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In this study, we present results of precise orbital geodetic parameter estimation using satellite laser ranging (SLR) 

observations for the International Laser Ranging Service (ILRS) associate analysis center (AAC). Using normal point 

observations of LAGEOS-1, LAGEOS-2, ETALON-1, and ETALON-2 in SLR consolidated laser ranging data format, the NASA/

GSFC GEODYN II and SOLVE software programs were utilized for precise orbit determination (POD) and finding solutions 

of a terrestrial reference frame (TRF) and Earth orientation parameters (EOPs). For POD, a weekly-based orbit determination 

strategy was employed to process SLR observations taken from 20 weeks in 2013. For solutions of TRF and EOPs, loosely 

constrained scheme was used to integrate POD results of four geodetic SLR satellites. The coordinates of 11 ILRS core sites 

were determined and daily polar motion and polar motion rates were estimated. The root mean square (RMS) value of 

post-fit residuals was used for orbit quality assessment, and both the stability of TRF and the precision of EOPs by external 

comparison were analyzed for verification of our solutions. Results of post-fit residuals show that the RMS of the orbits of 

LAGEOS-1 and LAGEOS-2 are 1.20 and 1.12 cm, and those of ETALON-1 and ETALON-2 are 1.02 and 1.11 cm, respectively. 

The stability analysis of TRF shows that the mean value of 3D stability of the coordinates of 11 ILRS core sites is 7.0 mm. An 

external comparison, with respect to International Earth rotation and Reference systems Service (IERS) 08 C04 results, shows 

that standard deviations of polar motion XP and YP are 0.754 milliarcseconds (mas) and 0.576 mas, respectively. Our results of 

precise orbital and geodetic parameter estimation are reasonable and help advance research at ILRS AAC.

Keywords: precise orbit determination, terrestrial reference frame, Earth orientation parameters, satellite laser ranging, 
GEODYN II, LAGEOS, ETALON, international laser ranging service associate analysis center

1. INTRODUCTION

The International Laser Ranging Service (ILRS) manages 

satellite laser ranging (SLR) and lunar laser ranging (LLR) 

data and their operations (Pearlman et al. 2002). The 

ILRS has been supporting research related to SLR/LLR 

observations, including satellite orbits, geodesy, geophysics, 

and lunar science. The ILRS consists of operation centers, 

global data centers, a regional data center, analysis centers 

(ACs), lunar analysis centers, associate analysis centers 

(AACs), and some working groups. A central bureau and 

governing board also manage activities of the ILRS. Products 

of the ILRS are largely categorized into precise orbit 

ephemerides (POEs), geocentric coordinates and motions of 

stations, and Earth orientation parameters (EOPs). Among 

the ILRS components, AC and AAC produce scientific 

results and analysis by processing SLR tracking data. The AC 

makes the ILRS products of EOPs and station coordinates 

on a weekly or sub-weekly basis. The SLR data processing 

of global LAGEOS-1 and LAGEOS-2 observations should be 

included in their orbit solution. The AAC produces satellite 

orbit predictions, time biases, POEs, station positions, 
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Table 2.	 ILRS associate analysis centers (AAC) (http://ilrs.gsfc.nasa.gov/science/analysisCenters/).
AAC Nationality

Analysis Center GRAZ
Center for Orbit Determination in Europe (CODE) 
Central Laboratory for Geodesy
Delft Institute for Earth Oriented Space Research (DEOS) 
Forsvarets ForskningsInstitutt (FFI) 
Hitotsubashi University
Institute of Applied Astronomy
Institute of Astronomy
Institute of Metrology for Time and Space (IMVP) 
Main Astronomical Observatory of the
National Academy of Sciences of Ukraine (GAOUA) 
Newcastle University
Pulkovo EOP and Reference Systems Analysis Center (PERSAC)
Russian Mission Control Centre 
Shanghai
Tsukuba Space Center/JAXA
University of Texas, Austin

Austria
Switzerland
Bulgaria
The Netherlands
Norway
Japan
Russia
Russia
Russia
Ukraine

United Kingdom
Russia
Russia
China
Japan
USA

and velocities at irregular intervals. For July 2013, the ILRS 

operates 8 ACs and 16 AACs as shown in Tables 1 and 2 

(http://ilrs.gsfc.nasa.gov/science/analysisCenters/).

The precise orbital and geodetic parameters estimation 

is the most fundamental procedure of an AC or AAC. In 

particular, the primary source for AC and AAC products are 

the results of POD and solutions of a terrestrial reference 

frame (TRF) and EOPs using SLR observations from SLR-

dedicated geodetic satellites such as LAGEOS-1, LAGEOS-2, 

ETALON-1, and ETALON-2. Therefore, an organization 

that is trying to operate an AC or AAC must generate the 

results of POD and solutions of a TRF and EOPs using 

SLR observations from SLR-dedicated geodetic satellites. 

In Korea, the accurate ranging system for geodetic 

observation mobile (ARGO-M) of the Korea Astronomy 

and Space Science Institute (KASI) has been developed 

(Jo et al. 2011, Park et al. 2012). A preliminary study on 

SLR data processing, at a level suitable for ILRS AAC, was 

performed by POD of LAGEOS-1, LAGEOS-2, ETALON-1, 

and ETALON-2 using SLR observations (Kim et al. 2012). 

To secure the SLR data processing technology, at a level for 

ILRS AAC, it is necessary to obtain solutions of a TRF and 

EOPs for SLR-dedicated geodetic satellites.

In this study, as research for preparing an ILRS AAC, 

we performed precise orbital and geodetic parameter 

estimation using SLR observations. We analyzed POD 

results and solutions of a TRF and EOPs for LAGEOS-1, 

LAGEOS-2, ETALON-1, and ETALON-2, the representative 

SLR-dedicated geodetic satellites. The GEODYN II and 

SOLVE software programs developed by NASA/GSFC were 

used for precise orbital and geodetic parameter estimation 

(Pavlis et al. 1998, Ullman 2010). Normal point (NP) data 

from ILRS stations in consolidated laser ranging data format 

(CRD) were used for measurements. To verify our orbit 

solutions, we first analyzed the POD results of LAGEOS-1, 

LAGEOS-2, ETALON-1, and ETALON-2 by post-fit residuals. 

Next, we performed a precision analysis of our solutions 

by applying both a stability analysis of TRF and an external 

comparison of EOPs with solution, EOP 08 C04 (http://

hpiers.obspm.fr/eop-pc/) by International Earth rotation 

and Reference systems Service (IERS).

2. PRECISE ORBIT DETERMINATION

2.1 Satellites for Geodetic Missions

In July 2013, 40 SLR satellites are carrying out their 

Table 1.	� ILRS analysis centers (AC) (http://ilrs.gsfc.nasa.gov/science/analysisCenters/).

AC Nationality

Bundesamt für Kartographie und Geodäesie (BKG)
Deutsches Geodätisches Forschungsinstitut (DGFI)
ESA/ESOC
Groupe de Recherche en Géodésie Spatiale (GRGS)
Helmholtz Centre Potsdam German Research Centre for Geosciences (GFZ),
Italian Space Agency, Centro de Geodasia Spaziale "G. Colombo" (ASI/CGS)
Joint Center for Earth System Technology/Goddard Space Flight Center (JCET/GSFC)
NERC Space Geodesy Facility (NSGF) formerly RGO Satellite Laser Ranging Group 

Germany
Germany
Germany
France
Germany
Italy
USA
United Kingdom
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missions, excluding the LLR-related satellites (http://

ilrs.gsfc.nasa.gov/satellite_missions/current_missions/). 

Among SLR satellites, LAGEOS-1, LAGEOS-2, ETALON-1, 

and ETALON-2 are the most representative geodetic 

satellites. These satellites have been playing a key role in 

studies on geodynamics, geodesy, and satellite orbital 

motion, and in related research areas. Information about 

each satellite is presented in Table 3 (http://ilrs.gsfc.nasa.

gov/satellite_missions). As seen in the table, because 

LAGEOS-1, LAGEOS-2, ETALON-1, and ETALON-2 have 

spherical shapes, a perturbation model of solar radiation 

pressure, for example, can be simplified. As these satellites 

occupy altitudes greater than 5,000 km, the air drag effect 

is weak. Recently, the precisions of post-fit residuals of 

LAGEOS-1 and LAGEOS-2 are as small as 1 cm (Sośnica 

et al. 2012). A precise modeling of perturbations and the 

precisions of estimation results are key points of geodetic 

parameter estimation problems. Thus,  L AGEOS-1, 

LAGEOS-2, ETALON-1, and ETALON-2 are, arguably, the 

best tools for verifying the results of precise orbital and 

geodetic parameter estimation.

2.2 POD strategies

POD finds the state vector of an orbiting satellite at a 

specific time by using satellite tracking measurements 

and an estimation theory (Noomen 2001). In SLR data 

processing, POD is the essential procedure for geodetic 

parameter estimation. In this study, weekly-based POD was 

performed by the NASA/GSFC GEODYN II software using 

SLR CRD NP data of LAGEOS-1, LAGEOS-2, ETALON-1, 

and ETALON-2. SLR CRD NP data were obtained from 

an ftp server (ftp://cddis.gsfc.nasa.gov/pub/slr/data) by 

the crustal dynamics data information system (CDDIS) at 

NASA (Noll 2010). SLR observations from 24 ILRS stations, 

which were collected for 20 weeks from 7 January to 20 

May, 2013, were used. Information about the ILRS stations 

and SLR NP observations for POD is displayed in Table 4. 

The NP number of LAGEOS is generally larger than that of 

ETALON, since the NP bin size of LAGEOS is shorter than 

that of ETALON. The NP bin size of LAGEOS is 120 s while 

that of ETALON is 300 s. In Table 4, σ is the observation-

weighting sigma value of a station for GEODYN II input 

cards of POD. If σ>1 for a station, then the NPs of that 

station are underweighted by as much as the σ-value in the 

POD process. Therefore, ILRS stations for which 
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the crustal dynamics data information system (CDDIS) at NASA (Noll 2010). SLR observations from 24 
ILRS stations, which were collected for 20 weeks from January 7 to May 20, 2013, were used. Information 
about the ILRS stations and SLR NP observations for POD is displayed in Table 4. The NP number of 
LAGEOS is generally larger than that of ETALON, since the NP bin size of LAGEOS is shorter than that of 
ETALON. The NP bin size of LAGEOS is 120 s while that of ETALON is 300 s. In Table 4,  is the 
observation-weighting sigma value of a station for GEODYN II input cards of POD. If  > 1 for a station, 
then the NPs of that station are underweighted by as much as the -value in the POD process. Therefore, 
ILRS stations for which 1s =  can be regarded as stations with a good tracking performance. 

Table 5 summarizes the model information of GEODYN II. The GRACE gravity model (GGM02C) 
for Earth gravity field modeling (Tapley et al. 2005) was used. The dimensions of the gravity field are 
limited to 30 because there is no difference between LAGEOS orbits using a degree of the gravity field 
above 30 (Sośnica et al. 2012). For the planetary ephemeris of the Sun, the Moon, or the planets in the solar 
system, the Jet Propulsion Laboratory (JPL) DE-1403 that is derived from DE-403 was used (Standish et al. 
1995). For atmospheric density modeling, the Jacchia model was applied (Jacchia 1971). The ITRF2005 
SLR rescaled coordinates (Altamimi et al. 2007) and the IAU2000 model (Mathews et al. 2002) were used 
for station coordinates and the precession- and nutation-related values, respectively. The Mendes-Pavlis 
model (Mendes et al. 2002, Mendes & Pavlis 2004) was used for tropospheric delay modeling, and the IERS 
Conventions 2003 (McCarthy & Petit 2004) and GOT00.2 (Ray 1999) were applied to account for Earth and 
ocean tides, respectively. The solar radiation pressure coefficient, , was set to a prior value of 1.13. For 
numerical integration, the 11th Cowell’s method was used with a step size of 150 s for LAGEOS and 300 s 
for ETALON, respectively. A least-square batch filter was applied for parameter estimation, and a 3.5 sigma-
data editing strategy was used for bad-data rejection. 

 
2.3 Orbit quality assessment 

 
For orbit quality assessment of SLR-dedicated geodetic satellites such as LAGEOS and ETALON, the 

root mean square (RMS) value of post-fit residuals is commonly used. In this study, the POD results of 
LAGEOS-1, LAGEOS-2, ETALON-1, and ETALON-2 were analyzed by a post-fit residuals check. The total 
numbers of NP observations for 20 weeks were 25,287 and 23,484 for LAGEOS-1 and LAGEOS-2, and 
2,731 and 2,379 for ETALON-1 and ETALON-2, respectively. After data editing, the numbers of NP 
observations used for POD processing decreased to 22,845 and 21,519 for LAGEOS-1 and LAGEOS-2 and 
to 2,504 and 2,200 for ETALON-1 and ETALON-2, respectively. Table 6 shows information about each 
weekly arc and the RMS values of post-fit residuals of each satellite. The mean RMS values of LAGEOS-1 
and LAGEOS-2 are 1.20 cm and 1.12 cm, respectively. Fig. 1 shows the RMS values of post-fit residuals for 
LAGEOS-1 and LAGEOS-2 at each weekly arc. The values of x-axis indicate the first day of each arc. The 
mean RMS values of ETALON-1 and ETALON-2 are 1.02 cm and 1.11 cm, respectively. Fig. 2 shows the 
RMS values of post-fit residuals for ETALON-1 and ETALON-2 at each weekly arc. The post-fit residual is 
the final difference between the observed range and the computed range of the satellite after convergence. 
Therefore, it shows how well the determined orbit fits the measurements. The results of post-fit residuals 
indicate that the precisions of POD results, in this study, are at a 1-cm level. To achieve 1-cm level precision, 
various geodetic parameters including satellite position and velocity, station coordinates, modeling 
coefficients of perturbations, and related values must be estimated very precisely. Moreover, the choice of the 
data editing and observation weighting of each station is a critical factor to obtain 1-cm level orbits. In this 
study, all these factors are considered carefully, and precise orbits of 1-cm level precision were finally 
obtained. In particular, the generation of cm-level orbits of LAGEOS-1 and LAGEOS-2 is an essential part 
of ILRS AC data processing. Kim et al. (2012) summarized previous orbit precisions of LAGEOS and 
showed that the quality of LAGEOS orbits can reach a 1-cm level. Recently, the precision of LAGEOS orbits 
has improved to be less than 1 cm (Sośnica et al. 2012). Therefore, in this study, the precision of POD results 

 can be 

regarded as stations with a good tracking performance.

Table 5 summarizes the model information of GEODYN 

II. The GRACE gravity model (GGM02C) for Earth gravity 

field modeling (Tapley et al. 2005) was used. The dimensions 

of the gravity field are limited to 30 because there is no 

difference between LAGEOS orbits using a degree of the 

gravity field above 30 (Sośnica et al. 2012). For the planetary 

ephemeris of the Sun, the Moon, or the planets in the solar 

system, the Jet Propulsion Laboratory (JPL) DE-1403 that 

is derived from DE-403 was used (Standish et al. 1995). 

Table 3.	Satellites of geodetic missions 
(http://ilrs.gsfc.nasa.gov/missions/satellite_missions).

LAGEOS-1 LAGEOS-2 ETALON-1 ETALON-2

Nationality USA & Italy Russia
Launch date May, 1976  October, 1992 January, 1989  May, 1989
Primary missions Geodesy Geodesy
LRA diameter (m) 0.60 1.29
LRA shape Sphere Circular
Orbit Circular Circular
Inclination (deg) 109.84 52.64 64.90 65.50
Eccentricity 0.0045  0.0135 0.0061 0.00066
Height of perigee (km) 5,860 5,620 19,120
Period (min) 225 223 676 675
Weight (kg) 407 405 1415

LRA: laser retro-reflector array.

Table 4.	� Information about ILRS stations and SLR normal points for precise orbit determination.

Monument Location σ
Number of NP

Monument Location σ
Number of NP

L1 L2 E1 E2 L1 L2 E1 E2

1868
1873
1879
1884
1893
7080
7090
7105
7110
7119
7124
7237
7249
7308

Komsomolsk
Simeiz
Altay
Riga
Katzively
McDonald Observatory
Yarragadee
Greenbelt
Monument Peak
Haleakaia
Tahiti
Changchun
Beijing
Koganei

10
10
10
1

10
1
1
1
1

10
1
4
4

10

122
203
220
22

260
806

4,343
1,909
1,471
594
273

1,198
161
70

132
219
205
30

224
1,070
4,050
1,732
1,081
716
88

949
176
101

4
-

15
-
-

10
966
31
37
-
-

95
3
6

6
-

21
-
-

133
557
154
107

-
11

135
24
9

7403
7405
7406
7501
7810
7821
7824
7825
7839
7840
7841
7845
7941
8834

Arequipa
Concepcion
San Juan
Hartebeestgoek
Zimmerwald
Shanghai
San Fernando
Mt Stromlo
Graz
Herstmonceux
Potsdam
Grasse
Matera
Wettzell

10
10
10
1
1
1

10
1
1
1
1
1
1
1

353
383
864

1,269
1,794
190
48

1,558
760

1,262
987

1,330
2,134
823

98
344
630

1,050
1,620
195
31

1,598
689
986
930

1,454
2,071
565

-
-

205
232
267
13
-

48
138
24
48

102
456
150

-
-

111
143
330
13
-

18
141
91
15

147
208
195

σ: observation-weighting sigma for precise orbit determination.
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For atmospheric density modeling, the Jacchia model 

was applied (Jacchia 1971). The ITRF2005 SLR rescaled 

coordinates (Altamimi et al. 2007) and the IAU2000 model 

(Mathews et al. 2002) were used for station coordinates and 

the precession- and nutation-related values, respectively. 

The Mendes-Pavlis model (Mendes et al. 2002, Mendes 

& Pavlis 2004) was used for tropospheric delay modeling, 

and the IERS Conventions 2003 (McCarthy & Petit 2004) 

and GOT00.2 (Ray 1999) were applied to account for Earth 

and ocean tides, respectively. The solar radiation pressure 

coefficient, CR, was set to a prior value of 1.13. For numerical 

integration, the 11th Cowell’s method was used with a step 

size of 150 s for LAGEOS and 300 s for ETALON, respectively. 

A least-square batch filter was applied for parameter 

estimation, and a 3.5 sigma-data editing strategy was used 

for bad-data rejection.

2.3 Orbit quality assessment

For orbit quality assessment of SLR-dedicated geodetic 

satellites such as LAGEOS and ETALON, the root mean 

square (RMS) value of post-fit residuals is commonly used. 

In this study, the POD results of LAGEOS-1, LAGEOS-2, 

ETALON-1, and ETALON-2 were analyzed by a post-fit 

residuals check. The total numbers of NP observations 

for 20 weeks were 25,287 and 23,484 for LAGEOS-1 and 

L AGEOS-2, and 2,731 and 2,379 for ETALON-1 and 

ETALON-2, respectively. After data editing, the numbers 

of NP observations used for POD processing decreased to 

22,845 and 21,519 for LAGEOS-1 and LAGEOS-2 and to 

2,504 and 2,200 for ETALON-1 and ETALON-2, respectively. 

Table 6 shows information about each weekly arc and the 

RMS values of post-fit residuals of each satellite. The mean 

RMS values of LAGEOS-1 and LAGEOS-2 are 1.20 cm and 

1.12 cm, respectively. Fig. 1 shows the RMS values of post-

fit residuals for LAGEOS-1 and LAGEOS-2 at each weekly 

arc. The values of x-axis indicate the first day of each arc. 

The mean RMS values of ETALON-1 and ETALON-2 are 

1.02 cm and 1.11 cm, respectively. Fig. 2 shows the RMS 

values of post-fit residuals for ETALON-1 and ETALON-2 at 

each weekly arc. The post-fit residual is the final difference 

between the observed range and the computed range of 

the satellite after convergence. Therefore, it shows how well 

the determined orbit fits the measurements. The results 

of post-fit residuals indicate that the precisions of POD 

results, in this study, are at a 1-cm level. To achieve 1-cm 

level precision, various geodetic parameters including 

satellite position and velocity, station coordinates, modeling 

coefficients of perturbations, and related values must be 

estimated very precisely. Moreover, the choice of the data 

editing and observation weighting of each station is a 

critical factor to obtain 1-cm level orbits. In this study, all 

these factors are considered carefully, and precise orbits of 

1-cm level precision were finally obtained. In particular, the 

generation of cm-level orbits of LAGEOS-1 and LAGEOS-2 

is an essential part of ILRS AC data processing. Kim et al. 

(2012) summarized previous orbit precisions of LAGEOS 

and showed that the quality of LAGEOS orbits can reach 

a 1-cm level. Recently, the precision of LAGEOS orbits 

has improved to be less than 1 cm (Sośnica et al. 2012). 

Therefore, in this study, the precision of POD results is 

important for ILRS AAC.

3. SOLUTIONS OF TRF AND EOPS

Weekly-based solutions of TRF and EOPs are one 

Table 6.	 Information about arcs and results of post-fit residuals. 

Arcs Week (yymmdd)
LAGEOS-1
(cm, RMS)

LAGEOS-2
(cm, RMS)

ETALON-1
(cm, RMS)

ETALON-2
(cm, RMS)

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

Mean

130107 - 130113
130114 - 130120
130121 - 130127
130128 - 130203
130204 - 130210
130211 - 130217
130218 - 130224
130225 - 130303
130304 - 130310
130311 - 130317
130318 - 130324
130325 - 130331
130401 - 130407
130408 - 130414
130415 - 130421
130422 - 130428
130429 - 130505
130506 - 130512
130513 - 130519
130520 – 130526

0.98
1.22
0.91
1.08
0.92
1.15
1.15
1.38
1.26
1.37
1.02
1.42
1.10
1.31
1.19
1.44
1.39
1.39
1.08
1.22
1.20

0.95
0.96
0.84
0.99
0.84
1.23
1.04
1.35
1.23
1.14
1.03
1.00
1.11
1.07
1.05
1.20
1.33
1.23
1.53
1.27
1.12

1.41
0.88
0.68
0.84
0.67
1.21
1.04
1.68
1.17
0.92
0.91
0.43
0.84
0.64
1.00
1.20
1.65
0.92
1.31
1.04
1.02

1.53
1.01
0.61
1.04
0.94
0.85
1.04
1.24
1.36
0.88
1.41
1.19
1.14
1.05
1.14
0.97
1.01
1.46
1.36
1.06
1.11

RMS: root mean square.

Table 5.	Dynamic and measurement models for POD.

Model/Parameter Description References

Earth gravity
Planetary ephemeris
Atmospheric density
Station coordinates
Precession/nutation
Tropospheric refraction

Earth tide
Ocean tide
Solar radiation pressure
Numerical integration

Editing strategy

GGM02C 30X30
JPL DE-1403
Jacchia 1971
ITRF2005 SLR rescaled
IAU2000
Mendes-Pavlis model

IERS Conventions 2003
GOT00.2
CR coefficient 1.13
11th Cowell’s method
step size =150 s (LAGEOS)
                    = 300 s (ETALON)
3.5 sigma-editing

Tapley et al. (2005)
Standish et al. (1995)
Jacchia (1971)
Altamimi et al. (2007)
Mathews et al. (2002)
Mendes et al. (2002),
Mendes & Pavlis (2004) 
McCarthy & Petit (2004)
Ray (1999)

POD: precise orbit determination.
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of the main products of ILRS ACs. Strategies to obtain 

solutions of TRF and EOPs for this study and four ACs 

are summarized in Table 7. Details of the strategies for 

generating TRF and EOPs of each AC are summarized in a 

description of ACs in CDDIS (ftp://cddis.gsfc.nasa.gov/slr/

products/ac/) and the so-called pos+eop product of ACs in 

CDDIS (ftp://cddis.gsfc.nasa.gov.slr/products/pos+eop/). 

Most ACs of ILRS employ the POD results of LAGEOS-1, 

LAGEOS-2, ETALON-1, and ETALON-2 to generate a 

weekly solution of TRF and a daily solution of EOPs. Each 

AC uses different editing and constraint strategies for SLR 

data processing and a combination of POD results from 

each satellite, respectively. Constraints mean that prior 

values (standard deviation) of TRF and EOPs are restricted 

within proper values, which are based on a requirement 

for each space-geodetic technique. For SLR observations, 

ILRS recommends loosely constrained solution with a 

prior standard deviation on TRF and EOPs exceeding 1 m 

for consistency. Loosely constrained solution is based on 

the assumption that the uncertainty of a solution is large 

relative to a reference. The details of loosely constrained 

solutions are illustrated by Heflin et al. (1992), Blewitt (1998), 

Davies & Blewitt (2000), Bianco et al. (2003), and Coulot 

et al. (2010). For SLR-based solutions, loosely constrained 

approach is a standard strategy to combine solutions 

using various space-geodetic techniques (Altamimi et al. 

2007, 2011). In this study, we followed the strategy of AC 

and recommendations of ILRS to obtain solutions of TRF 

and EOPs using POD results of LAGEOS-1, LAGEOS-2, 

ETALON-1, and ETALON-2. Loosely constrained scheme 

with an a priori value (standard deviation) on both TRF and 

EOPs of 1 m was applied for solutions. 

The stabilities of each station coordinate were analyzed 

to verify our TRF solution (KASI-TRF-solution). Eleven ILRS 

core sites, which are ILRS stations with a long-term tracking 

history and a stable data quality and continuity (http://ilrs.

Fig. 1. The root mean square (RMS) values of post-fit residuals (LAGEOS-1, LAGEOS-2).

Fig. 2. The root mean square (RMS) values of post-fit residuals (ETALON-1, ETALON-2).

Table 7.	Strategies for solutions of TRF and EOPs. 

L1: LAGEOS-1, L2: LAGEOS-2, E1: ETALON-1, E2: ETALON-2, mas: milliarcseconds.

Satellite KASI ASI DGFI GFZ JCET

Software

Products

Satellites

Data editing

Constraints

GEODYN II/SOLVE

TRF (Weekly)
EOPs (Daily)

L1, L2, E1, E2

3.5 sigma

1 m on TRF and

equivalent for EOPs

GEODYN II/SOLVE

TRF (Weekly)
EOPs (Daily)

L1, L2, E1, E2

3.5 sigma

Loose

DOGS_OC/DOGS_CS

TRF (Weekly)
EOPs (Daily)

L1, L2, E1, E2

3.0 sigma

> 1 m on TRF and

equivalent for EOPs

EPOSOC

TRF (Weekly)
EOPs (Daily)

L1, L2

3.0 sigma

1 m on TRF and

30 mas for EOPs

GEODYN II/SOLVE

TRF (Weekly)
EOPs (Daily)

L1, L2, E1, E2

3.5 sigma

1 m on TRF and

equivalent for EOPs
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gsfc.nasa.gov/docs/ILRS_contribution_to_ITRF2008.pdf ), 

were used for verification by performing a stability analysis 

of KASI-TRF-solution. The eleven ILRS core sites are: 7080 

(McDonald, TX, USA), 7090 (Yarragadee, Australia), 7105 

(Greenbelt, MD, USA), 7110 (Monument Peak, CA, USA), 

7501 (Hartebeesthoek, South Africa), 7810 (Zimmerwald, 

Switzerland), 7825 (Mount Stromlo, Australia), 7839 (Graz, 

Austria), 7840 (Herstmonceux, UK), 7941 (Matera, Italy), 

and 8834 (Wettzell, Germany). Table 4 shows that the 

observation-weighting σ values of the 11 ILRS core sites 

are 1, which means that SLR NP observations of these 

stations show good performance. For precision assessment 

of our solution of EOPs (KASI-EOPs-solution), an external 

comparison to IERS EOP time series IERS 08 C04 results was 

made. Polar motion, denoted XP and YP, and polar motion 

rates of each direction were estimated and evaluated using 

the standard deviation of each EOP. 

3.1 KASI-TRF-solution

For the KASI-TRF-solution, geocentric station coordinates 

(X, Y, and Z) of 11 ILRS core sites were obtained from 

LAGEOS-1, LAGEOS-2, ETALON-1, and ETALON-2 POD 

results using SOLVE software. The performance of the 

KASI-TRF-solution can be checked by a stability analysis. 

The stability of TRF can be defined by standard deviation 

concepts. The stability of the directions of the station 

positions, X, Y, and Z, are calculated as follows (Lejba & 

Schillak 2011):
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is important for ILRS AAC. 
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study, we followed the strategy of AC and recommendations of ILRS to obtain solutions of TRF and EOPs 
using POD results of LAGEOS-1, LAGEOS-2, ETALON-1, and ETALON-2. Loosely constrained scheme 
with an a priori value (standard deviation) on both TRF and EOPs of 1 m was applied for solutions.  

The stabilities of each station coordinate were analyzed to verify our TRF solution (KASI-TRF-
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quality and continuity (http://ilrs.gsfc.nasa.gov/docs/ILRS_contribution_to_ITRF2008.pdf), were used for 
verification by performing a stability analysis of KASI-TRF-solution. The eleven ILRS core sites are: 7080 
(McDonald, TX, USA), 7090 (Yarragadee, Australia), 7105 (Greenbelt, MD, USA), 7110 (Monument Peak, 
CA, USA), 7501 (Hartebeesthoek, South Africa), 7810 (Zimmerwald, Switzerland), 7825 (Mount Stromlo, 
Australia), 7839 (Graz, Austria), 7840 (Herstmonceux, UK), 7941 (Matera, Italy), and 8834 (Wettzell, 
Germany). Table 4 shows that the observation-weighting  values of the 11 ILRS core sites are 1, which 
means that SLR NP observations of these stations show good performance. For precision assessment of our 
solution of EOPs (KASI-EOPs-solution), an external comparison to IERS EOP time series IERS 08 C04 
results was made. Polar motion, denoted XP and YP, and polar motion rates of each direction were estimated 
and evaluated using the standard deviation of each EOP.  
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where i is the number of a weekly arc, and X  is the mean value of the Xi direction. The stability of Y and Z 
are calculated similarly. The 3D stability is calculated as: 
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The following steps are processed for a stability analysis. First, a TRF solution at each arc is obtained 

in which the epoch occurs at the midpoint of a week; for example, from 7 to 13 January, the reference epoch 
occurs at noon on 10 January. Next, the state positions of solutions are converted to values at the epoch of 
the first week (i.e. noon at 10 January) using the station velocities of ITRF2005. Finally, the station positions 
at the same epoch are compared by stability analysis. Table 8 shows the stabilities of each direction (SX, SY, 
and SZ) and the 3D stabilities (S) of 11 ILRS core sites. As shown in Table 8, 3D stabilities of the KASI-TRF-
solution are distributed from 5.7 mm to 9.2 mm. Fig. 3 shows stabilities of each component for 11 ILRS core 
sites. The mean value of 3D stabilities is 7.0 mm. Schillak (2012) determined the coordinates of ILRS 
stations using NP observations of LAGEOS-1 and LAGEOS-2 from 1999 to 2008 and calculated their 3D 
stabilities. To validate our results, determined position stabilities of ILRS core sites by Schillak (2012) are 
presented in Table 8. The 3D stabilities of 8 stations from 2004 to 2008 have a mean value of 6.9 mm. The 
3D stability value of each station in that study is displayed in Table 8. Fig. 4 shows the 3D stability 
differences between the KASI-TRF-solution and Schillak (2012) results. We see that the precisions of 3D 
stabilities of TRF from our research are consistent with those from previous research.  
 
3.2 KASI-EOPs-solution 
 

For the KASI-EOPs-solution, polar motion XP, YP, and polar motion rates were obtained from 
LAGEOS-1, LAGEOS-2, ETALON-1, and ETALON-2 POD results using SOLVE software. Fig. 5 shows 
daily polar motion from 7 January to 26 May, 2013. To assess our daily solution, the IERS 08 C04 time 
series were compared. Figs. 6 and 7 show the residuals of polar motion, XP and YP, with respect to IERS 08 
C04 values, respectively. We see that the standard deviations of differences in polar motion XP and YP 
between the KASI-EOPs-solution and IERS 08 C04	are 0.754 milliarcseconds (mas) and 0.576 mas, 
respectively. Pavlis (2002) showed that the standard deviations of XP and YP residuals with respect to IERS 
08 C04 are 0.529 mas and 0.503 mas, respectively. We find that the precision of results in this study is 
similar to that in Pavlis (2002). The precision of EOPs with respect to IERS results depends on condition of 
constraints for EOPs solution. In general, IERS EOP solutions were calculated under a tight constraint. 
Therefore, they can be more precise than individual solutions such as the KASI-EOPs-solution and results of 
Pavlis (2002). Fig. 8 shows the polar motion rates of XP and YP. We see that polar motion rates of XP and YP  
vary from -0.05 microarcseconds (as) to 0.05 as. 
 
4. CONCLUSIONS 
 

In this study, we performed precise orbital and geodetic parameter estimation using SLR observations 
and validated results of POD and solutions of TRF and EOPs to prepare for ILRS AAC. We used SLR CRD 
NP observations of LAGEOS-1, LAGEOS-2, ETALON-1, and ETALON-2 for 20 weeks from January 7 to 
May 20, 2013 and NASA/GSFC GEODYN II and SOLVE software. As a result of the verification of POD 
results, we obtained post-fit residuals at a level of 1-cm RMS for four satellites. Stability analysis was 
performed for validation of the KASI-TRF-solution, and results show that the mean 3D stability of 
coordinates of 11 ILRS core sites in the KASI-TRF-solution has a precision level of 7.0 mm. This result is 
consistent with previous stability analyses of TRF. For precision assessment of the KASI-EOPs-solution; 
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The following steps are processed for a stability analysis. 

First, a TRF solution at each arc is obtained in which the 

epoch occurs at the midpoint of a week; for example, from 

7 to 13 January, the reference epoch occurs at noon on 10 

January. Next, the state positions of solutions are converted 

to values at the epoch of the first week (i.e. noon at 10 

January) using the station velocities of ITRF2005. Finally, 

the station positions at the same epoch are compared 

by stability analysis. Table 8 shows the stabilities of each 

direction (SX, SY, and SZ) and the 3D stabilities (S) of 11 ILRS 

core sites. As shown in Table 8, 3D stabilities of the KASI-

TRF-solution are distributed from 5.7 mm to 9.2 mm. Fig. 

3 shows stabilities of each component for 11 ILRS core 

sites. The mean value of 3D stabilities is 7.0 mm. Schillak 

Table 8.	Stabilities of the positions of ILRS core sites.

Monument
SX

(mm)
SY

(mm)
SZ

(mm)
S

(mm)
S (Schillak 2012)

(mm)

7080
7090
7105
7110
7501
7810
7825
7839
7840
7941
8834

Mean

5.9
5.9
5.8
6.6
8.8
7.4
7.4
6.4
6.5
5.3
7.0
6.6

6.7
4.2
3.9
7.8
9.8
5.9
5.1
5.2
7.1
5.6
7.9
6.3

8.6
7.9
7.1

12.1
8.1
7.3

10.3
5.4
5.6
6.3
5.6
7.7

7.1
6.2
5.8
9.2
8.9
6.9
7.9
5.7
6.4
5.7
6.9
7.0

8.8
5.6
7.0
8.3

-
10.0

-
5.1
5.6

-
5.1
6.9

S: 3D stability, SX, SY, SZ: stability of each direction.

Fig. 3. Stabilities of KASI-TRF-solution for 11 ILRS core sites.
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(2012) determined the coordinates of ILRS stations using 

NP observations of LAGEOS-1 and LAGEOS-2 from 1999 

to 2008 and calculated their 3D stabilities. To validate our 

results, determined position stabilities of ILRS core sites by 

Schillak (2012) are presented in Table 8. The 3D stabilities 

of 8 stations from 2004 to 2008 have a mean value of 6.9 

mm. The 3D stability value of each station in that study is 

displayed in Table 8. Fig. 4 shows the 3D stability differences 

between the KASI-TRF-solution and Schillak (2012) results. 

We see that the precisions of 3D stabilities of TRF from our 

research are consistent with those from previous research. 

3.2 KASI-EOPs-solution

For the KASI-EOPs-solution, polar motion XP,  YP, 

and polar motion rates were obtained from LAGEOS-1, 

LAGEOS-2, ETALON-1, and ETALON-2 POD results using 

SOLVE software. Fig. 5 shows daily polar motion from 

7 January to 26 May, 2013. To assess our daily solution, 

the IERS 08 C04 time series were compared. Figs. 6 and 

7 show the residuals of polar motion, XP and YP, with 

respect to IERS 08 C04 values, respectively. We see that the 

standard deviations of differences in polar motion XP and 

YP between the KASI-EOPs-solution and IERS 08 C04 are 

0.754 milliarcseconds (mas) and 0.576 mas, respectively. 

Pavlis (2002) showed that the standard deviations of XP 

and YP residuals with respect to IERS 08 C04 are 0.529 mas 

and 0.503 mas, respectively. We find that the precision of 

results in this study is similar to that in Pavlis (2002). The 

precision of EOPs with respect to IERS results depends on 

condition of constraints for EOPs solution. In general, IERS 

EOP solutions were calculated under a tight constraint. 

Therefore, they can be more precise than individual 

solutions such as the KASI-EOPs-solution and results of 

Pavlis (2002). Fig. 8 shows the polar motion rates of XP and 

YP We see that polar motion rates of XP and YP vary from 

-0.05 microarcseconds (μas) to 0.05 μas.

4. CONCLUSIONS

In this study, we performed precise orbital and geodetic 

parameter estimation using SLR observations and validated 

results of POD and solutions of TRF and EOPs to prepare for 

ILRS AAC. We used SLR CRD NP observations of LAGEOS-1, 

LAGEOS-2, ETALON-1, and ETALON-2 for 20 weeks from 7 

January to 20 May, 2013 and NASA/GSFC GEODYN II and 

SOLVE software. As a result of the verification of POD results, 

Fig. 5. Daily polar motion from KASI-EOPs-solution.

Fig. 4. 3D Stability differences between KASI-TRF-solution and previous study (Schillak 2012).



276http://dx.doi.org/10.5140/JASS.2013.30.4.269

J. Astron. Space Sci. 30(4), 269-277 (2013)

we obtained post-fit residuals at a level of 1-cm RMS for four 

satellites. Stability analysis was performed for validation 

of the KASI-TRF-solution, and results show that the mean 

3D stability of coordinates of 11 ILRS core sites in the KASI-

TRF-solution has a precision level of 7.0 mm. This result 

is consistent with previous stability analyses of TRF. For 

precision assessment of the KASI-EOPs-solution, external 

comparisons with respect to IERS 08 C04 EOP series were 

performed. Results show that the precision of KASI-EOPs-

solution is comparable to that of previous research. One 

of the most important products of ILRS AAC and AC is the 

1-cm level POD results of SLR-dedicated geodetic satellites 

such as LAGEOS and ETALON and weekly-based solutions 

of TRF and EOPs. In conclusion, our results of precise 

orbital and geodetic parameter estimation using GEODYN 

II and SOLVE software constitute a significant achievement 

in the preparation of an ILRS AAC in the performance and 

results of SLR data processing. 

ACKNOWLEDGMENTS

This work was supported by the KASI through the SLR 

system development program for space geodesy funded by 

the Ministry of Science, ICT & Future Planning (MSIP).

REFERENCES

Altamimi Z, Collilieux X, Legrand J, Garayt B, Boucher C, 

ITRF2005: a new release of the International Terrestrial 

Reference Frame based on time series of station 

positions and Earth Orientation Parameters, JGR, 112, 

B09401 (2007). http://dx.doi.org/10.1029/2007JB004949

Altamimi Z, Collilieux X, Métivier L, ITRF2008: an improved 

solution of the international terrestrial reference frame, 

JGeod, 85, 457-473 (2011). http://dx.doi.org/10.1007/

s00190-011-0444-4

Bianco G, Devoti R, Luceri V, Combination of loosely 

constrained solutions, in Proceedings of the IERS 

Workshop on Combination Research and Global 

Geophysical Fluids, Munich, Germany, 18-21 Nov 2003.

Blewitt G, GPS data processing methodology: from theory 

to applications, in GPS for Geodesy (Springer-Verslag, 

New Yrok, 1998), 231-270.

Coulot D, Pollet A, Collilieux X, Berio P, Global optimization 

of core station networks for space geodesy: application 

to the referencing of the SLR EOP with respect to ITRF, 

JGeod, 84, 31-50 (2010). http://dx.doi.org/10.1007/

s00190-009-0342-1

Davies P, Blewitt G, Methodology for global geodetic time 

series estimation: a new tool for geodynamics, JGRB, 

105, 11083-11100 (2000).

Heflin M, Bertiger W, Blewitt G, Freedman A, Hurst K, et al., 

Global geodesy using GPS without fiducial sites, GeoRL, 

19, 131-134 (1992). http://dx.doi.org/10.1029/91GL02933

Jacchia LG, Revised static models of the thermosphere 

and exosphere with empirical temperature profiles, 

SAO Special Report No. 332 (Smithsonian Institution, 

Astrophysical Observatory, Cambridge 1971).

Jo JH, Park IK, Lim H-C, Seo Y-K, Yim H-S, et al., The design 

concept of the first mobile satellite laser ranging system 

(ARGO-M) in Korea, JASS, 28, 93-102 (2011). http://

dx.doi.org/10.5140/JASS.2011.28.1.093

Kim Y-R, Park S-Y, Park E-S, Lim H-C, Preliminary products 

of precise orbit determination using satellite laser 

ranging observations for ILRS AAC, JASS, 29, 275-285 

(2012). http://dx.doi.org/10.5140/JASS.2012.29.3.275

Lejba P, Schillak S, Determination of station positions and 

velocities from laser ranging observations to Ajisai, 

Fig. 6. Differences between KASI-EOPs-solution and IERS 08 C04 of XP.

Fig. 7. Differences between KASI-EOPs-solution and IERS 08 C04 of YP .

Fig. 8. Polar motion rates of KASI-EOPs-solution.



277 http://janss.kr 

Young-Rok Kim et al.     Precise Orbital/Geodetic Estimation using SLR

Starlette and Stella satellites, AdSpR, 47, 654-662 (2011). 

http://dx.doi.org/10.1016/j.asr.2010.10.013

Mathews PM, Herring TA, Buffett BA, Modeling of nutation 

and precession: new nutation series for nonrigid Earth 

and insights into the Earth's interior, JGR, 107, 2068 

(2002). http://dx.doi.org/10.1029/2001JB000390

McCarthy DD, Petit G, IERS conventions 2003, IERS 

Technical Note, No. 32 (2004).

Mendes VB, Prates G, Pavlis EC, Pavlis DE, Langley 

RB, Improved mapping functions for atmospheric 

refraction correction in SLR, GeoRL, 29, 1414 (2002). 

http://dx.doi.org/10.1029/2001GL014394

Mendes VB, Pavlis EC, High-accuracy zenith delay 

prediction at optical wavelengths, GeoRL, 31, L14602 

(2004). http://dx.doi.org/10.1029/2004GL020308

Noomen R, Precise orbit determination with SLR: setting 

the standard, SGeo, 22, 473-480 (2001).

Noll CE, The crustal dynamics data information system: 

a resource to support scientific analysis using space 

geodesy, AdSpR, 45, 1421-1440 (2010). http://dx.doi.

org/10.1016/j.asr.2010.01.018

Park E, Yu S-Y, Lim H-C, Bang S-C, Seo Y-K, et al., Status and 

progress of ARGO-M system development, Publications 

of the Korean Astronomical Society, 27, 49-59 (2012). 

http://dx.doi.org/10.5303/PKAS.2012.27.3.049

Pavlis DE, Luo S, Dahiroc P, GEODYN II system description, 

Hughes STX Contractor Report, Greenbelt, Maryland, 

July (1998).

Pavlis EC, The JCET/GSFC satellite laser ranging TRF and 

EOP series, in Proceedings of the IERS Workshop on 

the Implementation of the New IAU Resolutions, Paris, 

France, 18-19 Apr 2002, 109-110.

Pearlman MR, Degnan JJ, Bosworth JM, The international 

laser ranging service, AdSpR, 30, 135-143 (2002). http://

dx.doi.org/10.1016/S0273-1177(02)00277-6

Ray RD, A global ocean tide model from TOPEX/POSEIDON 

altimetry: GOT99.2, NASA Goddard Space Flight Center 

technical memorandum, NASA/TM-1999-209478 

(1999).

Schillak S, Determination of the SLR stations coordinates in 

1994–2008, Reports on Geodesy, 92, 227-236 (2012).

Sośnica K, Thaller D, Jäggi A, Dach R, Beutler G, Sensitivity 

of LAGEOS orbits to global gravity field models, 

Artificial Satellites, 47, 47-65 (2012). http://dx.doi.

org/10.2478/v10018-012-0013-y

Standish EM, Newhall XX, Williams JG, Folkner WM, JPL 

planetary and Lunar ephemerides, DE403/LE403, JPL 

IOM 31410-127 (1995).

Tapley BD, Ries JC, Bettadpur S, Chambers D, Cheng M, 

et al., GGM02 - an improved Earth gravity field model 

from GRACE, JGeod, 79, 467-478 (2005). http://dx.doi.

org/10.1007/s00190-005-0480-z

Ullman RE, SOLVE program: user's guide 2010, Raytheon 

ST X Contractor Report,  Contract  NAS5-31760, 

Greenbelt, Maryland, February (2010).




