensor’s reference point. For example can GNSS antennas be mounted coaxially on top
of 360° retro-reflecting prisms that allow surveying and monitoring from all horizontal directions within about £30°
elevation angle. At VLBI or SLR telescopes, such retro-reflecting prisms could be mounted at representative positions
of the telescope structure.

3.2 Continuous monitoring

Once the LTC coordinate system has been established and all reference points as well as additional reference targets
have been determined directly or indirectly in this system, the continuous monitoring may commence. The complete
local survey network has to be equipped with suitable targets. A motorized total station is needed that can be com-
puter controlled to perform angular and distance measurements following a predefined monitoring cycle. Near-real-
time checks can be done already on the level of raw observations with simple statistical tools, e.g. histograms. Post-pro-
cessing analysis needs to take into account the meteorological situation in order to do the corresponding corrections
of the distance measurements. Time series of target coordinates and their uncertainties is one of the post-processing
products, and the post-processing should include the determination of coordinates of all targets with their complete
covariance information. Another product is the complete information needed for the transformation between the dif-
ferent geocentric Cartesian systems.

3.3 Experience from monitoring projects

Theideas of the 3C concept have emerged from the experience gained in aset of local tie monitoring campaigns where
the temporal behavior of reference points have exceeded the GGOS specifications by more than an order of magnitude
(Haas and Bergstrand 2010, Losler et al. 2010, Haas et al. 2011). An example of movement patterns for four differently
designed GNSS antenna monuments is displayed in Figure 1.

4. Conclusions and outlook

We presented a proposal to achieve continuous Cartesian connections between the reference points of different
space geodetic techniques at geodetic co-location stations. Results from initial studies at different co-location sta-
tions indicate that there might be differential deformations on diurnal time scales with signatures on the order of 1
mm or larger. We are convinced that the information from the 3C is necessary to achieve the objectives of the GGOS
and that co-location stations to be established e.g. in connection with the GGOS efforts should utilize the 3C-concept
from the beginning. Furthermore can the 3C-concept be established on existing co-location stationsin order to reduce
uncertainties in coordinate transformation between different techniques, and if made in a standardized manner also
included in the analysis.
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Figure 1: Variability of the horizontal position of four different GNSS monuments. The movement patterns
reflect the interaction of solar radiation on monuments with different cross sections and are considerably
larger than 0.1 mm for all the evaluated monuments.

(From Haas et al., 2011)
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Session 10:
Improving support for GNSS and other
challenging missions

Tracking Many GNSS: Introduction

Matthew Wilkinson

ABSTRACT

The Global Navigation Satellite Systems (GNSS) technique has evolved to become the most widely available positioning
tool used by both civilians and scientists. The Global Positioning System (GPS) has been fully operational since 1994 and
the Global Navigation Satellite System (GLONASS) continues to take shape and is on track to having a full constellation
inthe coming year. SLR has supported both GPS and GLONASS since 1993. However a significant change is about to take
place with a large increase in the number of retro-reflector target carrying GNSS satellites orbiting the Earth, potenti-
ally placing an increased demand on SLR tracking. This paper provides an overview of SLR tracking of GNSS as an intro-
duction to the session “Improving support for GNSS and other challenging missions”. It also draws upon the experience
and describes the GNSS tracking activities of the Space Geodesy Facility (SGF), Herstmonceux SLR station in the UK.

1. ILRS support of GNSS constellations

SLR provides useful tracking support to GNSS missions and acts as a valuable, independent check on microwave orbits
through a technique that is insensitive to the ionosphere and has only a small refraction delay due to tropospheric wa-
tervapour (Pavlis et al,2009). SLR aids the modelling of on-board clocks, the alignment of the GNSS reference frames to
the ITRF and helps to improve and validate spacecraft dynamics.

In2009 the ILRS held a workshop in Metsovo, Greece, entitled “SLR tracking of GNSS Constellations” during which po-
sition papers from each of the GNSS projects described SLR as a valuable tool for verification of orbital parameters and
models. SLR was described as particularly useful in the initial phases of satellite deployment and also provides a com-
mon, independent measurement technique for each GNSS constellation.

Combination of GNSS observations and SLR measurements with accurate space ties could strengthen the determina-
tion of the ITRF (Thaller, et al., 2011) and daytime SLR observation are desirable for the modelling of solar and terrestrial
radiation forces acting on satellites (Flohrer, 2008).

At present, the ILRS supports one GPS satellite (GPS-36, PRN-06) that carries a retro-reflector target, two GIOVE satelli-
tes for validation of the upcoming Galileo mission, one COMPASS satellite at GNSS height and six GLONASS satellites. In
addition the first Quasi-Zenith Satellite System (QZSS) satellite is tracked by those stations under its geo-synchronous
orbit footprint. Each of these missions will launch additional retro-reflector target carrying satellites in the coming
years with each GNSS mission evenually reaching full constellations, with QZSS having a total of three satellites.

This increases significantly the number of satellites available for SLR tracking at GNSS heights and, since a SLR station
can only track one satellite at a time, will place increased demands on the ILRS network. Best practice support from
the ILRS and tracking priority at individual stations should be driven by the scientific benefit of tracking multiple GNSS
satellitesin a given constelation.
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2. GNSStracking at Herstmonceux

Herstmonceux, like many ILRS stations, has over many years gained a significant amount of experience of tracking high
orbiting satellites, at altitudes of 20 000km. These remain the most challenging targets that need high quality tele-
scope pointing, minimal beam divergence and clear and cloud-free skies. At night the targets are easily tracked using
acamera to display the telescope iris, which allows the beam and possibly the sunlight satellite to be positioned at the
centre of the field of view. Searching for the best relative alignment between the satellite image and the laser beam
or forinvisible satellites in shadow may also require small azimuth and elevation offset searches. In the clearest skies,
GNSS satellites can also be tracked at Herstmonceux during daylight hours. This requires a smalliris, a very narrow day-
light spectralfilter (~0.2nm, centred on 532nm), close gating of the SPAD detector and a daytime camera system to see
and align the laser beam to the centre of the iris. Daylight tracking of GNSS satellites is not always successful at Herst-
monceux as the sunlit telescope is open to non-uniform heating which introduces error into the telescope pointing
model. The most difficult GNSS satellites, GPS and GIOVE, are not attempted during the day because of the low return
rates, respectively due to the small on-board retro-reflector array and greater radial distance.

The Herstmonceux SLR station tracks all ILRS GNSS and Etalon satellites and in addition now tracks all of the remaining
operational GLONASS satellites. As there are 24 operational GLONASS this increases the number of GNSS altitude satelli-
tes being tracked by 2.5 times. This scenario could be similar to that requested of the ILRS from GNSS missions in the fu-
ture. Taking on this additional burden should be fully considered in terms of any impact on other SLR tracking priorities.
Figure 1 contains the results from an investigation that used the predicted SGF schedule for 2011. Firstly the left hand
plot was for all satellites at LAGEOS altitudes and below, finding the total time each day that the telescope is required
for SLR. This is then repeated including the Etalon, GIOVE, COMPASS-M1 and GPS satellites, which gave the right hand
plot. On an average day the SLR facility is only required for approximately 35% of the time for LAGEOS or lower altitude
satellites. Considering only those satellites appearing in night-time hours shows greater variation in the demand for
SLR with the system requirement varying from less than 20% to more than 50% of the night over the course of a year.
The right hand plot shows this demand increase to 80% of the day with the addition of the high altitude satellites.
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Figure 1: The left had plot shows the percentage during which LAGEOS or LEO satellites can be tracked for
the whole day (in black) and for night hours only (in red). The right plot shows the percentages for the LA-
GEOS, LEO, Etalon, GIOVE, COMPASS-M1 and GPS. This work was in collaboration with P. Gibbs.

Figure1shows that thereisalarge amount of spare capacity in the LAGEOS and LEO schedule. Adding the high orbiting
satellites significantly reduces the spare capacity, but this is only the case because it includes the entire high altitude
satellite passes. A GNSS satellite takes about 5-6 hours to pass from horizon to horizon and does not need to be tracked
forthe whole duration. Reducing the tracking of a high altitude satellite to 5-10 minutes when itis ascending, overhead
and descending reduces this demand considerably.
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GLONASS and Etalon tracking at the SGF, Herstmonceux during 2010-2011
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Figure 2: The number of normal points collected at the Herstmonceux station for all the GLONASS and Etalon
satellites tracked from the beginning of 2010 to mid-2011.

Figure 2 shows the total number of GNSS and Etalon normal points acquired by the SGF from the beginning of 2010 to
mid-2011. At the top of the plot are the higher priority Etalon targets with subsequently higheryield. The next satellite
normal point total is Compass-M1 and then follows the GIOVE and GPS totals, which are comparatively fewer due to
these being more difficult targets. Then in green are the GLONASS satellites which show a reasonably even distribution
of normal point for each satellites, with fewer normal points recoded if a satellite is newly launched or has reached the
end of its operational lifetime. This plot shows the successful tracking of all GLONASS by SGF, Herstmonceux, over this
period.

2.1. Realtime precision

If the SLR observer has multiple satellite passes at one time he or she will decide what is the best use of the SLR system
taking satellite priority into account but to also aiming to support each satellite for at least a proportion of its pass. This
means that the observer needs to be able to decide when the data collection on one pass is sufficient and it is time to
move from one pass to another. For the high altitude satellites which use longer normal point bin intervals this maybe
before the end of a normal point, particularly at stations such as Herstmonceux with the high-rate 2kHz system. The SGF
has implemented a real-time estimation of normal point precision for display and when the precision reaches Tmm the
observer is advised to move to another satellite. This is particularly useful when the observer has, for example, 5 or 6
GNSS satellites to be tracked and only a short gap between observing higher priority satellites.

The real time normal point precision estimation relies on the satellite residuals having near to zero along track time
bias and so being flatin the range window. This is regularly the case for LAGEOS and GNSS altitude satellites. In addition,
reliable track detection software is also required.

2.2. Efficient satellite switching

Using a high repetition rate laser allows Tmm normal point precision to be reached in a short time within the time du-
ration of the normal point. After reaching this precision the observer is then free to consider the other satellites in the
schedule and switch, with the option of returning to the previous satellite later in its pass. This leads to a novel ap-
proach to SLR observing where only minimal time is spent on one satellite before switching to the next. Figure 3 shows
an attempt to track a high number of coinciding satellite passes and to minimise the time spent on one satellite with
efficient satellite switching. Working in this manner requires the observer to be closely aware of which satellites have
recently been tracked and which satellites should be the next priority for SLR.
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Figure 3: Supporting many satellites with efficient satellite switching using the 2kHz system. This work was
carried out by P Gibbs.

3. Conclusion

Should the ILRS decide to support all future GNSS satellites this will mean a significant jump in the number of satellites
tracked. The experience of the Herstmonceux station shows that there is sufficient capacity in the SLR station schedule
to observe many GNSS, and at present all GNSS, without impacting on the priority LAGEOS and LEO tracking. It should be
demonstrated whether SLR support for full GNSS constellations is beneficial or support limited to only certain selected
satellites is sufficient.
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The achievements of the dedicated Compass SLR
system with 1m aperture telescope: GEO satellite
daylight tracking and Laser Time Transfer (LTT)

Zhang Zhongping', Yang Fumin', Zhang Haifeng', Meng Wendong',
Wu Zhibo', Chen Wenzhern', Chen Juping’, Ivan Prochazka®

ABSTRACT

Since 2008, Shanghai Observatory began to construct the dedicated SLR system with 1 meter aperture telescope for
tracking Chinese Compass satellite from 20,000 to 40,000km with the precision of 2~3cm. Now the dedicated SLR
system has the ability to routinely track Compass satellites at the night and daytime. This paper presents the achie-
vements and measuring results of the SLR system: daylight tracking Compass GEO/IGSO satellites and the LTT experi-
ments with improved LTT payload onboard IGSO satellite.

1. Introduction

Shanghai observatory has been building the 1 meter laser ranging system for the Chinese regional satellite navigation
system (COMPASS) in Beijing since 2008 and the main performances of this laser system is following: 1) Receiving te-
lescope: 1000 mm; 2) Transmitting telescope: 300 mm; 3) Nd:YAG laser: 150mJ@532nm, 250ps pulse width, 20 Hz; 4)
Targets: GEO/IGSO/MEO, 20,000~40,000km; 5) Ranging precision: 2~3cm; 6) Daylight tracking ability; 7) Laser Time
Transfer (LTT).

InJan.2009, the Im aperture telescope was installed and Figurelshows the 1 meter aperture telescope in the assembly
shop. After finishing servo-tracking control system, the laser system, coude path system and electronical control sys-
tem, the dedicated Compass laser ranging system successfully got the returns from Lageos, GPS36, Glonass, Giove at
night-time in March 2009. On 21April 2009, returns are obtained firstly from COMPASS GEO2 satellite at night-time and
the range is about 3, 8800Km at the precision of about 2cm.

T Meter SLR telescope'made by Shanghal
station In the assembly shop

Figure 1: The view of the 1 meter aperture telescope

This paper will introduce the following two achievements of the Compass SLR system, GEO[IGSO satellite daylight
tracking and Laser Time Transfer for IGSO satellite.

IShanghai Observatory, Chinese Academy of Sciences, Shanghai, China
2 Czech technical University, Czech
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2. GEO/IGSO satellites daylight tracking

Technologies are solved for daylight tracking: 1) Good performances of tracking and pointing of telescope mount;
2) Space filter: receiving field of view of 24~45 arc second; 3) Spectrum filter: Narrower filter with 0.15nm band width,
Transparency of central wavelength of over 50%; 4) Parallelism of transmitting and receiving path with better than
5arc second; 5) Daylight Laser beam monitor.

2.1. Two computer controlling mode

Forincreasing the stability of tracking and pointing of 1 meter telescope mount, one computeris used for the telescope
control to track satellites and stars and another computer is used for laser ranging operation and both software inter-
faces can be seen from the Figure 2. According to the above operating mode, the tracking accuracy is less than 1arc
second for tracking High Earth Orbit satellites, especially in daylight and pointing accuracy is better than 3 arc second
after star calibration. Figure 3 shows the tracking error of 1 meter telescope mount.
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Figure 2: The software interface of laser ranging and telescope mount controlling
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2.2. Other methods tested for daylight tracking

Before daylight tracking experiments, we successively tested the methods of space filter, spectrum filter, range gate
and laser beam monitor during laser ranging at nighttime and then daylight laser ranging experiments were imple-
mented for Lageos, Etalon, Glonass, Compass M1.

2.3. Laserranging results from GEO/IGSO in daylight

On 1 April 2010, laser returns from Compass GEO satellite at daylight are firstly obtained and the measuring range is
about38,000km. Through furtherimproving the laser ranging system, many passes of Compass GEO and IGSO satellite
are measured successfully. Figure 4 shows the results of daylight tracking to Compass GEO1and IGSO2 satellites and the
local time is12h am and 4h pm respectively.

GEQ satellite daylight tracking, range: 38,000Km IGSO satellite daylight tracking, range: 35.900Km

Figure 4: Daylight tracking real-time ranging interfaces for GEO and IGSO satellite

3. Laser Time Transfer for IGSO satellites

In Dec. 2007, Shanghai Observatory have successfully actualized Laser Time Transfer (LTT) experiment at Changchun
SLR station (60cm aperture telescope) for Compass-M1 satellite (altitude 21,500km)[1][2].

3.1. NewlLTT payload

Based on the above experiment, some improved technologies are applied for the new LTT payloads, such as one gate
mode adopted, two different FOV used, narrower filter etc. After the Compass IGSOT1 satellite (altitude 36,000km)
with improved LTT payloads was launched, the first measuring experiment was implemented successfully by using the
1meter laser ranging system at the end of August in 2010 and the clock difference between satellite and ground was
obtained. Compared to LTT experiment of Compass-M1satellite, the performances of the new LTT payload on Compass
IGSO1 and Laser Ranging system on ground are more advanced. And LTT measurement is also performed easily. Figure
5isthe view of photo-detector on the new LTT payload and its main performances.
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Main performances of new photo-detector
* Dual-SPAD detector

* 500g,<2W,105%70x 80 mm

* Two Field of View:15°/11°,

» fordifferent background noise

* 40Abandwidth filter

Figure 5: The photo-detector of the new LTT payload

3.2. Laser Fire Control

For simplifying the design of LTT payload on satellite, the gate mode for detector is different from the one in routinely
SLR, adopting a fixed range gate (about 70ns after start pulse). To reduce the effect of noises, the laser fire time on
ground must be accurately calculated according to laser pulse flight time, predicted clock difference between space
and ground, system delays, etc. Let the laser pulse arrive at the detector on onboard, just after the gate pulse of detec

tor.

For strictly controlling laser fire time, the laser on ground should be actively switched, and laser with passive or pass-
active switched cannot be used. Thefiring jitter of the new laser in this systemis about 10ns and meets the requirement

of LTT measurement.

3.3. Measuring Results

Table1 lists the some results of LTT measurement for Compass IGSO satellite and Fig.6 shows the clock difference. The
measuring precision of the LTT experiment is more or less 300ps.

Table 1 Some results from new LTT

Date Points Pass(min) Precision(ps) Slope of Clock Difference
2010.08.30 315 10.1 283.1 2.322E-10
2010.09.21 2672 156.2 31.5 -3.636E-10
2010.09.22 4830 251.0 315.1 -3.567E-10

2010.11.01 4345 47.6 296.6 -3.572E-10
2010.11.02 7396 59.2 299.82 -3.571E-10
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2010.08.30 Results of Clock Difference between Clock A 2010.09.22 Results of Clock Difference between Clock B on satellite
and hydrogen clock on ground
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Figure 6: Results of Clock Difference between satellite and ground

4. Summary

The dedicated Compass SLR system in Beijing has being playing animportantrole in tracking Compass satellites (night-
time and daylight) for calibrating the microwave or radio ranging technique and the precise orbit determination of sa-
tellites. Itis the first time to implement LTT experiment on IGOST satellite (altitude 36,000km) at the precision of more
or less 300ps. The drift and stability of frequency onboard are about 10E-10 and 10E-13 respectively. Compass IGSO3
with the same LTT payload was launched and the LTT experiment was implemented successfully with the precision of
280psin May 2011. Through LTT between satellite and ground, time synchronization for different stations on ground in
the Chinese regions or beyond China will be carried out in the future.
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Comparative verification of return rate on GNSS LRA

Shinichi Nakamura, Ryo Nakamura, Takahiro Inoue, Hiroyuki Noda, and Motohisa Kishimoto

ABSTRACT

Recently, GNSS mounted LRA for precise orbit determination, precise clock estimation, and precise orbit validation. As
regional navigation satellite, JAXA has launched QZS-1on September2010. JAXA confirmed a return rate of LRA on QZS-1
asinitial check out. As a result, LRA on QZS-1works well as expected.

Moreover, we are interested in other GNSS LRA since there are some kind of GNSS LRA, for example, non coated or coa-
ted CCR. We focused on the return rate for each CCR. At this workshop, we have reported performance of each GNSS
LRA, which based on actual tracking through ILRS network. As a result, there is no merit on coated CCR, since all return
signal come from low incident angle, which meal\ns total inertial reflection.

1. QZSSLRA and Its Performance

11. About QZSS

The Quasi-Zenith Satellite System (QZSS) is a regional space-based
positioning system. Typical orbital elements are shown in Table 1.1.
Three satellites are in elliptical and inclined orbits in different orbital
planes to pass over the same ground track. The QZSS is designed so
that atleast one satellite out of three satellites exists near zenith over
Japan [Fig.1.1].

The first satellite, which is called QZS-1, has launched in 11 September
2010. At preset, checkout for navigation service including ground
system and tuning for QZS-1orbit and clock synchronization are per-
formed.

Fig.1.1: Image of Ground Track of QZS

Table 1.1: Orbit during QZS operation

Semimajor Axis Eccentricity Inclination RAAN | Argument of Perigee Center Longitude
42164.177km (ave) | 0.075+/-0.015 | 43 deg+/-4 deg NA 270 degt/-2deg 135 degE+/- 5 deg

12. LRAonQZS-1

1.2.1 Reference LRA at GEO

Tanegashima (GMSL), Koganei (KOGC), Yaragadee (YARL), Changchun, and Mt. Stromlo (STL2) were success tracking for
ETS-8.[Note that ETS-8 located 146 deg East longitude]. Tracking result is shown in Table 2.1.
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Table 2.1: Summary of ETS-8 Tracking

Station Name Return Rate Note

Tanegashima 5%to15% 250m] laser, 10Hz fire
Koganei typically 1% 50m] laser, 20Hz fire
Yaragadee 1%to3% 100m!/ laser, 5Hz fire
Changchun 0.1%to1% 150m) laser, 20Hz
Mt. Stromlo 0.1%to1% 21mJ laser, 60Hz

1.2.2. Designfor QZS-1LRA

Though range for QZS-1is farther than one for ETS-8, JAXA expects that QZS-1LRA has same performance as ETS-8 even
though farthest range of QZS-1. Here, we pay attention to the return rate from QZS-1. At tracking QZS-1, compared to
ETS-8, the range between SLR station and QZS-1is longer than ETS-8 case by 10%. According to the inverse four law,
number of cube is calculated by

4

N—36><(11> =527
- 10/ ~ 77

Therefore, JAXA has designed LRA which has 56 (=7*8) CCRs, shape is shown in Fig1.2.2.

QZSS =
56 Corner Cubes Fig.1.2.2: Shape of LRA for ETS-8

TS

(up) and QZS-1 (down).

1.3. Performance of LRA on QZS-1

Obtained return rate, only typical case, is shown in Fig.1.2.3a. At Yarragadee, higher return rate corresponds to higher
elevation angle, since higher elevation angle correspond to shorter range between SLR station and QZS-1. However, at
Tanegashima, higher return rate is obtained at middle elevation angle.
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From Fig.1.2.3b, minimum range is given at middle elevation angle, due to characteristic orbit of QZS-1, where apogee
located north hemisphere. Therefore, generally speaking, SLR station at north hemisphere, higher return rate is obser-
ved at middle elevation angle. Since the elevation dependence of the return rate is interpreted from relation between
range and elevation angle, as a result, LRA for QZS-1is working well as we expected.
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2. Comparative verification among GNSS LRA -
coated & uncoated

2.1. LRAspecat high orbit

LRA at high orbit fallsinto two categories,

SatName Altitude(Km) | LRA
Uncoating or Coating. Typical Satellites
are listed in Table 2-1. In this section, by U:“’ El8 35,900 ﬁm::" 20 G s Jsmﬂ:
evaluating the return rate, we forcus on Q751 32.000- 56 CCRs RNSS
the difference between coated and un- 40,000 diameter 40.6 mm JAXA
coated CCR. Compass-M1 21,500 42CCRs GNSS
diameter 33 mm Chincse Defense Ministry
Coat GPS36 20,030 32CCRs GNSS
diameter 28.6 mm United States DOD
GLONASS- 19,140 396 CCRs GNSS
102 hexagonal 28.3mm Russian Federation
GIOVE-B 23916 67CCRs GNSS
diameter 27 mm EU/ESA

Table. 2- 1: List of LRA at high orbit.

2.2. Difference between coated and uncoated CCR

2.21. Rangeand Return Rate

The return rate from GNSS is shown in Fig.2-2. In Fig.2-2, green, red, blue
and black dot correspond to GIOVE, Compass-M1, GPS and GLONASS, re-
spectively. Horizontal axis and vertical axis denote range and the return
rate, respectively. As well known, the return rate is decrease according
toincrease altitude. From Fig.2.2, there is no difference between coated
and uncoated CCR.

Matwrs tate 00

Fig. 2-2: The return rate
from GNSS at Yarragadee.

2.2.2. Incident Angle and Return Rate

Uncoated CCR reflect laser pulse by a total internal reflection. This total internal reflection is arisen for small incident
angle, the threshold angleis called the critical angle which determined by refractive index of CCR. In order to overcome
thisrestriction, uncoated CCRwas adopted, we supposed. We made a assumption, thatis, coated CCR had a advantage
for high incident angle. In fact, through analysis for LAGIOS and AJISAl which installed uncoated CCR, there is no return
signal over 18 degree, that is, cut off angle of uncoated CCRis about 18 degree (Otsubo and Graham 2003).

Obtained return rate with regard to incident angle at Yarragadee is shown in Fig.2.2.2. Horizontal axis and vertical axis
denotesincident angle and the return rate, respectively. Left and right hand side express the return rate from uncoated
CCRand coated CCR, respectively. On the left hand side, blue and red dot correspond to the return rate from Compass-
M1 and QZS-1, respectively. On the right hand side, red, blue and green dot correspond to the return rate from GPS,
GIOVE, and Glonass, respectively. What isimportant is all return signal come form less than 14 degree in incident angle
for both graphin Fig.2.2.2. It isimpossible to find the merit of coated CCR, at least, for high orbit satellite.
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Fig.2.2-3 The return rate relation with regard to incident angle at Yarragadee.

2.3. Summary ~ from comparison return rate from coated with un-
coated~

At least, when we evaluate LRA performance for GNSS (high orbit), there are no difference between coat and uncoat
CCRs. At the view point of thermal control, coated CCR has more complexity than uncoated CCR. Through our study,
focusing on the return rate and incident angle, there is no merit of coated CCR
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Improvements at NASA’s NGSLR
in Support of GNSS Ranging

Jan E. McGarry,
Thomas Varghese, Thomas W. Zagwodzki,
John . Degnan, John W. Cheek
Howard Donovan, Donald Patterson, Christopher Clark
Donald B. Coyle
Demetrios Poulios

ABSTRACT

The NASA Space Geodesy Program (SGP) requires day-night ranging to Global Navigational Satellite System (GNSS) sa-
tellites. To meet this new requirement, the NGSLR eye safe laser was replaced with a NASA GSFC-built 1 milliJoule (m))
200 picosecond (ps) laser and the ~10% Quantum Efficiency (QE) quadrant anode Photek MCP-PMT was replaced with
a high QE (40%) single anode GaAsP MCP-PMT from Hamamatsu. This improved transmitter-receiver combination is
estimated to yield a link augmentation of 30X over the previous configuration. NGSLR tracks with fine pointing using
a tight laser beam divergence of ~4 arcseconds (FWHM) and a narrow receiver field of view (FOV) of ~11 arcseconds
enabled by a Risley Prism pair for laser point-ahead. Further reduction in day time optical noise and laser backscatter is
planned by adding a telescope sun shield, narrowband spectral filter, and a gated optical shutter. The improvements
in the signal to noise ratio (SNR) as well as the link margin should significantly enhance the NGSLR GNSS tracking and
operations automation efforts. System configuration and early operational results are discussed.

1. Introduction

NASA’s Next Generation Satellite Laser Ranging (NGSLR) system was originally designed for eyesafe day-night satellite
laser ranging to Low Earth Orbiting (LEO) satellites and LAGEOS [1] [2]. The maximum laser energy exiting the 40cm te-
lescope system was limited to ~60 microJoule at 532 nm for a pulsewidth of 300 picoseconds. This laser configuration
met the stringent radiation safety requirements of the US Federal Aviation Administration (FAA) for autonomous ope-
rations by being eyesafe at all times and operated without the need for any safety monitoring mechanism. During the
last few years, many technical challenges unique to the eyesafe laser were solved and system issues pertaining to the
eye-safe laser configuration and operations automation were addressed.

2. Eyesafe Laser Configuration and Performance

The laser was developed by Q-Peak under a NASA Small Business Innovative Research (SBIR) program and was used for
many years in NGSLR. The beam divergence control, as low as 4 arcsec, was accomplished via computer control of a
Special Optics Beam Expander which changed the spacing among a lens triplet to maintain the beam size while chan-
ging the beam divergence. A passive polarization T/R switch, interfaced to two orthogonally polarized receive optical
paths, combined the return signal efficiently in space and time at the receiver. Two configurations employing quad-
rantanode MCP-PMT detectors were used for single photoelectron detection: the firstinvolved a Photek MCP-PMT with
a Quantum Efficiency (QE) of ~ 12% and the second used a Hamamatsu Quadrant anode MCP-PMT with a QE of ~35%,
almost a 3-fold improvement in QE. The latter device was damaged after several years of operations and was replaced
by the Photek MCP-PMT. The four outputs of the detectors, when combined with the four separate channels of the
Constant Fraction Discriminator (CFD) and the Event Timer (ET), can provide an equal number of precise simultaneous
range measurements. This approach was in the works for near real-time tuning of the telescope pointing via spatial
discrimination of the received photon, but was not fully implemented.
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To reduce the solar background for daylight ranging, the receiver field of view (FOV) is kept at ~ 11 arcseconds enabled
by laser point-ahead using a pair of Risley Prisms. External day time background optical noise is further suppressed via a
narrow band (0.3nm) spectral filter. Since NGSLR uses a common transmit-receive telescope optics, the backscatter is
anissue. This is attenuated over the initial 70 microsecond period of the atmospheric propagation by a blanking circuit
for the receive detector, which proved to be adequate under eyesafe laser transmission. The pulse repetition frequen-
cy (PRF) of the laser was dynamically modulated under software control from 2 kHz to 1.96 kHz to avoid collisions of
transmit and receive pulses [2]. Precise telescope pointing and tracking were enabled by an effective mount model
that often provides a global RMS fit as low as 1.5 arcseconds using star calibration (nominally 50 stars).

In this configuration, NGSLR has successfully tracked LEO satellites and LAGEOS during day and night. Tracking to 20
degrees elevation was consistently achieved for LAGEOS, while lower elevation (down to 10 degree) tracking was routi-
nely performed on LEO satellites. There was also success with GLONASS and ETALON ranging. In this case, tracking was
successful only above 60 degrees elevation, where the link is better due to the shorter range and reduced atmospheric
losses.

3. NGSLR Augmentation for Daylight Ranging to GNSS

NASA formulated an integrated multi-technique Space Geodesy Program (SGP) to set the directions for the global
space geodesy efforts. Akey SLR requirement that emerged from this new program was the need for day-night ranging
to Global Navigational Satellite System (GNSS) satellites. The link to 20,000 km GNSS satellites is weak for daylight ran-
ging using the eye-safe laser and the previous detector configuration. A stronger (an order of magnitude greater) link
margin configuration was required at the station to meet this new requirement. It was recognized that the best way to
accomplish this was by boosting the laser energy and increasing the QE of the receive detector.

3.1. Laserupgrade

A new laser was built by a NASA GSFC laser group [Coyle and Poulios] that has built many lasers for NASA airborne and
spaceborne applications. The original NGSLR eyesafe laser was a1064nm passively Q-switched microchip laser (North-
rop Grumman Synoptics) with 15 microloule energy per pulse. A proprietary diode pumped multi-pass Q-Peak amplifier
scaled the output energy producing ~250 microJoule/pulse at 532nm. The table below summarizes the characteristics
of the two lasers.

Q-Peak GSFC mJ
Energy ~0.1mJ ~1mlJ
Pulsewidth 350 ps <200 ps
Wavelength 532nm 532nm
PRF 2KHz 2KHz
Divergence 5-8 arcsec 4 arcsec

The new laser utilizes a regenerative amplifier seeded by a 200 ps gain-switched diode laser. The regenerative ampli-
fier cavity is 1.5 m long and utilizes a pair of Nd:YAG zigzag slabs in a crossed-head configuration as the gain medium.
The regenerative amplifier system is designed to run at a repetition rate of 2 kHz with ~1 mJ/pulse at 532 nm and a
~200ps pulse width. A pulse from the diode seeder is trapped in the regenerative amplifier cavity using a Pockels cell,
where it can make many passes through the gain medium. When the pulse reaches its maximum energy, itis then swit-
ched outanddirected through aKTP frequency doubler. The folded1.5mlong stable resonator cavity design enabled a
package size small enough to fit within the Q-Peak footprint and avoid a NGSLR system redesign. This laser has the PRF
flexibility from 1-2000 Hz. The upgraded laser needed further technical work to improve the pulse amplitude stability
and is currently removed the station. Itis expected back at the station by the end of August 2011.
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3.2. Detectorupgrade

The quadrant Photek detector (gain ~ 3.0 E+5, rise time ~180 ps, transit time spread ~45 psec) will be replaced with a
higher QE Hamamatsu single anode GaAsP detector. This single element Hamamatsu model R5916U has a 40% QE, rise
time of 178 ps, gain of 3.0E+5, and a transit time spread of ~136psec. The improvements to the laser transmitter and
receiver configuration should provide a significant enhancement (factor of 30) to the link budget.

3.3. Noisereduction

NGSLR uses common transmit-receive optics and consequently backscatter from the optical surfaces as well as the
atmosphere is a serious problem. To eliminate as much backscatter as possible, all optical surfaces in the transmit path
(after the harmonic generator) are AR coated for 532nm and are kept optically clean. Backscatter into the MCP detec-
toris also minimized by a very small angular tilt of all transmitting optics. Efficient beam dumps (>99% absorption) are
used, where needed, and beam paths are baffled to improve optical isolation. Further reduction in back scatter should
be possible by the use of a liquid crystal optical gate developed for NASA by Sigma Space [3]. Additional optical noise
reduction is expected through the use of a narrower range gate, a solar shield on telescope, a narrow (0.1nm) spectral
filter bandwidth, and a spatial filter operating at <11arcsec.

3.4. Laser Hazard Reduction System (LHRS)

The new NGSLR configuration needs a Laser Hazard Reduction System (LHRS) for aircraft avoidance. ALHRS, which uses
a 9.4GHz X-band radar transceiver and discriminating electronics to inhibit the laser from radiating the aircraft, is in
place. This system, co-aligned with the laser beam, works automatically for aircraft detection, target discrimination,
and laser beam inhibit.

3.5. Preliminary Results

Very preliminary tracks of GLONASS-102 and GLONASS-120 show the system now has the ability to track GNSS to below
40 degrees elevation at night. Initial LAGEOS passes show a higher return rate than previously achievable.

4. Conclusions

A systematic engineering upgrade effort is in progress to transition NGSLR station from its eyesafe configuration to a
higher power laser configuration for increased link margin on high earth orbiting satellites. This link margin is further
augmented by a high quantum efficiency high gain receive detector and a receive electronics system with a single
photoelectron threshold. Significant SNR enhancement is also sought using a variety of optical noise filtering and iso-
lation techniques. This new system configuration should provide a strong link budget to consistently track GNSS (using
the ILRS standard array lidar cross section of 1E+8 m?) during night or day. The suite of engineering developments, now
underway, will offer full compliance with SGP needs for GNSS tracking and operational automation while meeting the
ILRS performance standards for SLR.
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Direction of the light displacement vector
in laser ranging of the artificial Earth satellites

Yu.V. Ignatenko’, 1.Yu. Ignatenko?, A.A. Makeev! and V.N. Tryapitsyn’

ABSTRACT

In this article the method of construction of the three-dimensional laser beam deviation vector using satellite laser
ranging observations is described. The scheme of deduction of the equation of this vector by its two projections onto
the focal plane of a telescope at different instants of time during a satellite pass is stated. Influence of the Earth orbital
velocity on the direction of the light deviation 3D-vector is estimated. Solutions are given in the inertial frame with an
originin the solar system mass center. Earth rotation and orbital motionirregularities are taken into account. Observed
deviation of light from preset direction is a result of composition of the satellite relative-to-observer velocity, the Earth
orbital velocity, and velocity of the luminiferous medium.

1. Introduction

The laser ranging of the artificial earth satellites with a laser beam of a small angular spread allows to measure a va-
lue and direction of anomalous light beam deflection (for details see [1, 2]). In the course of these measurements one
registers the magnitude of projection of the beam displacement onto the picture plane of the telescope. During one
fly-over of the satellite, itis observed as a rule over an arc larger than 100 degrees. Within such angularinterval one can
distinguish a few pairs of points which can be associated with a projection of the beam displacement onto the picture
plane. For each of distinguished pairs of projections we constructed a spatial (three-dimensional) vector of beam dis-
placement.

2. Data processing procedure
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Figure 1: Schematic sketch of the picture plane for derivation of equation for a three-dimensional vector of
beam displacement.
P - picture plane, R - radius-vector of the target point, r - vector of beam displacement,
A - azimuth, H - height.

T Crimean Laser Observatory of the Main Astronomical Observatory of the National Academy of Sciences of Ukraine,
98635 Katzively, Yalta, Crimea, Ukraine

2 Federal State Unitary Enterprise “National Research Institute for Physical-Technical and Radio Engineering Measure-
ments” (VNIIFTRI), 141570 Mendeleevo, Moscow region, Russia
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The schematic reconstruction of the three-dimensional vector from its two known projections can be performed as
de-scribed below. First we construct a plane passing through the projection of the displacement vector at the moment
t erpendicular to the picture plane. The same procedure is then made for the moment t,. The angle between the resul-
ting planes corresponds to the arc of the satellite orbit between the moments t, and t.. A sought-for vector is situated
ontheline of intersection of these two planes. In order to derive the equations of these planes we take three points on
them. For two time moments t, and t, these are the coordinates of the initial and terminal points of the radius-vector R
(the coordinates of the points O and O') and the coordinates of the point S (Figure 1). Using the absolute value of the dis-
placementvectorrand the angle yin the coordinate system of the picture plane as well as the topocentric coordinates
of the satellite, distance R and calculated azimuth A and height H, we can compute the coordinates of two points: the
target point O' and a point S, from which the reflected laser beam is coming. The target point is determined by the
direction of outgoing laser pulse, while point Sis the satellite image. According to Figurel we can write the coordinates
of the target point O* (x, y, z) inthe form:

Xx=RcosHsin A
M y = RcosH cos A
z=RsinH

Respectively, one gets the following expressions for the coordinates of the reflection point :

X'=Rcos H sin A+r - (cos Asiny —sin Asin H cosy )
) y'= Rcos H cos A—r - (sin Asiny +cos Asin H cosy )
z'=RsinH +rcos H cosy

Here R is the radius-vector of the target point, r is a laser beam deflection from a given direction or angular distance
between a target point and a signal point. As in paper [2], we consider r as a vector. Coordinates of both these points
and the observing laser station (locator) are transferred into the inertial system JD2000, and then are reduced to the
center of mass of the Solar system. Observations of one satellite result in two sets of such points corresponding to two
different time moments t and t,. The coordinates (x,, y,, ;) correspond to the time moment t,, while the coordinates
(X, ¥,» Z,) correspond to the time moment t,. For each set of three points one constructs the equation of plane to which
they belong: Ax + By + Cz + D =0.

The coefficients A, B, C, D can be calculated according to a well-known equation of plane through three points.

For two sets of three points each we get a system of equations:

This system sets an equation of a straight line which is a line of intersection of these two planes:

X=X _Y=% _ZI-7
) X=X Y=Y2 I-1;

The coordinates (x,, y,, Z,) and (x,, Y,, Z,) set two points belonging to this straight line.

Setting avalue of x,, one can determiney, and z, from the system (3). Similarly, for a given value of x,one can determine
y,and z,. The values of x, and x, are taken far enough from the solar system so that the annular parallax of corresponding
pointsis lessthan1". Using the coordinates (x, y,, z,) and (x,, y,, Z,) transferred from the inertial coordinate system with
thereference pointin the center of mass of the Solar system into the second equatorial system, we get the coordinates
of points in this system (o, 6,) and (a,, J,).
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3. Results

Figure 2 shows the points (in the second equatorial system) corresponding to the directions of the displacement vector
calculated on the basis of observational data (laser ranging) on the satellites LAGEOS-1 and LAGEOS-2 in 2007-2008 in
the frame of proposed scheme. It should be mentioned that the displacement vectors were computed with the use of
vectors marked by a digit 3 in figures from [1]. These vectors were made free from the influence of the relative velocity
of the satellite movement by means of a scheme presented in the same paper.

From papers [1, 2] one can conclude that for unknown reasons a described phenomenon is of universal character. It
ma-nifests itself not only in the near-Earth space in the process of laser ranging of artificial earth satellites but in the
immediate vicinity of the Earth surface as well [2]. This conclusion is qualitatively confirmed by the studies of Miller [3].
This leads to a necessity to consider a picture of the phenomenon after exclusion of all possible factors which can affect
avalue and direction of light de-flection.

In order to investigate a pure phenomenon it is necessary to exclude the influence of the Earth orbital velocity equal to
30 km/s orexpressed in angular units according to a well-known formula ¢ = 2v/c as 41". In order to solve this problem,
the vector of the Earth orbital velocity at the moment of observations should be added to the vector, the coordinates
of which are shown in Figure2. It should be just added because the light is deflected in the direction opposite to the di-
rection of movement. Let us note that the magnitudes of vectors shown in Figure 2 to which the corresponding vectors
of the orbital velocity should be added range from 5" through 11".

The addition of these vectors is easier to perform graphically with acceptable accuracy. Angular coordinates of both a
three-dimensional displacement vector (Figure 2), and the orbital velocity vector for a corresponding date were used
to calculate the angle between the vectors in the orthodromic plane according to a well-known formula:

cos AB =sind; sind, +C0Sd; €SS, COS(oL, —0Lq ), (5)

Figure 2: Distribution of directions of the light displacement vector with account for velocity aberration
depending on the satellite velocity

where AB - is an arc of a great circle in the angular units, (a,, 8,) - the coordinates of the point A (the direction of
computed vector, see Figure2), (a,, 6,) - the coordinates of the point B (direction of the vector of the Earth orbital
velocity at the moment of observation). The coordinates of the Earth orbital velocity vector for a given date was found
as a point of intersection of the ecliptic line with a beam pointing from the coordinates centre to the direction of or-
bital velocity. Using the magnitudes of the vectors and the angle between them, one can obtain the magnitude and
direction of the resultant vector of beam displacement with excluded orbital velocity of the Earth. The coordinates of
the constructed resultant vector lie on the orthodromic line connecting a point with coordinates of the Earth velocity
vector and a point with coordinates of the light displacement vector at a given time moment (Figure2).
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Figure 3: Distribution of directions of the light displacement vector with account for both the satellite and
Earth orbital velocity (The directions of movement of the luminous media in the Solar system depending on
the season in the vicinity of the Earth orbit)

Figure 3 shows results of calculations described above. Points denote the directions of beam displacement in the ab-
sence of orbital motion. This direction of the space displacement vector is determined by the Earth position on the
orbit at a given time moment under condition that there is no orbital motion at this moment. Such a picture of the
phenomenon can be explained on the grounds of adopted conception about the presence of luminous media in the
ambient space.[1]. From this figure one can conclude that the Earth together with the Solar system is moving in the ga-
laxy with the velocity close to that of the luminous media. Such movement is often referred to as a motion in the wake
flaw. Closed regression line is drawn through the experimental data points. Its centre has the following coordinates:
0o =284°,5=67°. Double point means that observations were performed twice during a night 28.07.2007 for the sa-
tellites Lageos-1and Lageos-2 with a time lag of one hour. The orbits of these satellites lie in different planes. The angle
between them is 42°. Such coincidence can confirm the correctness of both the reduction methods and interpre-tati-
on of the results obtained.

The most similar results have been obtained by Miller [3]. Small discrepancy is caused by essential difference in expe-ri-
mental methods. Miller performed observations on the earth surface and used interferometric technique. In addition,
his work is dated back more than 70 years.
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Polarisation at the SGF, Herstmonceux

Matthew Wilkinson, Toby Shoobridge, Vicki Smith

ABSTRACT

A property of a light wave is the orientation of the electric field vector, or its polarisation. Laser light, used in Satellite
Laser Ranging (SLR), is highly polarised in comparison to other light sources which emit light randomly at all polarisa-
tions and are termed to be unpolarised. The performance of optical elements used in SLR, such as mirrors, can depend
on the incident polarisation and this is particularly the case if the element is old and has degraded. To understand fully
theimpact of polarisation on the SLR system at the Space Geodesy Facility (SGF), Herstmonceux, a series of experiments
were devised and carried out to first explain some observed phenomena, then to identify and specify an upgrade to a
poorly performing optic and finally to consider the control and application of polarisation to the advantage of SLR.

1. Assessment of the impact of polarisation on SLR

It was the suspicion at the SGF that two unexplained observations were caused by a variation of the laser polarisation.
The first of these was during calibrations of the two lasers in operation, the original Nd:YAG 12Hz laser and the newly
installed Nd:VAN 2kHz laser. The primary SLR calibration target is due west on a nearby water tower and there is also a
secondary target due south at a greater distance. Strong return rates from calibrations with the 12Hz laser on the pri-
mary target were not replicated when it calibrated on the southern target. However, on calibrating the kHz laser it was
quickly apparent that the southern target gave by far the stronger return signal, in opposition to the experience with
the 12Hz system. An experiment was devised, fitting an 'analyser' polarising sheet in the emitter telescope, see figure

1. This analyser was rotated 360°, in steps of 10°, during calibrations at each target for each laser and the return rates
were recorded.

Calibration return rates with Hz on the Water Tower using a rotating analyser ‘Calibration return rates with Hz from South Tower using a rotating analyser

Initial return rate = 82% ND = 0.7 Initial return rate = 11% ND = 0.0
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Figure 1: A photograph of the analyser being placed into the emitter and plots of the recorded return rates
for calibrations using the 12Hz laser at the western target, left, and the southern target, right.
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Figure 1contains two plots of return rates as the analyser was rotated 360°. The left plot contains results using the 12Hz
laser on the primary target in the west and shows two peaks where the emitted laser pulse polarisation is aligned with
the transmission axis of the polarising sheet and two extinctions where the light is blocked by the analyser. The right
plotisforthe12Hzlaser during calibration on the southern tower. In contrast to the previous plot there are now 4 peaks
and more surprisingly the low return rate increases with the insertion of the analyser from its initial rate of 11% up to
nearly 50%. The analyser rotates the emitted polarisation to a more favourable orientation for the receive optical path.
The kHz laser plots were similar but in reverse for the targets. The two lasers were later found to emit orthogonally
opposite linear polarisations.

The second observation was made using the daytime camera by viewing the laser beam in the telescope iris, which
would disappear in certain parts of the sky. To record this, two photomultipliers were used simultaneously to measure
the backscattered laser light at the primary port where the SPAD detector isinstalled and at the secondary port, which
receives light reflected by a dichroic mirror. Backscattered light largely retains its polarisation if scattered by small par-
ticles such as air molecules or water vapour, but this is not necessarily the case for larger scatterers such as pollutants,
aerosols orice crystals. Figure 2 shows the results recorded by these two devices as the telescope was pointed to the
zenith and rotated steadily in azimuth, which causes the emitted polarisation to rotate. Both plots show variability
with azimuth, but the peaks are in opposite phase. This suggests that the dichroic mirror, internal to the telescope,
reflects more at certain polarisations and so transmits less and for other polarisations reflects less and transmits more.
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Figure 2: The light detected at the primary port, transmitted through the dichroic, on the left and reflected
by the dichroic to the secondary port on the right.

2. Specifying areplacement dichroic mirror

The dichroic was removed from the telescope and an experimental set-up was designed to test the polarisation varia-
bility of the mirror. This consisted of an adjustable half-wave plate in the laser path, a 45° mount for the mirror and an
energy monitor. The energy monitor was first placed to record the transmitted laser light and then the reflected laser
light as the half-wave plate rotated the polarisation incident on the dichroic mirror. A large variation was seen in both
measurements as shown in the left plotin figure 3.
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Figure 3: The transmission and reflection recorded from the old dichroic (left) and new dichroic (right)

A replacement for the dichroic was specified and manufactured after testing a number of samples using this standar-
dised laser bed test. On receiving the new dichroic it was tested for transmission and reflection at 532nm and gave the
results presentin the right hand plotin figure 3. This dichroic replacement improved SLR return rates from satellites by
more than 100%. A duplicate dichroic was later sourced by the Graz SLR station and similarimprovement was seen.

Further tests were made using the standard laser bed setup on mirrors in the coudé chain and a range of behaviour was
discovered. The newer mirrors performed well with near 100% reflectance for all states of incident polarisation. The ol-
der mirrors showed reduced reflections for polarisations parallel to the plane of reflection. For most this was to appro-
ximately 95% but for an old mirror, previously at the end of the coudé chain which experienced prolonged exposure to
sunlight, thisreduced to around 65% reflection. In addition to this, the second mirrorin the coudé was found to convert
linear polarised light to circularly polarised light at certain positions; this mirror was replaced with an old spare.

Reflection of 532nm laser light incident on tested coude mirrors
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Figure 4: The reflectances of mirrors tested for polarisation variability.
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3. Modelling and controlling the emitted polarisation

During SLR the telescope tracks the satellite in azimuth and elevation as it passes overhead. This rotates the optical
path of the laser light as it travels to a smaller side telescope attached to the large, 60cm, receiving telescope. This
rotation results in a varying emitted polarisation orientation, which depends on both azimuth and elevation.

In order to model this variation the laser beam polarisation was considered as two components, perpendicular to each
other and to the direction of the laser light. Polarisation parallel to the plane of reflection, figure 5a), is preserved after
a 45° reflection when considered in the frame of the direction of the light. Polarisation perpendicular to the plane of
reflection undergoes a180° phase shift, as shown in figure 5b).

a)

.

Figure 5: Polarisation parallel a) and perpendicular b) to the plane of reflection

b)

—® >

If the polarisation is represented by a two-component vector [S P]where S is the perpendicular component and P is
the parallel component then a mirror reflection can be represented by the following matrix[’o1 ﬂ. At the SGF, and con-
sidering the 2kHz laser which emits linearly polarised light, orientated parallel to the laser bed, the first coudé mirror is
similarto thatin figure 5b) where the polarisation is perpendicular to the plane of reflection and is shifted 180° in phase.
The second mirror is not as straight forward as the first. The second mirror moves with the azimuth of the telescope
so that the reflection is always 45° but not always so that the polarisation is parallel or perpendicular to the plane of
reflection. The method used for mirror 2 was to consider the new plane of reflection at a particular azimuth and calcu-
late the magnitude of the parallel and the perpendicular components. Then the reflection could be treated with the
same simple matrix operator as the first mirror. The translation matrix in this case was calculated to be[5nt) ) |

where 8 is the telescope azimuth. The third and fourth mirrors are in the same reflection plane as the second mirror and
so no translation matrix was needed, only the reflection matrix. The fifth mirror moves with telescope elevation and
again a translation was used to calculate the polarisation parallel and perpendicular components in the new plane of

reflection. This translation was| ", Sme) where @ is the telescope elevation.

Polarisation angle variation around the sky
80 T T T = & T T

Polarisation Orientation (degrees)

0 |
o 10 20 30 a0 50 &0 10 80 90

Figure 6: The polarisation of the kHz laser beam leaving the emitter at different telescope azimuth and
elevations.
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Simulating the change of the laser polarisation as it travels through the coudé and as the telescope moves in azimuth
and elevation was straight forward once this model was complete and this is presented in figure 6. The model was
tested using the analyserin the telescope emitter and by driving the telescope to an arbitrary position. The model pre-
dicted the laser polarisation leaving the emitter and the analyser was positioned to screen the laser. The prediction was
then confirmed by firing the laser on low power and with protective eyewear, this was repeated for a series of different
telescope positions.

Changing Polarisation in Laser Bed to Fix Polarisaiton at Emiiter

T Ajisai
Jason 1

Lageos 1
300 ERS 2 -

Orientation of Polarisation (degrees)

[ 100 200 300 400 500 600 700 BOO
Seconds

Figure 7: The rotational change of the half-wave plate for satellite passes to fix the emitted polarisation.

The model was then reconstructed to run backwards through the mirrors using a fixed end polarisation, parallel to the
telescope elevation axis. This gave the polarisation parallel and perpendicular components required from the laser
to produce the fixed polarisation at the emitter. To test this the analyser was reinserted into the emitter in a position
to screen the fixed polarisation, the telescope was driven to arbitrary points and the input polarisations were predic
ted and provided using a half-wave plate. The effective screening of the output laser was observed, projected on the
closed dome and through a camera mounted on the telescope and was confirmed with small movements of the half-
wave plate.

An application to control the emitted laser polarisation is a future possibility. This could be done either to fix the po-
larisation at a particular orientation, which could then be used to screen the returning laser light, or, with knowledge
of each satellite retro-reflector target, to optimise the outgoing polarisation to give increased return rates. Figure 7
shows the calculated position of the half-wave plate for a number of satellite passes to fix the outgoing polarisation.
The movement of the half-wave plate is steady and continuous.

4. Conclusion

The Herstmonceux SLR station now has afar better understanding of the impact of polarisation in the system. This work
lead to identifying the dichroic mirror to be not performing as required and replacing this mirror gave animprovement
in SLR return signal of more that 100%. The polarisation orientation of the emitted laser beam varies across the sky and
this has been modelled. Fixing the polarisation emitted would be possible by controlling a 1/2-wave plate in real-time.
This could benefit the SLR of more difficult targets such as GNSS either by noise filtering or by optimising polarisation
forreturn rate.
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Session 11:
Satellite Subsystems: Retroreflector Arrays

Retroreflector and Retroreflector Array:
Keynote Paper

Toshimichi Otsubo, Reinhart Neubert,
Scott Wetzel

ABSTRACT

Key issues and key parameters are reviewed for the up-to-date technological developmentin retroreflectors and retro-
reflector arrays for satellite laser ranging and lunar laser ranging. Both numerical optical simulations and real observa-
tions play important roles both in the pre-launch design phase and in the post-launch data handling.

1. Introduction

Theranging precision of satellite laser ranging (SLR) and lunarlaserranging (LLR) isimproving toward 1Tmm or even bet-
terin a normal-point basis, and there are increasing number of earth-orbiting satellites that carries retroreflectors for
the SLR technique and also a few lunar exploration projects for the LLR technique as well. SLR retroreflector panels are
usually composed of multiple retroreflectors and they are often required to be compact from the viewpoint of target
signature effects (Otsubo and Appleby, 2003) and also of limited onboard weight. It is, therefore, important to make
the retroreflectors efficiently designed.

From low-earth-orbit satellites to the Moon, a large variety of retrorefelctors have been widely used for laser ranging.
This is because there are a various range of geometrical parameters, such as a station-reflector distance, an angle of
incidence, attitude control, and velocity aberration. The onboard retroreflectors have to be chosen or optimized to
satisfy these conditions.

This paper is introductory to the Session 11 “Satellite Subsystems: Retroreflector Arrays,” and therefore the key issues
and the key parameters are reviewed in the field of retroreflectors and retroreflector arrays.

2. Keyissues

2.1 Maximizing the intensity

Generally speaking, laser ranging operation will become easier if a satellite carry a large size of retroreflectors and/or a
large number of retroreflectors. In the real world, we have to maximize the intensity of return signalsin order to cope
with the limited weight for onboard instrument.

Given a certain type of a retroreflector (or a retroreflector array) and a certain station-satellite distance, the optical re-
sponsein SLR and LLR is described as a four-dimensional function, i.e., two dimensions for angle of incidence including
azimuthal angle, and two dimensions for velocity aberration that is a two-dimensional relative velocity vector perpen-
dicular to the line of sight. The range of angle of incidence and the range of velocity aberration are dependent on the
orbits and attitude control policy of a satellite.

Key parameters in this category are: the retroreflector size, the number of retroreflectors, the shape of a front face, the
coating of back faces, the dihedral angle offset, the curvature of front/back faces, and so on. For instance, a metallic
coat on back faces produces a wide angle of incidence whereas an uncoated retroreflector causes a strong azimuthal
dependence. The dihedral angle offset is commonly adopted in Earth-orbiting satellites and essential especially for
low orbiters, to compensate the velocity aberration. It should be noted here that the actual optical behavior of a ret-
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roreflector is heavily influenced by the thermal environment in space and such laboratory simulation is also playing an
important role (Dell’Agnello, et al., 2011).

2.2 Minimizing the target signature effects

Optical intensity and measurement precision are often incompatible. Carrying a large number of retroreflectors cau-
ses a pulse spread due to the combined contribution from multiple reflection points. As a result, the interval between
theleading edge and the centroid of the pulse becomeslongerthan asimple single reflector typically used as a ground
target for calibration, and it causes ambiguity in the center-of-mass correction of such satellites.

Initially such pulse broadening had been found in large-size retroreflector arrays such as Topex/Poseidon, Ajisai, Eta-
lon, GLONASS, etc. However, sub-centimeter wobbles are today detected in small-size arrays like LAGEOS and ERS-2,
by highly precise laser ranging systems. In order to fully utilize the currently achievable laser-ranging precision, the
center-of-mass correction should be applied in a more complicated way in the future, for instance, by considering the
satellite orientation and the geometry of a retroreflector array.

A “zero-signature” retroreflector array is being proposed and realized. Japanese ADEOS satellite was the first example
of a corner-cube reflector (Sugimoto and Minato, 1996) and Russian BLITS satellite is an innovative Luneberg-sphere
lens (Vasiliev, et al., 2011). Asingle corner-cube reflector system is also envisaged for the future GNSS satellites and also
for the future LLR targets.

The key parameters to be considered in this category are: the arrangement of reflectors (especially in depth), the coa-
ting of back faces, the data reduction (i.e. normal-point generation and noise clipping) procedure, the observation
policy, etc.

3. Conclusions

A number of aspects should be taken into account for designing a future laser ranging target as well as for understan-
ding the optical behavior of active onboard retroreflectors. The balance between the “observability”, i.e., the intensity
of retro-reflected signal, and the “precision,” i.e., the time spread of retro-reflected signal, has to be carefully reviewed
for existing and future missions.
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Design of LRA for Compass GEO and IGSO Satellites
and Observations

Chen Wanzhen, Yang Fumin, Zhang Zhongping, Wang Yuanming, Zhang Haifeng, ,Li Pu

ABSTRACT

Geostationary orbit (GEO) and Inclined Geostationary orbit (IGSO) satellites are important parts in the Chinese regional
satellite navigation system (COMPASS). All of those satellites will be equipped with LRA designed and manufactured by
Shanghai Astronomical Observatory for calibrating the microwave, radio measuring techniques and precision orbital
determination. This paper introduces the characteristics of LRA of Compass GEO and IGSO satellites and the method
of inclined installing LRA for GEO satellites. The observation to GEO and IGSO satellites by the dedicated Compass SLR
system with 1 meter aperture telescope are also presented.

1. Introduction

COMPASS is the Chinese regional satellite navigation system and the constellation will consist of 5 GEO, 3 IGSO and 4
MEO satellites. At last workshop, Yang Fumin reported the LRA on Compass MEO orbital satellites and the observations
by using the 60 cm aperture SLR system in Changchun. This paper will introduce the characteristics of LRA on Compass
GEO and IGSO satellites and the observations by the dedicated Compass SLR system with 1 meter aperture telescope.
Considering Compass GEO satellites mainly serving for Chinese region, a method of inclined installing LRA was adopted
forincreasing LRA reflective area for Chinese SLR stations, with the normal direction of LRA pointing to the Chinese con-
tinent rather than the geocenter. The theoretical calculation and measuring results show that the method of inclined
installing LRA is very effective.

2. Design and Performance of the LRA for Compass GEO
and IGSO satellite

The orbital altitude of the Compass GEO and IGSO satellites is 36,000Km and compensation of the velocity aberrati-
on: 0.6 arcseconds dihedral offsets with uncertainty of about 0.5 arc-seconds. Due to farther than Compass MEO, the
design of LRA on GEO and IGSO satellites should be more efficient in order to get enough laser returns. For High Earth
Orbital satellites, the critical angle of incoming laser beam to the corner cubes almost does not appear during the ob-
servation, so the all the surfaces of the corner cubes are without coating and each corner cube was in an independent
chamber, fixed into the planar base made of aluminum alloy material. Figure 1shows the view of LRA on the Compass
GEO and IGSO satellites and its main parameters. The LRA of Compass GEO and IGSO satellites is the hexagon array to
reduce the returned pulse spread and to achieve better ranging precision and the effective reflective area is about 770
cm2 that is two times than the one of Compass MEO.

Size 49x43%3.0cm
Diameter of corner cube 33mm
Number of cormer cube 920

Reflective area 770cm?
Dihedral offset 0.6"

Weight S5.0kg

Figure 1: The view of LRA of Compass GEO and IGSO and its main parameters
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For testing the optical performances of LRA, Shanghai Observatory imported the ZYGO interferometer and established
special laboratory. Each corner cube of LRA must be carefully measured to insure the high quality before installed. Figu-
re 2 shows the ZYGO interferometer and one of the measurements.

Figure 2: Optical performance testing of LRA with ZYGO interferometer

3. Calculation of the incidence angle of LRA inclined
installed

In order to increase the effective reflective areas for Chinese region, the method of LRA inclined installed is adopted to
make the normal direction of LRA pointing to the Chinese continent rather than the earth’s center. Figure 3 shows the
relative place of satellite (S), ground station (O) and the intersection of the normal of LRA and ground (C) in the geocen-
tric coordinate system (E-XYZ) and the coordinates are ( a,f), (¢..8, ), (o..B; ) respectively.

Z . E isthe Earth's center;
0 s ground stition;

§ isthe GEO satellite;
§"is projection on the Equator of GEO

€ is the intersection of the normal
direction of LRA and Ground

X i S

Figure 3: Diagram of the relative place of satellite, ground station and the intersection of the
normal of LRA and ground

For the normal of LRA oriented to the Earth’s center, the incidence angle (i) can be calculated by the following
formula:

i= arcsin[;—Esin(arccos(cos Bocos(as —og )))J

SO

Reo = RZ + (RZ + hs ) 2Re (Re + hs Jcos(LOES)

Where, R_is the radius of the Earth, R is the slant distance from ground station to satellite, h, is the satellite height

above sea level, (a,,f, ) is the coordinates of ground station, ( o, ) (for GEO satellite, 5, = 0) is the coordinates of the
satellite.
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If the normal of LRA of Compass GEO satellites points to the intersection C (o, f. ), the incidence angle can be calcula-
ted by using formulas of spherical triangle:

ic = arccos((RSZC +RZ, —1% )/ 2Rsc RSO)

Where

Rec = R2 + (R + he)™ 2Re (Re + hs Jcos(Bc eosees —aic )

2
Reo = \/Ré + (Ré + hs) —2Re (Rg + s Jeos(£OES), 1 =2R_sin (0C[2)
cos(0OC)=cos (90°-f,) cos (90°-5_) +5sin (90° - B.) sin (90° - ) cos (a.. - a,)

=sin B, sin .+ cos B, cos B cos(a. - a,)

Where, i_is the incidence angle between ground station (O) and the satellite (S), R, is the slant distance from the inter-
section (C) to the satellite, I is the curve distance from station to the intersection (C).

Considering the Compass tracking network consisting of several independent SLR system on ground, so the geomet-
rical center of several SLR stations on ground is chose as the normal of LRA directing to point (C). Based on the coordi-
nates of the intersection and Compass GEO satellites, the inclined angle of LRA of all GEO satellitesis lessthan 7 degree.
Table 1shows the increasing rate of effective area for different position GEO satellites and ground stations after the LRA
of GEO satellitesinclined installed. The effective areas are increased up to 20.56% at the maximum. Although the incre-
asing rate is not very much for every satellite, it is considerable significant for ground stations.

Table 1: The increasing rate of effective areas for different GEO satellites and stations

GEO Satellite A GEO Satellite B GEO Satellite C
Ground Station 1 20.56% 15.73% 10.36%
Ground Station 2 13.37% 7.07% 1.50%
Ground Station 3 8.66% 7.08% 12.34%

4. Observations

Up to now, there are several Compass GEO and IGSO satellites launched into different positions over the equatorin last
year and thisyear. The laser tracking for these satellites has been done at a new dedicated Compass SLR station located
in Beijing since April 2009 and a great amount of laser tracking data were obtained. The parameters of the dedicated
SLR system can be seen from anotherreportin this workshop. Figure 4 shows two passes of measuring results (Compass
GEO2 and IGSO3) by the dedicated SLR system. For GEO2 satellite, the average returns per minute are about 38.
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Figure 4: Measuring results from GEO and IGSO satellites by dedicated SLR system
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Shanghai SLR station also tracked some passes of these satellites with the new kHz laser ranging system (1.5 mJ energy
in532nm, 15 ps pulse width, 1kHz repetition). Figure 5 shows the measuring results of Compass GEO1and IGSO1by using
Shanghai kHz SLR system. For GEO1 satellite, the average returns per minute are about 580.

Figure 5: Measuring results of GEO and IGSO1 satellites by Shanghai kHz SLR system

5. Conclusion

Shanghai Observatory has accomplished 14 sets of LRA for Compass satellites and 8 satellites have been launched into
the different orbit. A great amount of laser tracking data was obtained by using the Compass SLR system and the sig-
nificant role was played in calibrating the microwave, radio measuring techniques and Compass satellite precise orbit
determination. During the design of LRA for GEO satellites, the method of inclined installing LRA is adopted to make its
normal direction point to the stations on ground, not to the Earth’s center. This original way of installation makes the
reflective area and returns increased effectively. Measuring results show that the performances of LRA on COMPASS
satellites are well. The methods of design and manufacture of LRA on COMPASS satellites have successfully applied to
othersatellites.
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ABSTRACT

The SCF-Test [1] is a new test procedure to characterize and model the detailed thermal behavior and optical perfor-
mance of cube corner laser retroreflectors for the GNSS in laboratory-simulated space conditions, developed by INFN-
LNF and in use by NASA, ESA and ASI. Under ASI-INFN Contract n. [/077/09/0 ETRUSCO-2 (Extra Terrestrial Ranging to Uni-
fied Satellite COnstellations-2) we are building a new experimental apparatus (our second), the “Satellite laser ranging
(SLR) Characterization Facility optimized for Galileo and the GPS-3” (SCF-G) to characterize and model the detailed
thermal behaviour and the optical performance of cube corner GNSS Retroreflector Arrays (GRAs). Galileo is Europe’s
flagship programme for GNSS (Global Navigation Satellite System). For the GPS-3, a collaborative effort with the US
GNSS community is in preparation. ETRUSCO-2 goals will be achieved using the innovative test procedure described
in [1], the SCF-Test, and its evolution and refinement outlined here, the SCF-Test/Revision-ETRUSCO-2. We are also deve-
loping an innovative prototype GRA of Hollow retroreflectors (GRA-H). Depending on the outcome of the GRA-H SCF-
Test, a full-size GRA will be built using either the hollow or the solid fused silica technology.

Preliminary results of anintegrated thermal and optical modelling of an uncoated retroreflector on a GNSS orbit, tuned
to SCF-Test data of a selection of specific uncoated reflectors (LAGEOS and Galileo In-Orbit Validation, I0V), will be pre-
sented. Structural modelling of a specific hollow retroreflector provided by GSFC, tuned to its SCF-Test data, will also be
reported. SCF-Testing, under a non-disclosure agreement (NDA) between INFN-LNF and ESA, of a prototype uncoated
cube deployed on the 4 Galileo IOV satellites, is a major step forward and a successful application of the SCF. In fact, the
I0Vs are the first 4 of the 30 satellites of the Full Orbit Capability (FOC) Galileo constellation. Late breaking news: on
August 30, 2011, ESA has authorized INFN-LNF to publish the results of the IOV prototype SCF-Test carried out in 2010.

1. The ETRUSCO-2 project

This project is the continuation of an INFN R&D experiment, ETRUSCO (Terrestrial Ranging to Unified Satellite COnstel-
lations) carried out in 2006-2010, which concluded with a comprehensive, refereed publication [1], where the SCF-Test
is fully described and the main experimental results are reported. The ILRS reference payload standard, LAGEOS, has
also been SCF-Tested for the first time ever [2], using the LAGEOS “Sector” engineering model provided by NASA. While
ETRUSCO-2 is a co-funded ASI-INFN project, the SCF-Test is background intellectual property of INFN.

INFN-LNF has built a new clean room, class ISO 7 or better, of 85 m?, now operational, for the existing SCF (Satellite/lu-
nar laser ranging Characterization Facility). Based on the experience made with the SCF, the SCF-G is being developed
and will be operated in 2012 in the same clean room infrastructure. Additional, separate laboratory space is also in use.
The SCF is being further optimized for Lunar Laser Ranging (LLR) [3] and for (inter)planetary applications with another
dedicated INFN R&D experiment, MoonLIGHT-ILN (Moon Laser Instrumentation for General relativity High-accuracy
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Tests for the ‘International Lunar Network’ concept developed for a lunar geophysical network; see also http:/filn.arc.
nasa.gov/). The primary goal of these doubled and extended retroreflector metrology capabilities is to provide critical
diagnostic, optimization and validation tools for SLR to all flagship GNSS programmes (not only Galileo and GPS-3) and
for LLR. The capability will allow us to optimize GRA designs to maximize ranging efficiency, to improve signal-to-noise
conditions in daylight, to provide pre-launch validation of retroreflector performance under accurately laboratory-
simulated space conditions and/or characterize ‘as-built’ payloads. Implementation of optimized GRA designs will help
toimprove GNSS orbits, which will then increase the accuracy, stability, and distribution of the International Terrestrial
Reference Frame (ITRF), to provide better definition of the geocenter (ITRF origin) and the scale (ITRF unit of length).

11  SCF-Test/Revision-ETRUSCO-2 and thermal-optical modelling

This test evolution inherits from the old one the SLR/LLR Key Performance Indicators (KPIs): (1) the thermal relaxation
time of reflectors (t ) and array mounting elements; (2) the reflector optical the Far Field Diffraction Pattern (FFDP),
with Orthogonal Laser Polarizations (OLP) important for single, uncoated solid CCRs. The novel KPIs are: (3) the thermal-
optical conditions experienced by reflectors during a GNSS Critical half-Orbit (GCO, see Fig. 1); (4) the reflector Wave-
front Interferogram (WI) in space conditions. Optionally, we provide software modelling of the test data for KPIs 1) to
4), as shown below. The GCO test has been developed with ETRUSCO, WI for GNSS with ETRUSCO-2. The GCO is the orbit
with the nodal line parallel to the Sun-Earth joining line. Orbit conditions are reproduced in laboratory rotating the
GRAinside the cryostat, in quasi-real time, for the proper GCO duration: 7 hrs for Galileo, 6 hrs for GPS. Initially, the GRA
and its reflectors are parallel to the solar simulator (SS) beam; then the GRA is gradually rotated experiencing sunrise,
eclipse (simulated by obscuring temporarily the SS) and sunset. At the end of the GCO the GRA is reversed by 180 de-
grees. During the GCO, the GRA is periodically rotated towards the optical and infrared windows of the cryostat to take
temperature and optical measurements of the reflectors, and rotated back to its progressing GCO orientation, all in a
few seconds. This quick measurement rotation has a negligible influence on the thermal and optical behaviour of the
GRA along the GCO. The GCO test has been successfully applied to a prototype Galileo IOV reflector, which INFN-LNF
was provided with by ESA. These preliminary results can be published soon, since ESA has given INFN-LNF the necessary
authorization on August 30, 2011.

Here we report a preliminary thermal and optical modelling of an uncoated retroreflector on a GCO tuned to SCF-Test
data of a selection of specific uncoated reflectors types (LAGEOS and IOV protyotypes). The reflector has 33 mm diame-
ter, Dihedral Angle Offsets (DAOs) = 0.0 arcsec, mounting scheme taken from LAGEOS (which is different from Galileo
I0V). The simulated temperature field inside the reflector and its time evolution (carried out with in-house and Thermal
Desktop software by C&R Technologies) are the input to the optical simulation (CodeV by ORA Inc.), where the depen-
dency of the refractive index from the temperature inside the fused silica is taken into account. The laser polarization
isin the GCO plane, which in the IOV SCF-Test is horizontal. One physical edge of the cube corner is also oriented along
the GCO plane (horizontal in the IOV SCF-Test) so that during sunrise in Fig. 1and 2 there is no loss of total internal reflec-
tion (optical breakthrough), which occurs during sunset instead. Figure 2 shows the variation of FFDP average intensity
at 24 yrad. During sunrise, sunrays heat up the reflector and the temperature difference between reflector tip inside
the cavity (which is warmer) and the outer face increases thus reducing the FFDP intensity. When the reflector goes in
the Earth shadow there is a sudden cooling of the outer face, which again involves FFDP intensity reduction (apparent
discontinuities at entrance/exit of the shadow are an artifact due to lack of modelling of earth penumbra). Later on the
temperature difference decreases and intensity goes up. At sunset, due to optical breakthrough, sunrays heat directly
the cavity and consequently the retroreflector tip, thus reducing the FFDP intensity. Heating and cooling is convoluted
with the (relatively) long LAGEOS-like T __ (modelled after the SCF-Test of the LAGEOS Sector), which damps and delays
in time thermal degradations.

CCR

2 Modelling the world-first SCF-Test of a Hollow reflector

The new GRA-H, made of 7 hollow cubes, one in the center and six in circle around it, has been built in 2011 and is now
under test at the SCF. Depending on the behaviour of the GRA-H, a full-size GRA will be built with hollow or solid reflec
tor technology. This GRA will be characterized with the SCF-G using the SCF-Test/Revision-ETRUSCO-2 described in the
previous section. A major hollow reflector development that could benefit from an SCF-Test is reported in [4].
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With ETRUSCO a hollow reflector prototype by NASA-GSFC has been tested in 2010 and result reported in [2]. Compa-
risons between these test measurements and thermo-structural simulations are reported in [5] and here. The GSFC
hollow reflector is made by three Al-coated mirrors on pyrex substrates glued together; one of which is also glued to a

holding structure (foot).

SCF-Testing of orbit sequence
Sunrise-Eclipse-Sunset probes
critical features of the thermal
and optical behavior of the CCR,

including optical breakthrough.

Galileo orbit:

+ Altitude = 23222 km

* Period ~ 14 h

+ Shadow ~ 1h (cylindrical
approximation)
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Figure 1: Conceptual drawing of the SCF-Test/Revision-ETRUSCO-2 and the GNSS Critical half-Orbit (GCO).
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Figure 2: Thermal-optical modelling for the SCF-Test/Revision-ET-2 (preliminary): variation of the CCR ave-
rage FFDP intensity at 24 jirad (velocity aberration for GNSS like satellites) along the GNSS Critical half-Orbit

(Gco).

The reflector has been screwed inside an Al cavity, which is thermally controlled. One thermal probe was fixed in the
center of every mirror substrate: the two substrates not connected to the foot showed almost coincident thermal
behaviour. In the part of measurements reported here the reflector was irradiated by the SS for > 1.5 hr with a short
sun-off interval of 2 min. Thermal simulations aim to find the best suitable values for thermal conduction among the
mirrors through the glue and between the reflector and the cavity through the holding structure. When simulation
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results match satisfactorily measured temperatures, the temperature field (time dependent) becomes the input for
structural simulation. Structural deformation data are post-processed to evaluate the parameters affecting the optical
performancei.e. deviation from nominal mirrorflatness, and nominal DAOs = (0.0 + 0.5)"“. At the beginning of Fig. 3, our
simulation indicates that DAOs are beyond these limits and the measured FFDP, inset on the left, looks different from
nominal; at the end DAOs are inside limits and measured FFDP, inset on the right, can be considered satisfactory, since
itis close to the expected shape (an Airy pattern).
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Figure 3: Modelling of the variation of DAOs between the mirrors. Dashed lines define specification limits.
The plots at the top left and right of the main graph are the two FFDPs at the beginning and at the end of
time span.
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ABSTRACT

With the INFN experiment “ETRUSCO (Extra Terrestrial Ranging to Unified Satellite COnstellations)” we used the “Satel-
lite/lunar laser ranging Characterization Facility” (SCF) [3] located at INFN-LNF in Frascati, Italy, to characterise and mo-
del the detailed thermal behavior and the optical performance (“SCF-Test”)of LAGEOS 'and of a prototype hollow cube
corner retroreflector. Our key experimental innovation is the concurrent measurement and modeling of the optical
far field diffraction pattern (FFDP) and the temperature distribution of the retroreflector payload under thermal con-
ditions produced with a close-match solar simulator. These unique capabilities provide experimental validation of the
space segment for Satellite and lunar laser ranging (SLR/LLR). Uncoated retroreflector with properly insulated moun-
ting can minimize thermal degradation and significantly increase the optical performance, and as such, are emerging
astherecommended design for modern GNSS?satellites. We report some results of an extensive, first-ever SCF-Test pro-
gram performed on a LAGEOS engineering model retroreflector array provided by NASA (the “LAGEOS Sector”), which
showed a good performance. The LAGEOS sector measurements demonstrated the effectiveness of the SCF-Test as an
SLR/LLR diagnostic, optimization and validation tool in use by NASA, ESA and ASI. We also report the first-ever SCF-Test
of a prototype hollow retroreflector provided by NASA, which showed an acceptable performancein the limited tested
temperature range. These unprecedented results are the starting point for the development and validation of com-
pact and (potentially) lightweight arrays of hollow laser retroreflectors with the size and the optical specifications to
be selectively chosen depending on the specific space mission (that is satellite velocity aberration).

1. Introduction

An improvement of positioning accuracy, stability and precision with respect to the ITRF? of modern GNSS constellati-
onsis highly recommended by ILRS in order to strengthen determination and stability of the ITRF [1].Space and ground
colocation of SLR and MW techniques would make possible to align a GNSS reference frame to the ITRF, whose origin
and scale are mostly determined with the SLR technique. In order to achieve these results, Laser Retroreflector Arrays
(LRAs) deployed on these satellites, should guarantee an adequate level of effective cross section coming back at the
stations, as defined by ILRS [1,2].Hence LRAs performance must be improved. The INFN, with experiment ETRUSCO (Ext-
ra Terrestrial Ranging to Unified Satellite COnstellation), started to build, in 2005 a facility (SCF) and developed a stan-
dard test (SCF-Test) in order to characterize and validate the optical performance of GNSS LRAs, with particular atten-
tion on Galileo [3]. During the years we tested prototypes and flight models of first generation retroreflectors (coated)
and LRAs for GNSS [3]. Those types of retroreflectors, both from actual SLR measurements and our SCF tests, proved
to have problems that cause a low return rate to SLR stations and signal strength drop in certain parts of the orbit.
New generation GNSS constellations are moving to uncoated retroreflectors, which with a proper mounting design
can minimize thermal degradation of optical performance. Uncoated reflectors are deployed on one of the standard
SLR target: the LAGEOS satellite. So in order to show a calibration of our SCF-Test, we tested in 2009 an engineering
model of the LAGEOS satellite, lent by NASA-GSFC. In section 2 we report the results of these tests. Looking furtherin
the future, new retroreflector designs are under study for SLR or LLR application, which consider the use of hollow re-
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troreflectors. Again in collaboration with NASA-GSFC, in 2010, we received a prototype of an hollow retroreflector to
be tested in a realistic space environment. In section 3 we report tests performed on this prototype. This last test was
part of aresearch activity of the Work Package 5200 of the 3 year study (June 2007, May 2010) of ASI on “Cosmology and
Fundamental Physics” (COFIS).

2. SCF-Test of the LAGEOS engineering model

The LAGEOS engineering model, LAGEOS Sector, is an aluminum spherical sector of the whole satellite which includes
the CCR*on the pole and three successive rings, 37 CCRs in total (as in Fig. 1).

Figure 1: LAGEOS Sector inside
the SCF on the positioning system

Prior to the beginning of the SCF-Test we deeply optically tested all of the CCRs
in airand at room temperature. FFDP were taken in three different orientations
of the CCRs (each physical edge vertical). Afirst analysis is presented in [4].
After this analysis, we implemented a refined one in order to overcome some
of the weaknesses of the former one. The attempt to find characteristic struc-
tures from the FFDP, made the analysis subject to the particular settings of the
measurements (orientations of CCRs with respect to polarization vector). We’ll
show some of the results obtained with such an analysis on FFDP tests perfor-
med in air, at A=532nm on the Sector. What we did was,first, derive average
intensity plots from both measured and simulated FFDPs. Measurements plotted came from each CCR orientation;
simulations plotted were those with on spec DAOs (1.25” on the three edges) and the extremes of the £0.5” error
band. Fig. 2 shows the results.
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Figure 2: Left: edge 1 FFDPs . Center: average intensity vs distance from FFDP center. Right: Intensity along a
circle at 19 yrad. Comparison between simulated patterns (CODEV) and measured patterns. Measured inten-
sity has +25% relative error not shown

The one above is a CCR with DAOs close to its specifications, as the measured average intensity is close to the bold
green line. The average intensity gives however just part of the information we can extract from these measurements.
After we analyzed the intensity fluctuations at a certain velocity aberration, to see how the intensity level changes
along thatring (one never knows were the station will be in the FFDP domain). For now we identified positions of peaks
in simulated average intensity plots and checked the intensity fluctuations there. Again, we compared measurements
with simulations. Fig. 2 is the result at 19 prad. Measurements, as expected, cannot respect exactly the symmetry of the
simulations, so do their peaks, but, within errors, we can arrive at the same conclusions given for the average intensi-

ty.

4 Corner Cube Retroreflector
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For the SCF-Test we installed the Sector inside the SCF on the rotation+tilt positioning system, controlled in tempera-
ture by an interface copper plate. Temperature sensors recorded its temperature, while an IR (InfraRed) camera mea-
sured CCRs’ front face temperatures. Measurements were performed in several conditions:

. With the Sector held at 300K we placed the polar CCRinside its housing with two different torque screws of
the aluminum retainer rings: 0.135 Nm (LAGEOS nominal value) and 0.2 Nm.

. With a screw torque of the polar CCR, as defined above, set at 0.2 Nm we maintained the Sector at three
different temperatures: 280K, 300K and 320K.

Concurrent optical and thermal measurements were performed only on the polar CCR, while full thermal analysis has
been performed also on the first and second CCRrings of the Sector.

As described in [3] the SCF-Test consists of a first phase in which prototypes, reached a stationary state, are heated un-
der the Sun Simulator beam and then cooled down. From the thermal analysis point of view, the output is the thermal
relaxation time, t_,, of the CCR, based on IR measurements of the variation of the CCR’s front face temperature. 7_is
taken from the following formula:

T,=T,£AT (1 -exp (t/1)

In Fig. 3 is shown a typical plot of the front face temperature variation and the results of the analysis for the case in
which we changed the Sector’s temperature. Actual values of the relaxation times will be subject of a future publi-
cation, but at this stage we can observe few outcomes from these measurements. The right plot in Fig. 3 shows the
average relaxation times, between heating and cooling phases, of each of the thermally analyzed CCRs. The first im-
portant outcome of the measurements is that t_, decreases as the temperature of the aluminum increases. The ratio
between the average values of all the relaxation times, at each temperature, is close to the following: 7 [t =(T,/ T,).
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This behaviour is clearer for the first seven CCRin the plot (the polar one and the first ring) than for the rest; this could
be due to two reasons: effect of the breakthrough on CCRs or difficulty of the IR camera to focus properly the CCRs of
the secondring.

Figure 3: Left: SCF-Test performed on polar CCR with Sector held at 300K. Right: average t__, for all of the
CCR at various Sector temperatures.

Concurrent FFDP measurements were performed during the test, in order to check the variation of the intensity at a
defined velocity aberration. We analyzed the variation of the intensity at 35 purad (~ the velocity aberration of LAGEOS).
Fig. 4 shows the outcome of the measurements for case 1and 2. An increase in the screw torque from the nominal value
decreases the intensity of the FFDP, after the CCR s illuminated by the Solar Simulator (SUN OFF phase). An increase in
the temperature of the aluminum decreases the intensity of the FFDP in the SUN OFF phase.
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Figure 4: Effect of polar CCR screw torque (left) and on Aluminum temperature (right) on FFDP intensity after
SUN ON phase. Relative error is +10%

3.

SCF-Test of the Hollow retroreflector prototype

The Hollow corner cube we tested at the SCF is a prototype made by three pyrex faces, with a metallic reflecting sur-
face coating of optical quality. Joints between the surfaces are made with stycast glue for space applications. The who-
le unitis supported, at the bottom, by an Invar foot, screwed to just one of the faces. Fig. 5 shows the CCR.

Figure 5: NASA-GSFC Hollow
retroreflector tested at INFN-LNF

The CCR was held inside the SCF with an aluminum housing, with the Invar foot
in thermal contact with the aluminum. The housing was built in order to simu-
late the presence of other CCRs around the one under test. With respect to the
cryostat the CCR was positioned with one physical edge (the one opposite to
the face linked with the Invarfoot) horizontal. Three Platinum RTD probes mea-
sured the temperature of each of the three reflecting surface, giving us only
the information of the overall temperature of the reflecting surfaces, not gra-
dients throughout them. The housing was controlled in temperature at 300K
with a Peltier cell on the back of aluminum base. The Solar Simulator illumina-
ted the CCR orthogonally.

The procedure used forits test was the same, described earlierin this paper, for
the LAGEOS Sector test, and the variation of faces’ temperatures is the one in
Fig.6.Aswe can see from this figure the SCF-Test started in a condition in which
the three reflecting faces were not at the same temperature, as at the begin-

ning in air; the one in contact with the Invar foot (“left face”) was at an higher temperature. This face also experienced,
during the whole test, atemperature variation smaller than the other two.
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SCF Test hollow CCR
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Figure 6: Left: SCF-Test of the hollow CCR. Right: Table 1: Thermal relaxation times of the three hollow
retroreflector’s faces for heating (SUN ON) and cooling (SUN OFF) phases. c(t)= 80s

This behaviour is caused by the thermal contact we induced between the Invar foot and the aluminum housing. Ana-
lyzing these data we came out with the thermal relaxation times of Tab. 1. The effect of the thermal link is clear also
looking at 7., values. The “left face” has a smaller relaxation time than the other two. The other two faces have the
same relaxation time. Between the heating and cooling phase we can say that, considering the quoted errors on t,
relaxation times are equal.

To analyze the optical performance we took first an FFDP in air at room temperature, which was our reference, then
another FFDP prior to the beginning of the SCF-Test; passed the SUN ON phase with no measurements, we took a series
of patterns during the SUN OFF phase at increasing time intervals. Results are in Fig. 7. The temperature difference bet-
ween the faces of the CCR, at the beginning of the SCF-Test, influenced the intensity of the FFDP. The FFDP in air had a
peakintensity of1.00 which dropped to 0.31at the beginning of the SCF-Test. During the SUN ON phase the FFDP almost
recovered its “in air” shape, hence the intensity of the peak increased almost twice. The relaxation during the SUN OFF
made the intensity come back to its first value (beginning of SCF-Test).
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Figure 7: Intensity variation of FFDP at the central peak during the SCF-Test(left).
FFDP in air-room temp (right)
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4. Conclusions

The SCF has proven to be the right facility for the first-ever test of LAGEOS and hollow CCRs in an accurate laboratory-
simulated space environment. The fruitful collaboration with NASA-GSFC, CfA and ASI-CGS is one of our best achieve-
ments. LAGEOS SCF-Test has shown the good space performance of what is now the reference ILRS payload standard.
This paper extends the LAGEOS results reported in [3]. In particular the SCF-Test showed that:1) increasing the retrore-
flector mount conductance, by increasing the screw torque, with respect to nominal, degrades the FFDP intensity, 2)
increasing temperature of the satellite degrades the FFDP intensity affecting the retroreflector thermal behaviour. A
future publication will report the full FFDP analysis of the whole dataset of the LAGEOS measurement campaign. We
demonstrated the hollow CCR prototype performance in our laboratory-simulated space conditionsin a limited tem-
perature range near 300K. We found an effect of the mounting foot arrangement on the performance of the CCR.
Moreover we measured a significantly shorter hating/cooling retroreflector relaxation time, compared to LAGEOS.
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Single Open Reflector for MEO/GNSS type Satellites.
A Status Report

Reinhart Neubert!, Ludwig Grunwaldt!, Christian Schopf, Engelbert Hofbauer?, Jost Munder®, Mark Herding?

ABSTRACT

The status of a project to design, manufacture and test asingle open reflector breadboard model is reported. The main
advantage of this concept is the absence of any spreading of the return pulses. The practical realization places high
challenges on mechanical/thermal design, material selection and manufacturing accuracy. A critical analysis based on
numerical calculations and performance simulations is presented.

1. Requirements for a GNSS Reflector

The laserreflectors of existing navigation satellites are of the flat array type equipped with a large number of solid cube
corner prisms. This design is possible because the angle of incidence in the case of high satellites is always small. It is
obvious that asingle cube corner would be advantageous in this situation because it avoids the pulse spreading of the
large array. To achieve a sufficient return signal, the reflector should have an active area of at least 15 cm in diameter
as we show in the following. Unfortunately, existing optical materials like fused quartz are not suitable because of too
large thermal distortions under sunillumination. This is the main reason for the present use of small cube corners (4 cm
diam. or less). For an open reflector, materials of higher thermal stability are available. Therefore, we proposed its use
for a GALILEO-reflector [1]. Another important design requirement is due to the velocity aberration. The laser station is
not in the center of the far field of the returned beam, but shifted by 21...25 yirad. The most efficient solution would be
atwo-spot farfield as used in the case of the CHAMP reflector for instance. In the case of satellites like GALILEO with no
fixed orientation relative to the velocity vector this would require to mount the reflector self-orienting. If we want a
completely passive device, the only solution is an annular far field.

2. Optical Design

The aberration angle depends on the relative velocity between the station and the satellite. Following an idea of Ot-
subo[2], we got the distribution of aberration angles by a simulation process assuming a circular orbit for the GALILEO
satellite and the station fixed on the rotating Earth. The distribution depends on the latitude of the station. Fig. 1shows
examples for an equatorial station and a station with 45° latitude as well as a cumulating distribution for stations bet-
ween 0° and 60°. As can be seen, the aberration varies between 21 prad and 25 prad with a maximum probability at
23 urad. In an alternative representation, Fig. 2 shows the components of the aberration vectorin a coordinate system
compliant with far field diffraction patterns (cf. legend of Fig. 2).
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Fig. 1: Distribution of the velocity aberration for a station at 45° latitude (left) and the cumulative distributi-
on for stations between 0° and 60° latitude.
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Fig. 2: Representation of the aberration vector in asystem compliant with far field diffraction patterns.Hori-
zontal axis orthogonal and vertical axis parallel to the plane of incidence (formed by the Nadir direction and
the light beam direction)

The proposed reflector has an active aperture of about 20 cm (ref. [1] and Fig. 3). The required annular far field pattern
is produced by 3 equal dihedral offset angles (2", smaller than 90°) and an additional conical shape of the 3 mirrors
according to the equation:

h(x,y)=%-(wlx2+y2—x—y) .
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Fig.3: Schematic drawing of the reflector

The wave front of such a configuration has the shape of
a circular crater producing an annular far field. To calcu-
late the wave front matrix we are using a ray tracing mo-
del regarding first the reflector as orthogonal and then
adding the optical path differences caused by the offset
angles on surface shape. From this wave front matrix the
far field is obtained by a discrete Fourier transform. This
model agrees well with the results of a CODE-V as well as
an earlier ASAP model [1]. In Fig. 4, the far fields for two
special orientations are shown. It can be seen that the far
field has 6 maximain the case of normal incidence. In Ref.
[1]it has been shown that a uniform annulus can be obtai-
ned using a circular active aperture and slightly elliptic
mirror surfaces. This could not be achieved using the full
hexagonal active aperture. However, for non-zero incli-



nation the farfield intensity always depends on the azimuth. The diagrams right to the far fields in Fig. 4 give an idea of
the achievable effective cross section of the reflector. It varies between about 200 and 500 million square meters. This
is about 2 times higher than the cross section of a standard prism array with 60 cube corners.

T T T T T
|— on 23prad circle |— on 23prad circle
[— average : |— average

Fig. 4: Far fields of the open reflector for incidence angles of 0° (left two diagrams) and 10° (right two
diagrams). The full scale of the far field patterns is 60 jirad. The diagrams right to the far field patterns are
showing the cross section on a circle with 23 prad radius (red curve) and the average over the full
width of 4 prad (blue curve)

The cross sections given in Fig. 4 are due to an ideal reflector. Any deviation from the given parameters will decrease
the effective cross section. These are mainly errors of the dihedral angle offset and surface deformations. Simulations
have shown that the decrease of the cross section may be kept below 20% if the individual angle errors are below 0.3”
and the sum of the three angle errorsis below 0.2”. Surface deformations tend to broaden the far field annulus thereby
decreasing the cross section but making it less sensitive to angular errors. The surface deformations should be smaller
than about 50 nm. Main reasons of surface deformations are stress by the coatings and the mount as well as thermal
effects (next chapter).

3. Thermal Design

Starting point of the thermal layout was the design of a fully passive device thermally isolated from the body of the
satellite. In addition, the operating temperature shall be lower than the ambient temperature at assembly. Simula-
tions show that this can be achieved by a properly MLI-isolated cavity and radiating surfaces (Fig.5). The main aim is
to minimize the deformations caused by thermal gradients. The transient thermal behavior depends on the thermal
properties of the substrate material and on the coefficients of absorption and emission of the coatings. As promising
materials, SiC ceramics as a highly stiff material and enhanced silver coatings have been selected. Simulations have
shown that with this combination the thermal deformations can be kept below 50 nm.

Mirror

MLl isolated housing

%

Thermal control
surface

Fig.5: General design of the thermal shield
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Fig.6: Example of the temperature distribution if only one mirror is heated by the sun. The maximum
thermal gradient is about 1°C

4. Statusof Realization

It soon became clear that a new assembly technology has to be developed to achieve the high angular accuracy nee-
ded. The present way is to cement the three mirrorsin a rigid frame under continuous interferometry control. As a first
step, experiments have been started to cement a small glass plate on alarger one as parallel as possible. The influence
of the temperature and the long-term stability can then be studied easily. Fig. 7 shows the surface plot of a good ex-
ample. The tests have shown that an angular accuracy of 0.2” can be attained, but there are still problems with the
thermal and long-term stability.

+0.38914

Wave

I -0.20242

Fig. 7: Surface diagram of a test doublet obtained by a ZYGO interferometer. The centraldisc corresponds to

the small plate (78 mm diam.), the outerannulus to the periphery of the large plate. The white area is elimi-

nated by software because it contains excess cement. (the scale is in parts of the He-Ne laser wavelength).
The angle is 0.3” in this case.
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BLITS: The first autonomous zero-signature
satellite in orbit

V.D. Shargorodskiy, V.P. Vasiliev, N.N. Parkhomenko

ABSTRACT

The blits satellite has been designed as an experimental zero-signature sir target, providing atarget error value of less
than 0.1 Mm. It is a 17-cm-diameter glass ball lens made of two different types of glass and partly covered by a metal
coating, so thatitisinfact aretroreflector with a cross-section of about 10° sq m at a wavelength of 532 nm, and access
solid angle of about 2.

The satellite was launched into a circular 835-km-high orbit september 21, 2009, and since then most of the global
slr network stations provide regular ranging data confirming the basic design parameters. The satellite spin period is
about 5.6 Sec, and remains constant during the ~20 months of operation.

A modified version of this satellite is under design, to be launched into a higher orbit where the atmosphere drag is
much less than at the present orbit height.

Last-generation SLR stations (at least, some of them) are itself able to provide measurement accuracy better than
+Imm. However, to achieve this level of ranging accuracy, corresponding zero-signature or low-signature targets
should be used, and the atmosphere refraction should be taken into account with a correspondingly low error.

To make progress in solving of one of the above problems, late September 2009 an SLR target satellite of a new type
was launched: the BLITS (Ball Lens In The Space). It is in fact a spherical retro-reflector (slide 1) providing a very low
target error (less than 0.1 mm, and caused primarily by some uncertainty of the actual temperature and hence the re-
fraction index of the glass which constitutes the ball lens body). The satellite is in a sun-synchronous circular orbit 832
km high, and most of the global SLR network stations are providing its regular observation data (as far, 35 stations have
provided about 30,000 data points). Due to the large amount of accumulated data, some conclusions can be made.

During nearly 20 months of observations, the BLITS target parameters - cross-section and spin period - remain stable
(50...100 thousands of square meters and ~5.6 seconds, correspondingly).

The temporal distribution of return signals demonstrates that the spin axis does not lie exactly in the plane dividing
the transparent and reflecting surface parts of the ball lens; this is probably caused by a misfunction of the separation
system (during the BLITS separation from the carries spacecraft METEOR-M). This does not directly affect the SLR data
quality, but may cause some difficulties in observation at certain station locations during some time periods.

At the same time, the return pattern stability for a given station location during more than a year demonstrates the
spin axis orientation stability.

The long-term spin parameter stability of BLITS isan advantage in comparison with SLR target satellites having an metal
body (LAGEOS, LARETS, WESTPAC, etc.) that suffer from spin slowdown and spin axis orientation instability. Concerning
the cross-section value, it is important to continue the BLITS observations for prediction of its possible degradation
which may be caused by radiation effects.

One more important result obtained during the BLITS observation campaign is the possibility of observation at longer
wavelengths than the 532 nm wavelength typical for most of the SLR stations. Namely, the Concepcion station data (49
data pointsin 12 passes) obtained at the 847 nm wavelength show the possibility of BLITS observations in the nearinfra-
red region, in spite of the large chromaticity of the ball lens. The effective input aperture is in this case not a circular
spot on the optical axis, but a narrow ring around this axis (see slide 2). The calculated radius of the ring depends on the
wavelength and is about 28 mm for the 847 nm wavelength. The calculated cross-section value at 847 nm is about an
order of magnitude less than at 532 nm, and the range correction value is also different (193,31 mm instead 0f196.94
mm at 532 nm) due to the wavelength dependence of the glass refraction index. Calculation shows that, if necessary,
the BLITS may be observed even in the 1.06 num wavelength region where the laser transmitter efficiency may be much
higher then at 532 nm, and the atmosphere transparency is also higher. The possibility of simultaneous observation of
azero-signature target at widely separated wavelengths may be important for minimization of the atmosphere refrac
tion error, using the well-known two-wavelength refroctometer approach.
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For future applications we are currently developing a modified ball lens retro-reflector satellite. The development goal
is to increase the cross-section while retaining the low target error. This will provide accurate and efficient SLR obser-
vationsin a higher orbit (1.5 ... 2 thousand kilometers) with more stable orbit parameters. The modified design will also
provide an increase of the expected lifetime in orbit (less degradation caused by radiation effects).

Nevertheless, even now we have an SLR target applicable for high-accuracy ranging, which may be used for specific
research in geodynamics and possibly for solving some other problems where extremely high accuracy of range mea-
surements is required. We also hope it may stimulate further improvements in precision measurement hardware and
methods.

BLITS ray traces and input/output apertures
at 47 nm (red) and 532 nm (green)

R =85,16

A

Range correction values:

A= 193,31 A=0,847

A=196,94 A=0,532

Figure 1: BLITS ray traces and input/output apertures at 47 nm (red) and 532 nm (green)
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Session 12:
Interaction between Data-User and Stations

The estimation of the SLR data

Stanistaw Schillak

ABSTRACT

The paper presents the list of parameters which can be used to estimation of the accuracy of the SLR data for each stati-
on. The results of the determination of the station coordinates stability in the long term period (from 1994 up to 2008)
for the select few stations are presented in the five years blocks. Some examples of time series are added. The results
show a deterioration in the accuracy of the several important stations in the last five years. This effect can be explain by
smaller number of normal points for some stations in the last period and jumps in the vertical component. The author
propose current control of N, E, U componentsin the one month periods for all stations. GPS coordinates transferred to
the SLRreference point for the same epochs should be added. This method enable not only control of each station but
also permits to find very quickly the source of biases and estimation of the effect of the new equipment and methods
onsite, also new analysis models and parameters.

1. Introduction

One of the most important task of the satellite laser ranging (SLR) data analysis is estimation of the accuracy of the
SLR measurements. The analysis centers use several parameters which give information about accuracy based on the
differences between observed and computed values (O-C). The orbits are determined from the all or the best SLR sta-
tions. We can to maintain that the mean value of the orbital satellite position is the nearest to true value. The list of the
parameters which can to estimate accuracy of the SLR measurements are as follows:

. Long term bias stability — variation of the one month range biases

. Short term bias stability — variation of the one satellite pass range biases
. RMS of fit per station

. NP residuals per one arc — graphic presentation

. Station position stability (3D)

. N, E, U deviations of the station position - graphic presentation

From the list of these parameters the best seems to be station position stability in 3D form. Generally the most stations
have the fixed position which is confirmed also by GPS results with exception of the stations in the earthquake regions
orin the areas of the vertical postglacial movements. The answers for the several important questions are very impor-
tant for future activity of the SLR: Where we are, how far to 1mm? What we can to do for accuracy improvement of the
best stations? What limits are from observations side and computations side? The excellent job of the ILRS Analysis
Working Group (AWG) gives answers for some parts of these questions. But very important is also view on the long time
process of the SLR accuracy. Have we really the better results with time? How quality of results change? What is the
reason of these changes? This work try to answer for these questions.

2. Data analysis

The computations of the station positions were performed by NASA Goddard’s GEODYN-II orbital program. The station
positions were determined only for the sites which had continuous work in the last 15 years and high quality of measu-
rements. These stations are presented in table 1. The several stations had excellent activity, only one or two monthsin
15 years without results! The stations Potsdam and Orroral-Mount Stromlo had two and three different SLR systems in
the time of study.
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The final results of the computations contain station geocentric coordinates for the first day of each month transfor-
med to the common epoch 2005.0, standard deviation of the coordinates determination, stability of each component
and 3D for three five years periods: 1994-1998,1999-2003, 2004-2008.

STATION Station No First - Last Points Number of points
McDonald 7080 94-01-08-12 179

Yarragadee 7090 94-01-08-12 178

Greenbelt 7105 94-01-08-12 170

Monument Peak 7110 94-01-08-12 175

Graz 7839 94-01-08-12 179
Herstmonceux 7840 94-01-08-12 179

Wettzell 8834 94-01-08-12 7

Potsdam 7836-7841 94-01-08-12 172
Orroral-Mt.Stromlo 7843-7849-7825 94-01-08-12 154

Table 1: Stations 1994-2008

3. Results

The station positions stability for the all nine stations is presented in Fig. 1.

Station Position Stability w1594 1998

I 1998-2003

m2004-2008

stability [nm]
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Figure 1: Station positions stability

All stations had significant improvement of stability between first (1994-1998) and second (1999-2003) periods. In the
comparison to the next period (2004-2008) only four stations had better results, the most significant improvement is
observe for Wettzell, five stations had worse stability. The explanation of the worse stability of the stations McDonald,
Greenbelt and Monument Peak is visible in table 2 as the effect of significant decrease of the number of normal points
in the last period. In the case of Herstmonceux the worse stability in the last period is results of jump in vertical compo-
nentin February2007 (Fig.2) probably due to exchange of the Time Interval Counter to the Event Timer. Potsdamin the
last period used different SLR system.
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1994-1998 1999-2003 2004-2008
STATION No Stability Number No Stability | Number | No Stability | Number

[mm] NP [mm] NP [mm] NP
McDonald 7080 9.5 19812 7080 6.7 26927 | 7080 8.8 17293
Yarragadee 7090 10.7 61852 | 7090 6.1 7251 7090 5.6 112322
Greenbelt 7105 7.8 35330 | 7105 5.5 40325 | 7105 7.0 17492
Monument Peak 7110 9.0 59045 7110 7.2 58348 | 7110 8.3 30596
Graz 7839 13.8 37947 | 7839 5.6 50716 | 7839 5.1 44958
Herstmonceux 7840 7.4 45896 | 7840 4.7 57709 | 7840 5.6 55778
Wettzell 8834 22.5 3101 8834 8.3 28068 | 8334 5.1 37006
Potsdam 7836 10.9 17506 | 7836 8.1 10354 | 7841 8.6 18099
Orroral-Mt.Stromlo | 7843 13.4 26272 | 7849 5.6 40136 | 7825 5.0 68217

Table 2: Station position stability vs number of normal points

Herstmonceux - 7840
Up

30
D

U [mm]
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Figure 2: Station Herstmonceux - vertical component 2004-2008 in comparison to ITRF2008

Theresults presented in Fig.1and table 2 show also limit of the station positions stability on the level of 5 mm which any
station can not to exceed from 1999 despite the fact that in the last ten years precision of the SLR measurements was
significantly improved and many systematical biases were eliminated. It means that it is some unknown effect which
blocked further improvement of the SLR accuracy. It is probably the atmospheric correction which uncertainty in the
opinion of many analysts is estimated on the level of 5 mm. In this case without two-color ranging the improvement of
the quality of the SLR results will be rather impossible.

On the other hand it is observable improvement step by step of the station positions stabilities as result the introduc
tion of the new models in orbital programs. The difference between the same data computed in 2000 and presented
here in table 2 is 2 mm. This is the effect of the better models of the Earth gravity field (most important), ocean tides,
or terrestrial reference frame. Important problem is what part of our uncertainty of the station positions comes from
observation errors or from computations?

The lack of significant improvement of the station positions in the last 15 years is presented on Fig. 3 as residuals of the
vertical component of the nine stations. The significant data improvement is observed in 1996/1997, later the residuals
are on the near same level with little bit improvement with time.
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Figure 3: Residuals of the vertical component in 1994-2008 for the nine stations.

4. Control of the data

The several analysis centers present current results for each station. These results are in different forms: range bias,
precision, single shot RMS per each pass, long term bias stability, short term bias stability, N, E, U deviations of the sta-
tion positions in the graphic presentation. The author suggest to complement the graphic presentation of the station
position N, E, U by GNSS results, then will be better control of the significant deviations as for example is presented on
Fig. 4. This figure shows 25 mm jump in the SLR results after exchange time interval counter to event timer in February
2006. After jump the SLR results are in good agreement with GPS.

Zimmerwald 7810-ZIMM 7810

U[mm]

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Figure 4: Vertical component residuals for SLR reference point (ITRF2005), Zimmerwald station,
blue - SLR, red - GPS

The next proposition is the normal points residuals for one site in the form of graphic presentation. The erroneous
points and passes will be clearly visible and the stations could be very quickly to correct systematic errors. Also some
trendsin residuals could be detect. These graphs should be send immediately to each station in one months periods.
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5. Conclusions

The paper gives several answers for the questions presented in Introduction. The best estimation of the SLR accuracy
seems to be 3D stability of the station coordinates. Analysis of the data of the best stations from 15 years shows the
accuracy limit on the level of 5 mm, which can to be results of atmospheric correction model. The new two-color SLR
system in Wettzell can to answer for this question. Very important for SLR accuracy improvement is the number of nor-
mal points per site. We have to observe as many points of LAGEOS satellites as possible. The idea of observations at the
beginning, in the middle and in the end of the pass seems to be for LAGEOS satellites not acceptable. Also detection of
the all significant jumps in results and their quick elimination by current control of the common SLR and GNSS results
is very important. The problem of the estimation of the errors sources from the observation side and the computation
sideisnottoo clear. The new models and new effectsincluding in the orbital process should little bit to explain the role
of orbital computations in the global SLR errors budget. A deterioration in the SLR accuracy in the last years for the se-
veral the best stations is alarming. Come back to the quality of results from beginning of 2000 years is very important.
The control of data form the next five years 2009-2013 gives answer if the further significant improvement of the SLR
accuracy up to1mm in the next few years will be possible.
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New Performance Assessment “Hit Rate”
for Laser Ranging Stations

Toshimichi Otsubo and Mihoko Kobayashi

ABSTRACT

The performance of the world laser ranging stations is assessed using a new concept "hit rate" which is the ratio of
the actual data acquisition out of all the possible opportunity. A number of station-by-station "hit rate" statistics are
generated from a number of different aspects, such as day/night, sunlit/umbra, elevation angle, etc. They clearly show
strong and weak points of each station and hint what they should do to improve their productivity.

1. Introduction

Observability of laser ranging technique is restricted primarily due to the weather, and also due to the availability of
facility, the limited humanresources and so on. Thisisin contrast to microwave-based, fully automated techniques like
GNSS. Itistherefore of interest to know how efficient the laser ranging stations are observing satellites.

It is useful for the ILRS (International Laser Ranging Service) and each laser ranging station to know how the stations
track theirtargets. Detailed tracking policy and actual pattern in each station are typically unknown to the public.

The overall productivity report on the tracking amount has beenissued every three months as “SLR Global Performance
Report Card” in the ILRS website (Torrence and Noll, 2011), which has been useful to see the overall productivity of each
station. Hitotsubashi University also examines quantitative analysis as well as the daily quality control analysis (Otsubo,
etal.,2008). In this paper, we introduce a new statistical concept “hit rate” and, based on the results, we try to assess
more detailed productivity of laser ranging stations.

2. “HitRate”

2.1 Definition

Let us first define the new parameter “hit rate” here. This is simply the ratio of successful tracking out of all possible
opportunity regardless of weather. When we count the number of passes, it is expressed as:

[pass-based hit rate] (%) =[number of observed passes] | [number of fly-over passes] x 100 m

where the elevation cutoff of ‘fly-over’ is set at 20 degrees. It can be also defined for the number of normal-point (NP)
observations as:

[NP-based hit rate] (%) =[number of observed NPs] | [number of fly-over NPs]x 100 (2)
where the elevation cutoff is set as the same as above.

The number of fly-over passes and NPs are calculated based on the CPF orbit prediction and the SLRF2005 station
coordinates.

Since the laser ranging tracking does not always cover the whole pass, for instance, a pass can be made of just one NP,
the pass-based hit rate should be always higher than the NP-based hit rate.
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2.2 Overall statistics

We simply apply the equations (1) and (2) to the two-year (2009 and 2010) laser ranging data. The statistics are taken
for each of the most productive 20 stations according to the “SLR Global Performance Report Card”, and also for three
satellite groups, “STARLETTE and STELLA”, “LAGEOS-1and -2”, and “ETALON-1, and -2”, from low to high orbital altitude.
The pass-based and NP-based hit rates are plotted in Figure 1.
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Figure 1: Overall hit rate. Pass-based and NP-based. The 4 digit numbers are the CDP station IDs.

Obviously the performance of Yarragadee station (station ID 7090) is dominating; 82%, 69% and 50% pass-based rates
for the three satellite groups. It can also be read that the high satellites, especially shown in the NP-based hit rate, are
sparsely tracked than the low satellites. We should be aware the fact that the majority of fly-over passes are being
missed from the ILRS tracking network — this is in contrast to microwave-based, weather-independent techniques in
which the “hit rate” is almost always 100%.

2.3 Categorical statistics

We are able to look into further details on the observation policy and pattern of each station. Due to the limit of pages,
the graphs of the categorical statistics cannot be shown here, and are placed at the website of Geoscience Laboratory
of Hitotsubashi University:

http://geo.science.hit-u.ac.jp/research-en/memo-en/koetzting-update
that contains the following plots and we can read the following issues:

. Day/Night: It is clearly seen that some stations are operating only at nighttime. The daytime hit rates for
high satellites (ETALON-1and -2) are significantly reduced for the majority of stations, but there are a couple
of stations, Zimmerwald and Matera, whose daytime hit rate for high satellites nearly matches its nighttime
one.

. Sunlit/Umbra: Satellites are sometimes illuminated by the sun, and sometimes in umbra (shadowed region).
The nighttime observations are categorized into these two groups. There is typically no preference on sun
lightillumination for low satellites, but there are a few stations whose nighttime tracking requires illumi-
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nation. On the other hand, most of the stations obtained significantly more amount of high satellite data
when illuminated than shadowed. The exceptions are Yarragadee, Monument Peak, Greenbelt and Koganei,
who more or less equally observes regardless of the sunlight illumination.

. Elevation: Laser ranging to high satellites flying at a low elevation angle seems a hard task for the vast majo-
rity. However, this does not seem so difficult for Yarragadee, Zimmerwald, Matera and San Juan.

. Number of pass segments, and pass duration: Zimmerwald and Graz are likely to switch the tracking
target frequently, and the average duration of a pass is longer for these stations. The “interleaving” observa-
tion is found to be effective to cover the whole pass.

3. Conclusions

Anew quantitative assessment of “hit rate” is proposed and tested at Hitotsubashi University. The "hit rate" categorical
statistics, such as day/night, sunlit/lumbra, elevation angle, are found to be useful to know how a laser station is being
operated. These statistics can clearly point out what they are good at and also what they should do to improve their
productivity.
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Session 13:
New Laser Ranging Technologies and Capabilities
that must be developed to support future missions

Introduction to laser transponders for precise
interplanetary ranging and time transfer

John . Degnan

1. Introduction

Our decades of experience with Lunar Laser Ranging (LLR) have demonstrated the extreme difficulty of single-ended
ranging to retroreflector arrays, even over relatively short lunar distances (R =385,000 km). In LLR, the R* dependence
of the received signal strength drives us to large meter-class telescopes and moderately powerful lasers. However,
since double-ended (two-way) laser transponders have active transmitters on both ends of the link, the signal strength
falls off only as R?, and this makes interplanetary ranging and time transfer possible. Figure Tillustrates three transpon-
der types —echo, asynchronous, and one-way.
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Figure 1: Types of transponders: (a) Echo; (b) Asynchronous; and (c) One-Way.

The more familiar echo transponder works well on “short” links (e.g. to the Moon) where the single shot detection pro-
bability at both terminals can be high. The spacecraft transponder detects pulses from Earth and fires areply pulse back
to the Earth station. To determine range, the time delay between the detected and reply pulses, t,, must be known a
priori or measured onboard and communicated back to Earth. The delay is then subtracted from the measured start-
stopinterval atthe Earth station to obtain the actual pulse time of flight[Degnan, 2002].

With an asynchronous transponder, the transmitters at opposite terminals fire asynchronously (independently). The si-
gnal from the opposite terminal must be acquired autonomously via a search in both space and time. The spacecraft
transponder measures both the local transmitter time of fire and any received “photon events” (signal plus noise) on its
own time scale and transmits the information back to the Earth terminal via the spacecraft communications link. The
spacecraft range and spacecraft/Earth clock offsets are then computed from the combined data set. The asynchronous
approach works well on “long” links (e.g., interplanetary) even when the single shot probability of detection is rela-
tively small [Degnan, 2002].

The one-way transponder assumes excellent synchronization between the ground-based and spaceborne clocks [Chris-
tophe et al, 2009]. To do one cm accuracy ranging, clock synchronization (t, -t ) must be within 33 psec.

An early demonstration of the accuracy with which time transfer could be accomplished via laser was an airborne ex-
periment conducted by Professor Carroll Alley and his students at the University of Maryland. Two sets of synchronized
atomic clocks were placed in a ground-based trailer and an aircraft. The trailer contained a 100 psec laser transmitter
firing at 30 pps which continuously tracked the aircraft for16 hours as it followed an oval “racetrack” pattern. Aretrore-
flector on the side of the aircraft provided a stop pulse to the ground receiver while an onboard detector measured the
time of arrival in the time frame of the airborne clocks. In the absence of relativistic effects associated with the lower
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gravity field and the aircraft velocity on the airborne clock rate, the two sets of clocks would remain synchronized,
but the clocks were observed to drift at a rate of roughly 3 nsec per hour of flight in good agreement with Einstein’s
predictions (see Figure 2).
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Figure 2: University of Maryland Atomic Clock Experiment (a) Minkowski Space-Time diagram is similar to
that of an echo transponder with zero delay; (b) Cumulative time offset between the airborne and ground-
based clocks was roughly 3 nsec per hour of flight.

2. Transponder experiments to date

All of the early attempts to establish two-way laser transponder links were made by the 1.2 meter telescope facility at
NASA Goddard Space Flight Center (GSFC) to interplanetary satellites carrying onboard laser altimeters, consisting of
both laser transmitter and a ranging receiver. Since the altimeters all used the fundamental Nd:YAG wavelength of
1064 nm rather than the 532 nm second harmonic wavelength favored by the SLR community, the experiments were
necessarily carried out in the Near InfraRed (NIR).

The first attempt, conducted in December 1997 to the Mars Orbiter Laser Altimeter (MOLA-2) on the NASA Mars Global
Surveyor (MGS) spacecraft at a distance of 10 million km, was unsuccessful due to exceptionally cloudy skies at GSFC. A
second attempt, made one month later in January 1998 to the Johns Hopkins University Applied Physics Lab (JHU/APL)
Near Earth Asteroid Rendezvous (NEAR) spacecraft at a distance of 5 million km, was also foiled by heavy cloud cover
during the period allocated to the experiment. Later that year, Mission Managers at the Jet Propulsion Laboratory ag-
reed to a second MOLA transponder experiment while MGS was still enroute to Mars. However, the distance to the
spacecraftduring the experiment period would be roughly 100 million km, and, while the Earth transmitter divergence
was narrow enough to establish the uplink to MOLA, the GSFC 1.2 meter telescope was deemed to have insufficient
aperture for a successful downlink given the wider divergence of the MOLA transmitter. Therefore, the GSFC team ar-
ranged to use the 3.5 m telescope at the US Air Force (USAF) Starfire Facility for the experiment. After integrating their
SLR hardware into Starfire and successfully tracking a variety of artificial satellites, the team was ready to make its se-
cond MOLA attempt. Unfortunately, on the weekend prior to the official start of the second transponder experiment,
the MGS spacecraft experienced technical difficultiesand was placed in “Safe Mode” for several months just prior to its
arrival at Mars to begin its primary mapping mission.

Finally, in late May-early June of 2005, successful two-way experiments, between GSFC and the Mercury Laser Altime-
ter (MLA) on the NASA Messenger spacecraft, were carried out over a distance of 24 million km [Sun et al, 2005; Smith
etal,2006]. GSFC analysts were able to use the data to compute the actual spacecraft distance to within about 20 cm,
or about one part in 100 billion. Three months later, in September 2005, approximately 500 GSFC laser pulses were
successfully detected by MOLA-2 at a distance of 80 million km. Although MOLA-2 was still in Mars orbit, its laser was
no longer operational and is topographic mapping mission was terminated. For a more detailed history of these early
attempts, the reader is referred to the following articles [Zuber, 2006; Degnan, 2007].

Messenger and MOLA were experiments of opportunity rather than design. Since the available spacecraft had no abili-
ty to lock onto the opposite terminal or even the Earth image, the spaceborne lasers and receiver FOV’s were scanned
across the Earth terminal, providing only a few seconds of mutual observation and data. Detection thresholds were
also relatively high due to the choice of wavelength (1064 nm) and analog detectors, and range precision was limited
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to decimeters by the long altimeter laser pulsewidths (~6 nsec) and comparable receiver bandwidths. Nevertheless,
these early experiments clearly demonstrated the near term feasibility of precise interplanetary laser ranging and time
transfer using transponders.

The first truly operational use of the one-way transponder technique has been carried out by a subset of ILRS stations
to the Lunar Orbiter Laser Altimeter (LOLA) on the NASA Lunar Reconnaissance Orbiter (LRO) spacecraft, orbiting the
Moon since 2009 at a distance of 385,000 km [McGarry et al, 2011].

3. Some transponder applications

Potential transponder applications include [Degnan, 2007]:
. Solar System Science
- Solar and Planetary Physics: gravity field, internal mass distribution and rotation
- Few mm accuracy lunar ephemerides and librations

* Improvesranging accuracy and temporal sampling over current lunar laser ranging (LLR) operations
to Apollo retroreflectors on the Moon with small, low energy, ground stations

- Decimeter or better accuracy planetary ephemerides
- Mass distribution within the asteroid belt
. General Relativity

- Provides more accurate (2 to 3 orders of magnitude) tests of relativity and constraints on its metrics
than LLR or microwave radar ranging to the planets, e.g.

* Precession of Mercury’s perihelion
 Constraints on the magnitude of G-dot (1x10™ from LLR)
» Gravitational and velocity effects on spacecraft clocks
* Shapiro Time Delay
. Lunar and Planetary Mission Operations
- Decimeter or better accuracy spacecraft ranging
- Calibration/validation/backup for DSN microwave tracking

- Subnanosecond transfer of GPS time to interplanetary spacecraft forimproved synchronization of
Earth/spacecraft operations

- Transponder can serve as independent self-locking beacon for collocated laser communications sys-
tems

In recent years, there have been a number of fundamental physics flight mission studies submitted NASA [Turyshev et
al,2010], ESA (GETEMMEE and SAGAS), and the Chinese Academy of Science [Ni, 2007].
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Figure 3: The upper and lower red curves bound the Earth-planetary distance (1AU ~150 million km) while

the upper and lower blue curves bound the equivalent transponder range at satellite elevations of 20 and
90 degrees respectively. From [Degnan, 2007].

4. Summary

The ability of laser transponders to simultaneously measure range, transfer time between distant clocks, and indirectly
monitor the local gravity field at the spacecraft via the relativistic gravity effect on atomic clock rates make it a useful
tool forfundamental physics studies within the Solar System [Degnan, 2007; Christoph et al, 2009, Turyshev et al, 2010].
The successful experiments to the Messenger and MGS spacecraft clearly demonstrate that the space-qualified tech-
nology for decimeter accuracy interplanetary laser transponders is already available. The physical size, weight, and
ranging/timing accuracy of future interplanetary transponder terminals will clearly benefit from current SLR photon-
counting technologies, including:

- Multi-kHz, low energy, ultrashort pulse lasers (10 to 300 psec)
- Single photon sensitivity, picosecond resolution, photon-counting detectors and receivers

- Automated transmitter point ahead and receiver pointing correction s as currently being demonstrated in
NASA’s NGSLR system.

Furthermore, it has been shown that interplanetary transponder and laser communications links up to 100AU (through
the Earth’s atmosphere) can be inexpensively simulated and tested, prior to actual initiation of a flight mission, using
existing retroreflector arrays on Earth-orbiting satellites and the Moon [Degnan, 2007]. From the horizontal dashed
lines in Figure 3, for example, we see that tracking GPS at 90° elevation is equivalent to a worst case Mars experiment
on the far side of the Sun (2.5 AU) while tracking GPS at 20° elevation is equivalent to a best case Jupiter experiment at
PCA (4.5AU). The Apollo15 reflector on the lunar surface can be used to simulate transponder/lasercom experiments at
100 AU, i.e., beyond Pluto (40 AU) and the outer limits of the Kuiper Belt (~55 AU).
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The First ILRS Laser Transponder Mission:
Laser Ranging to NASA’s Lunar
Reconnaissance Orbiter

Jan McGarry', Christopher Clarke?, Julie Horvath? Dandan Mao®, Mark Torrence*

ABSTRACT

Since thelaunchinJune2009 of LRO, Laser Ranging (LR) to LRO has been a huge success, accumulating over 1000 hours
of one-way laser ranging data. The participation of the global community of stations has been a very large part of that
success. Ten stations around the world contribute to the ranging data, including NASA's Next Generation Satellite Laser
Ranging (NGSLR) system, McDonald Laser Ranging System, many of the NASA MOBLAS systems, and four European sta-
tions. A brief overview of the LRO-LR technique will be followed by a summary of the results to date.

1. Background

LRO-LRis the first mission for the ILRS whose primary laser tracking method is transponder ranging. LRO-LR is a one-way
(uplink only) ranging technique where the Earth laser station measures the fire times of its outgoing laser pulses and
the Lunar Orbiter Laser Altimeter (LOLA), one of the instruments onboard LRO, measures the receive times [1] [2]. The
range gate for the Earth received pulses in LOLA’s detector #1 is called the Earth Window. During this window the de-
tectoris gated on to receive Earth events. LOLA performs signal processing on the received Earth events and provides
the signal processing results to the ground via its housekeeping packets.

These housekeeping packets are routed through the LRO Mission Operations Center (MOC) to the LOLA Science Ope-
rations Center (SOC) where the relevant data is extracted and put into a real-time website which is displayed from the
Crustal Dynamics Data Information System (CDDIS) server. This real-time LRO-LR website provides feedback to all par-
ticipating stations while they are ranging to LRO. Unlike two-way ranging where the laser light returns to the station
and provides the feedback, this website is the only feedback that the stations have while they are ranging to LRO. The
latency of the website is nominally 10 to 20 seconds, but has been observed to be as long as several minutes.

2. Participating Stations

There are ten stations supporting laser ranging to LRO. These stations are shown in Table 1along with their first success-
ful ranges and their system characteristics.

An initial Call for Participation to ILRS stations was issued in 2008. The requirements on the ground stations includes
laser energy density at the spacecraft (1to 10 femtoloules per sq.cm), wavelength (532.2 +/- 0.15 nm), number of pulses
persecond (no more than 28 Hz fire rate), fire timing resolution (100 picosecond), and the ability of the station software
to use the ILRS Go/NoGo flag. The Call for Participation can be found on the LRO-LR website [3].

Written agreements were made with each of the stations. Included in the Agreements were the above system requi-
rements, the need to maintain the security of the predictions, and the requirement to range to LRO only when sche-
duled.

Fire datais sentin from all stationsin the Consolidated Ranging Data (CRD) format[4]. The files sentin from the stations
have the file extension FRF for fire only data. NASA systems (NGSLR and MOBLAS) also send in their data in a NASA Inter-
nal Transponder Data Format (iTDF).

"NASA Goddard Space Flight Center
2Honeywell Technology Systems Incorporated
3 Sigma Space Corporation

4Stinger Ghaffarian Technologies
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....... e o
NGSLR Maryland, Waser (18- 30-Jun-2000  Operational |
us 0ct-2010) 1
MLRS. McDonald | Texas.US No 10 2W4 1010 Cesium 02-Jul-2008  Operational
MOBLAS-7 Maryland, No 10 204 103 Maser (18- 02-Jul-2009  Operational |
Greenbell us 0et-2010) |
Herstmonceux Great Yes 14 14 ito3 Maser 13-Jul-2009  Operational
Britain (13-May-
2010)
Zimmerwald Switzeriand Yes 14 14 103 Ovenized 20-Jul-2009  Operational
crystal
osdillator |
Wettzell Germany No 4 7 110 Cesium 30-0ct-2009  Operational
MOBLAS-§ South No 10 24 103 Maser 05-Dec-2008  Operational
Harebeesthoek Africa |
MOBLAS-5 Australia L] 10 2104 103 Maser 25-Jan-2010  Operational
Yamagadee (14-May-
2010)
MOBLAS4, California, o 10 24 103 GPS 03-Feb-2010  Operational
Monument Peak us steered
Rubidum
GrasseMEO France Mo 10 2t0d 1to 10 Cesium 18-May-2010  Operational

Table 1: Participating ILRS stations and their characteristics

Four of the participating stations are NASA MOBLAS systems. These systems were modified to permit ranging to LRO. A
new Windows computer with a Guidetech timing card (model GT658) was added to each system to provide the preci-
sion needed for the fires, and the systems were all modified to fire their laser at 10 Hz.

Some of the participating ground stations control their laser fires to ensure the pulses arrive when the LOLA Earth Win-
dow is open. These systems are referred to as synchronous ranging stations. NGSLR, Herstmonceux and Zimmerwald
are all synchronous stations. All other systems are asynchronous. The MOBLAS systems and Grasse all fire at 10 Hz. MLRS
fires at approximately 10 Hz. Systems that fire at 10 Hz get two pulses per second into the LOLA Earth Window most of
the time, and occasionally they will get four pulses per second into the Window. Wettzell fires at 7 Hz and they tune
their fire frequency to match the range-rate.

3. Laser Ranging Results

As of this Workshop there were over 1000 hours of Laser Ranging data collected from all of the stations. NGSLR has over
45% of the global data collected since launch, with Yarragadee at 18%, Monument Peak at 15%, and MLRS at 13%. The
global data rate appears to be increasing as shown in the plot of Figure 1.

In the early months after launch only a single station was scheduled to range to LRO at any time. This was to give the
stations some experience in using the real-time LRO-LR website for feedback. Simultaneous ranging to LRO by two or
more stations allows comparison of station ranging and biases. Three-way simultaneous ranging can potentially pro-
vide a geometric solution of the spacecraft location. Simultaneous ranging opportunities are now scheduled for all
NGSLR, MLRS, MOBLAS-7 (Greenbelt), and MOBLAS-4 (Monument Peak) passes. In addition Grasse and Zimmerwald are
also always scheduled for simultaneous ranging opportunities. More stations will be simultaneously scheduled in the
near future.

The first successful ranging to LRO was done by NGSLR on June 30, 2009. The first successful three-way simultaneous
ranging was performed on November 1, 2010 by NGSLR, MLRS and Monument Peak. There have been many two and
three-way simultaneous passes to LRO over the last 2 years and one successful four-way simultaneous pass as of this
Workshop (NGSLR, MOBLAS-7, MLRS and Monument Peak).

Analysis of the LR data is reported in D. Mao’s paper in this Proceedings[5].
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Figure 1: Plot of LR data from launch (June 2009) to present

4. Summary

With LRO-LR entering year 3 of successful operations, one-way (uplink only) laser transponders have now been proven
to work operationally. Thanks to the support of the ILRS and the participating stations, over 1000 hours of LR data has
been collected and used to determine spacecraft time to UTC, and will be used to provide more precise orbits. In ad-
dition time transfer between ground stations using LRO will be attempted later in 2011, initially between Wettzell and
NGSLR.

LRO will move from its current Mission Mapping circular orbit of 50 km to an elliptical 30 km x 200 km orbit late in 2011.
LRO-LR is expected to continue through 2012.

For details, pictures, and the latest information please see: http://Irolr.gsfc.nasa.gov

Acknowledgments

The authors would like to express their thanks to the LOLA and LRO-LR Principle Investigators, David E. Smith and Maria
T. Zuber (Massachusetts Institute of Technology), as well as to Instrument Scientist, Xiaoli Sun (NASA Goddard), and to
Co-Investigator Gregory Neumann (NASA Goddard).

References

1- Zuber, M.T., D.E. Smith, R.S. Zellar, G.A. Neumann, X. Sun, J. Connelly, A. Matuszeski, J.F. McGarry, et al,2009: The Lunar
Reconnaissance Orbiter Laser Ranging Investigation, Volume 150, Numbers 1-4, January.

2- McGarry, J., R. Zellar, G. Neumann, C Noll, M. Torrence, J. Horvath, C. Clarke, R. Ricklefs, M. Pearlman, A. Mallama,
2008: Laser Ranging to the Lunar Reconnaissance Orbiter: a Global Network Effort, “Proceedings of the 16th Internati-
onal Workshop on Laser Ranging,” October 13-17, Poznan, Poland.

3- http:/[Irolr.gsfc.nasa.gov/docs/Call_for_Participation.pdf
4- http:/[ilrs.gsfc.nasa.gov/products_formats_procedures/crd.html

5- Mao, Dandan, David D. Rowlands, Jan F. McGarry, Maria T. Zuber, David E. Smith, Mark H. Torrence, Gregory A. Neu-
mann, Erwan M. Mazarico,James Golder, Xiaoli Sun, Thomas W. Zagwodzki, John F. Cavanaugh, 2011: Laser Ranging Expe-
riment on Lunar Reconnaissance Orbiter: Timing Determination and Orbit Constraints, This Proceedings.

206



Correspondence

Jan McGarry

NASA Goddard Space Flight Center
Code 694

Greenbelt, Maryland 20771

USA

Jan.McGarry@nasa.gov

207



Laser Ranging Experiment on Lunar Reconnaissance
Orbiter: Timing Determination and
Orbit Constraints

Dandan Mao, Jan McGarry, Mark Torrence, Gregory Neumann, Erwan Mazarico, Michael Barker, Xiaoli Sun,
David Rowlands, James Golder, Thomas Zagwodzki, John Cavanaugh, Maria Zuber, David Smith

ABSTRACT

Accurate ranges from Earth to the Lunar Reconnaissance Orbiter (LRO) spacecraft Laser Ranging (LR) system supple-
ment the precision orbit determination (POD) of LRO. LRO is tracked by ten LR stations from the International Laser
Ranging Service (ILRS), using H-maser, GPS-steered Rb, and Cs oscillators as reference clocks. The LR system routinely
makes one-way range measurements via laser time-of-flight from Earth to LRO. Uplink laser pulses are received by a
telescope mounted on the high-gain antenna of LRO, transferred through a fiber optic cable to a Lunar Orbiter Laser Al-
timeter (LOLA) detector, and time-tagged with respect to the spacecraft clock. The range from the LR Earth stations to
LRO is derived from paired outgoing and receive times. Accurate ranges can only be obtained after solving for both the
spacecraft and ground station clock errors and removing temperature effects. The drift rate and aging rate of the LRO
clock are calculated from data provided by the primary LR station, NASA's Next-Generation Satellite Laser Ranging Sys-
tem (NGSLR) in Greenbelt, Maryland. The results confirm the LRO clock oscillator mid- to long- term stability measured
during ground testing. These rates also agree well with those determined through POD. Ten-cm level LR observations
are used in the POD procedure to form strong orbit constraints. We have processed the entire LRO mission with the
radiometric and LR data, and estimated the impact of the LR data on the orbit reconstruction and accuracy. The orbit
residual fits of the LR data over 14 days are less than 10 meters, nominally smaller than the 15-meter residuals of the S-
band data. The difference between the orbit results determined with and without LR contribution is up to 10 meters.

1. Introduction

The laser ranging (LR) system has been set up to track the Lunar Reconnaissance Orbiter (LRO) (Chin, G., et al., 2007) in
order to supplement the precision orbit determination (Zuber, M., et al., 2010) since June, 2009. The system includes
two primary components: a flight system and ground system. The ground system consists of 10 participating Earth-
based satellite laser ranging (SLR) stations, which regularly transmit laser pulses to LRO. These laser pulses give one-
way time-of-flight measurements of the range between the ground station and LRO in orbit around the Moon. The
flight system includes a telescope attached to the LRO high-gain antenna (HGA), which receives the laser pulses and
sends them to the detector on the Lunar Orbiter Laser Altimeter (LOLA) instrument (Smith, D.E., et al., 2009) through
a fiber optic cable bundle. The LOLA timing electronics then time-tag the pulse for later processing. These time-tags
are synchronized with the LRO Mission Elapsed Time (MET), based on an oven-controlled quartz ultra-stable oscillator
(USO) which is stable to several nano-seconds per hour. The USO and the accurate ground station clocks collectively
enable the LR to achieve sub-meter level measurements. The precision of LOLA time stamps is about 0.5 nsin standard
deviation depending on receive pulse width and energy, which is equivalent to 15 cm precision of one-way ranging
measurement. To obtain the one-way range, ground station laser transmitted times are paired with corresponding
LOLA receive times using predicted one-way time-of-flight in the consolidated prediction format (CPF) if the predicted
receive time and the LOLA time stamp differ by less than 200 ns.

Detailed laser properties of all ten participating SLR stations are listed in McGarry, J., et al. (2011). The nominal precision
of received pulses from the primary ground station, NASA's Next-Generation Satellite Laser Ranging System (NGSLR), is
about 15 cm root mean square (RMS), and 10 cm to 30 cm for other stations. Analysis figures for all SLR stations can be
found in McGarry, J., et al. (2011b). In the current precision analysis, a range walk correction based on the NGSLR pulse
shape has been applied to the LOLA receive times for all ground stations. The laser properties, such as the energy, th