New Graz (7839) Data
Screening Algorithm

Van S Husson
ILRS Quality Control Board

Peraton



Introduction

QO In February 2026, Michael Steindorfer from Graz (7839) developed a new data screening process. The
current Fortran code was written by Georg Kirchner and is no longer maintainable. Legacy data
screening is too slow, especially with larger datasets when using their MHz laser

O The new approach is semi-automatic: automatic cleaning with manual quality checking of results. If
something goes wrong during automatic cleaning, the data will be manually recleaned

O Some differences between Georg’s and Michael’s new algorithm:

» New approach uses a “least squares orbit cleaning” for 2.2 sigma iteration of the data. Fitting is only used for coarse outlier
removal, during the first 2.2 sigma iteration, the raw (unfitted) data is used

» New approach uses NP bin cleaning: after coarse outlier removal 2.2 sigma orbit cleaning is done for each NP bin
separately (i.e. batched cleaning). The cleaning adapts to parameters like: return rate changes, visibility of 2 CCRs
simultaneously, tilt of CCR panels (e.g. GNSS, when the panel w.r.t to the observer leads to different raw data RMS)

» Leading Edge (LE): It was not possible to exactly evaluate Georg’s LE algorithm. The new approach tried to mimic, but
there are differences. The new LE detection approach uses the first 5% of the data. Returns are accepted within 3 mm
before and 17 mm after the LE. This is done individually for each NP. The LE detection is used for Lageos-1,-2, Lares-2
and Ajisai only, same as Georg’s software

» NP acceptance criterion: new approach applies a limit of a minimum of 100 points per NP bin and a NP precision <1.5 mm.
The new approach produces less NPs, however; these criteria can be changed




7838 GRZL Dataset Comparison
Approach

Satellite

# of CRDs

AJISAI

15

BEC

19

BEIDOU

50

Cryosat-2

11

ETALON-1

5

ETALON-2

4

GALILEO

83

GRACE-FO1

4

GRACE-FO2

4

HY-2B

6

HY-2C

13

HY-2D

13

JASON3

9

LAGEOS

15

LAGEOS-2

11

LARES

5

LARES2

10

LARETS

1

PAZ

3

SARAL

4

SENTINEL3A

10

SENTINEL3B

9

SENTINEL6A

14

SENTINEL6B

12

STARLETTE

25

STELLA

12

SWARM-A

2

SWARM-B

SWARM-C

SWOT

TANDEMX

TERRASARX

WESTPAC

Grand Total

OIN[W|W[O [N ([~

0 Michael provided 389 CRDs (NPs and FR) using his new data screening approach.
Michael knew that his kurtosis values were not normalized by subtracting a three

O The following checks were performed:

> For every CRD, the header and configuration records between the old and new were compared.
The new H4 records start and end times are closer to the first and last NP, which is good

> For every CRD, session tracking statistics (RMS, skew, kurtosis) from the old and new 50 session
records were compared. Here is where there were some significant differences. The new RMSs
were too small by a factor of two, but this was fixed in the analysis along with fixing the known
kurtosis issue

» For every LAGEOS class satellite, the calibration system delays from the new and old 40
calibration records were compared. The system delays differed slightly (typically sub-mm)

» For one new LAGEOS pass, the new NP time of flights from the 11 records were compared to the
corresponding new FR time of flights from the 10 records. The epochs agreed exactly, but the new
FR CRD data didn’t have the system delay applied

» For one LAGEOS pass, FR and NPs between the old and new LE technique were compared
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Record Analysis

7839 GRZL LAGEOS-1 40 Calibration

7839|7839 new | Sys Dly Diff | 7839|7839 new| Cal Shift 7839|7839 new| CalRMS 7839|7839 new| CalSkew | 7839|7839 new| CalKurtosis | 7839|7839 new P-M Diff
Satellite Start Time| System Delay in ps (mm) Cal Shiftin ps | Diff (mm) [ CalRMSin ps | Diff (mm) Cal Skew Diff Cal Kurtosis Diff CalPeak-Meaninps| (mm)
lageos1 1/4/26 22:02|111822.4|111826.0 -0.54| -7.1 18.0 -3.8| 16.0 16.0 0.0| 0.016 0.016 0.000(-0.677 2.323 -3.000( -0.50 -0.50 0.0
lageos1 1/7/26 21:24|111813.2| 111812.5 0.10(-14.7 21.0 -5.4| 16.0 16.0 0.0{-0.008 0.008 -0.016{-0.679 2.322 -3.001| 0.50 0.50 0.0
lageos1 1/8/26 1:03|111773.9|111777.0 -0.46| -5.8 16.0 -3.3| 16.0 16.0 0.0| 0.003 0.015 -0.012(-0.692 2.308 -3.000( 0.00 0.00 0.0
lageos1 1/8/26 13:13|111788.4| 111795.5 -1.06| -5.9 27.0 -4.9| 16.5 16.5 0.0| 0.025 0.025 0.000|-0.663 2.337 -3.000{ -0.50 -0.50 0.0
lageos1 |1/11/2619:30/111780.2|111781.5 -0.19| -0.4 -1.0 0.1 17.0 16.5 0.1 0.007 0.011 -0.004(-0.682 2.344 -3.026| 0.50 0.00 0.1
lageos1 |1/11/2623:19|111783.0|111782.5 0.07| 0.0 1.0 -0.1| 16.5 16.5 0.0| 0.005 0.007 -0.002(-0.675 2.336 -3.011| -1.00 -0.50 -0.1
lageos1l |1/14/2612:00|111793.5|111793.5 0.00, 0.4 -1.0 0.2| 16.0 16.0 0.0| 0.026 0.026 0.000(-0.677 2.322 -2.999( 0.00 0.00 0.0
lageos1 |1/14/2615:37|111793.6|111793.0 0.09| 0.6 -2.0 0.4| 15.5 15.5 0.0| 0.023 0.023 0.000/-0.680 2.320 -3.000{ -0.50 -0.50 0.0
lageosl |1/14/2619:00|111794.1|111793.5 0.09| 1.5 -3.0 0.7| 16.0 16.0 0.0{-0.003 0.005 -0.008(-0.672 2.328 -3.000( 0.00 0.00 0.0
lageos1l |1/14/2622:25|111794.1|111794.0 0.01| -1.6 2.0 -0.5| 16.0 16.0 0.0| 0.007 0.015 -0.008(-0.653 2.348 -3.001| 1.00 1.00 0.0
lageosl |1/15/2621:05/111791.0|111791.0 0.00{ 0.8 -2.0 0.4| 16.0 16.0 0.0| 0.000 0.022 -0.022(-0.688 2.312 -3.000( 1.00 1.00 0.0
lageos1 1/16/26 0:39|111792.1| 111792.5 -0.06| -0.1 1.0 -0.2| 16.0 16.0 0.0| 0.005 0.005 0.000/-0.670 2.330 -3.000{ 0.50 0.50 0.0
lageos1l |1/22/2618:38|111792.9|111792.0 0.13| -5.0 18.0 -3.4| 15.5 15.5 0.0| 0.007 0.015 -0.008(-0.681 2.319 -3.000( -0.50 -0.50 0.0
lageosl |1/27/2612:07|111802.1|111804.5 -0.36| 9.2 -15.0 3.6| 15.5 15.5 0.0| 0.035 0.035 0.000]-0.665 2.335 -3.000( -0.50 -0.50 0.0
lageos1 |1/27/2615:41|111806.5|111809.0 -0.37| -1.2 8.0 -1.4| 15.5 15.5 0.0| 0.064 0.064 0.000/-0.678 2.322 -3.000( -2.00 -2.00 0.0

_—3.003

U The system delays are not exact between the two versions of the software. All differences are less than 1 mm

except the pass on 8-Jan-2026 at 13:13.

U The calibration shifts have opposite signs and different magnitudes between the two versions

U The calibration higher moments (RMS, skew, kurtosis) and Peak minus Mean (P-M) values are similar between

the two versions, except the new software needs to subtract 3 from the kurtosis value to adhere to the CRD

format
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7839 GRZL LAGEOS-1 50 Session Record
Analysis

7839|7839 new | RMS Diff| 7839|7839 new 7839|7839 new | Kurtosis | 7839|7839 new| P-M Diff
Satellite Start Time RMS (ps) inmm Skew Skew Diff Kurtosis Diff Peak-Mean (ps)| (mm)
lageos1 | 1/4/2622:02| 35.1 16.4] 2.80/ 0.155] 0.053]  0.102|-1.018]  2.048] -3.066|-15.1 06/ -2.35
lageos1 | 1/7/2621:24 33.7 16.0  2.65/ 0.275| 0.168]  0.107|-0.879]  2.155] -3.034|-14.8 1.1 -2.05
lageos1 | 1/8/261:03| 35.1 169 2.73/-0.075| -0.146]  0.071|-1.075] 1.932| -3.007| 17.6 0.7 2.53
lageos1 | 1/8/2613:13] 35.9 17.2|  2.80[ 0.132] 0.108]  0.024/-1.171]  1.895] -3.066|-24.3 0.7] -3.75
lageos1 |1/11/26 19:30| 33.3 159] 261/ 0.190] 0.083]  0.107/-0.884] 2.147| -3.031] -7.9 0.1 -1.17
lageos1 [1/11/2623:19] 33.2 16.1]  2.56/ 0.203]  0.140]  0.063/-0.981]  2.033] -3.014|-20.9 -0.3]  -3.09
lageos1 |1/14/26 12:00| 34.3 16.4] 268/ 0.223] 0.138]  0.085/-0.965| 2.064] -3.029|-16.6 0.5 -2.41
lageos1 |1/14/26 15:37| 34.5 16.6| 268/ 0.176] 0.119]  0.057/-1.056]  1.969] -3.025|-19.4 -0.1]  -2.89
lageos1 [1/14/2619:00| 33.4 16.0 2.61/ 0.168] 0.078]  0.090[-0.939]  2.091|  -3.030[-15.1 03] -2.31
lageos1 |1/14/2622:25| 32.3 149 261/ 0.344] 0235 0.109/-0.737] 2.296] -3.033|-14.0 -1.4]  -1.89
lageos1 |1/15/2621:05| 33.3 16.0 259/ 0.177] 0.083]  0.094|-0.946] 2.069] -3.015/-16.2 0.0 -2.43
lageos1 | 1/16/260:39] 34.7 16.3]| 276/ 0.391] 0.331]  0.060/-0.954] 2.150] -3.104/-19.9 27|  -2.58
lageos1 |1/22/2618:38| 32.9 155  2.61/ 0.294|  0.195]  0.099/-0.816] 2.198| -3.014|-14.3 13| -1.95
lageos1 |1/27/2612:07| 34.7 16.4] 274/ 0.194] 0.119]  0.075/-1.000]  2.071| -3.071|-17.3 02| -2.56
lageos1 |1/27/2615:41] 33.1 16.0]  2.56/ 0.036] -0.134| 0.170/-0.916] 2.216] -3.132| -9.6 11 -1.60

0 The Session RMSs were too low by a factor of 2 with the new software. The Session skew is less with the new
software. The session kurtosis is different, and the new software needs to subtract 3 from the kurtosis value
to adhere to the CRD format

0 The LAGEOS-1, LAGEOS-2, and LARES-2 Session Peak minus Mean (P-M) values are different by up to 3.1
mm, 3.2 mm and 2.8 mm; respectively
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New 50 Session RMS more than
doubled

Legacy | New Legacy New

StartDate & Time | Satellite |RMS |~ |Skev ~ |Kurto '|RMS:va|Skew ~ |Kurtosig = Start Date & Time | Satellite |RMS |~ |Skev v |Kurto ~ RMS:Fv‘I'|Skew ~ |Kurtosig ~
1/11/26 19:58|BEC 35| 0.110| -0.607 0.496 2.609 1/11/26 17:24| GRACE-FO2 18| -0.035| -0.748 -0.533| 692.047 .
1/27/26 15:37|BEC 50| 0.054| -0.498 0.392 1.521 1/14/26 14:32|HY-2B 22| -0.047| -0.630 -0.407|  19.377 L When the new session
1/14/26 13:55|BEIDOU3M15 32| 0.064| -0.675 -1.084| 101.473 1/14/26 9:37 |HY-2C 19| 0.078| -0.673 1.838| 288.049 RMS more than
1/7/26 21:43|BEIDOU3M19 63| -0.049| -0.845 0.143 1.880 1/14/26 11:27|HY-2C 19| 0.034| -0.679 2745 117.772 .
1/14/26 21:15 BEIDOU3M19 44| 0.131] 0711 0.483]  4.429 1/27/26 13-44 HY-2C 23| 0.126] 0.712 1174] 172702 doubled, the kurtosis
1/4/26 19:43| BEIDOU3M2 61| -0.003| -0.674 0.506] 34.169 1/27/26 15:31|HY-2C 20] 0.146] -0.771 0.090 2.990 minus three a|ways
1/14/26 18:03|BEIDOU3M20 65| -0.047| -1.038 -0.163 2.329 1/13/26 15:51|HY-2D 19| 0.067| -0.678 -1.612| 342.365 o
1/14/26 18:59| BEIDOU3M21 36| -0.018| -0.806 -3.096]  72.351 1/27/26 13:00| HY-2D 18| 0.060| -0.708 2208] 274.981 (1 00 /o) exceeds +1
1/14/26 11:55| BEIDOU3M22 27| 0.030| -0.722 0.123 3.129 1/14/26 7:33| JASON3 19| 0.119] -0.665 0.548] 85.729
1/8/26 12:07|BEIDOU3M23 58| -0.016] -0.926 0.295 8.964 1/15/26 21:31| LARES2 30[ 0.225] -0.707 0366 23297, U When the new session
1/14/26 11:19|BEIDOU3MB 60| 0.018) -0.849 -0.045|  15.734 1/19/26 15:09| LARES2 45| 0.222] -0.729 2670 63.588
1/18/26 17:19/BEIDOU3M9 68| -0.125] -0.861 0.370] 4.784 1/22/26 18:31| LARES2 32| 0.219] 0.751 0312]  92.012 RMS more than
1/13/26 12:40| GALILEO101 66| -0.052| -0.880 0.958 32.590 1/13/26 15:38 |PAZ 16| 0.005| -0.697 -0.011| 170.893 doubled, sometimes
1/4/26 15:52 | GALILEO102 73| 0.107| -0.633 -0.345|  25.294 1/7/26 21:43|SENTINELZA 17| o0.011] -0.717 3.354]  119.100
1/13/26 9:00 | GALILEO202 92| 0.041| -0.654 -0.321] 12339 1/8/26 9:52 | SENTINEL3A 17| 0.019] -0.688 0.119]  20.99% the absolute value of
1/14/26 11:20| GALILEO202 44| 0.068| -0.598 -0.064 2.992 1/14/26 9:59|SENTINEL3B 18| 0.046| -0.695 -0.562| 454.808 i
1/15/26 19:59 |GALILEC203 95 0.038( -0.7&0 -0.126 11.480 1/5/26 1:38|SENTINELGA 21| 0.078] -0.700 -1.447  300.900 SKeW IS greater than 1
1/4/26 20:28 | GALILEC213 60| 0.002| -0.733 -0.120 20.406 1/7/26 22:56 | SENTINELGA 21| 0.093| -0.760 -1.355 26.144 D Th t f 1 0
1/4/26 17:59 | GALILEQ216 91| 0.071| -0.808 -0.181 6.806 1/14/26 21:43| SENTINELGA 18] 0.053| -0.677 112.333| 12912.128 ree out o
1/14/26 11:56| GALILEO218 27| 0.003| -0.644 1.117 91.784 1/7/26 22:57 |SENTINELGB 200 o.011] -0.739 -0.128 52.174 LARES_2 passes (LE
1/7/26 22:20 GALILEC219 71| 0.037| -0.650 0.102 1.951 1/14/26 5:10 | SENTINELGB 19| 0.090| -0.860 -0.509| 180.749 . .
1/14/26 20:24| GALILEO219 61| 0.043] -0.669 -0.990| 19.869 1/14/26 7-:07 |SENTINELGB 23] 0.135| -0.712 2644| 223.298 filter applled) are on
1/14/26 16:32| GALILEO224 46| 0.101] -0.715 -0.057]  17.663 1/14/26 9:03|SENTINELGB 17| 0.041| -0.668 3403 170673 this list
1/14/26 20:16 GALILEO224 43| 0.054] -0.718 0.161]  21.766 1/27/26 15:16| STARLETTE 22| 0.127[ -0.670 2.011| 315.898
1/15/26 20:32 | GALILEO225 06| 0.005| -0.709 1.840 39.105 1/14/26 1803 | STELLA 24| 0.167| -0.607 -3.179| 130.578
1/11/26 11:56 | GALILEO226 123 0.006] -0.951 0.101 7.498 1/14/26 21:22 |STELLA 51| 0.088| -n.483 14.379| 992.056
1/15/26 16:08 | GALILEO226 98| 0.032| -0.707 0.380 5.958 1/14/26 13:45 | WESTPAC 16| 0.004] -0.714 -0.188 50.411
1/11/26 17:24|GRACE-FO2 18] -0.035] -0.748 -0.533]  692.047
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New 50 Session Skew greater
than 1

Legacy New

Satellite  |RMS (g ~ |Skew ~ [Kurtos ~ |RMS (g ~ |Skew -¥|Kurtosis| ~ .
BEC a2l 0107 078l 15 DTN U When the absolute value of the new session skew exceeds 1, the
BEIDOU3M15 32| 0.064| -0.675 -1.084 101.473 H H 0
T DY e Ry oo Traes kurtosis minus three always (100%) exceeds +1
Cryosat-2 18| 0.092| -0.672 27| -5.114| 864.205 . . ~ 0 .
Cryosat2 o061 0605 R T » and the new session RMS is more than doubled ~50% of the time
Cryosat-2 18| 0.049| -0.676 25| 3.993| 1393.247
GALILEO218 27| 0.003| -0.644 1.117 91.784
GALILEO225 56| 0.005| -0.709 1.840 39.105

GRACE-FO1 18] 0.088] -0.668] 22| 1.399] 112.442

HY-2C 19| 0.078| -0.673 1.838| 288.049

HY-2C 19| 0.034| -0.679 2.745| 117.772

HY-2C 23| 0.126| -0.712 1.174| 172.702

HY-2D 19] 0.067] -0.678 -1.612] 342.365
HY-2D 18] 0.060] -0.706 2.208] 274.981
JASON3 19| 0.072| -0.687] 27| -1.126] 694.079
LARES2 45] 0.222] -0.729 -2.670]  63.588

SENTINEL3A 17| 0.011] -0.717 -3.354| 119.100

SENTINEL3A 18] 0.061] -0.693] 27| 1.496| 556.877

SENTINEL6A 21| 0.078| -0.700 -1.447| 300.900
SENTINEL6A 21| 0.093| -0.760 -1.355 26.144
SENTINEL6A 20| 0.056| -0.666 29| -7.769| 697.724

SENTINEL6A 18| 0.053| -0.677 112.333[12912.128

SENTINEL6B 23| 0.135| -0.712 2.944| 223.298

SENTINEL6B 17| 0.041] -0.668 3.403| 170.673
SENTINEL6B 19| 0.082| -0.688 22| -5.155| 304.788
STARLETTE 23| 0.084| -0.641 42| 2.584| 332.611
STARLETTE 22| 0.127| -0.670 2.011| 315.898
STELLA 24| 0.167| -0.607 -3.179| 130.578
STELLA 51| 0.086| -0.463 14.379| 992.056
SWARM-A 19| 0.072| -0.701 25| 1.375 47.385
SWOT 20 0.118| -0.655 34| 1.382| 247.642

ILRS CB 18-Mar-2026 7



New 50 Session Kurtosis’ Minus 3 is
greater than 1

Legacy New Legacy New Legacy New
Satellite [RMS |~ |Skev v |Kurto| ~ |RMS (f ~ | Skew | ~ |Kurtosis-T StartDate & Time | Satellite |RMS |~ |Skew v [Kurto v |RMS (f ~ |Skew | ~ [Kurtosis T . P f

BEC 82| 0.107| -0.975 131]  1.364| 106.245 1/11/26 17:23| GRACE-FO1 19) 0.018 0.291| 159.346 StartDate & Time | Satellite |RM3 |~ |Skevi~ |Kurtol » |RMS (g~ |Skew |~ |Kurtosis-T
BEC 79| 0.112] 0791] 143] 0.033] 27.135 1/14/26 17:15| GRACE-FOL 18] 0.088 1309] 112.442 1/4/26 20:39 | STARLETTE 37| 0.139] -0.704 44/ 0.599) 147.168
BEC 50| 0.054 0.392 1.521 1/11/26 17:24| GRACE-FO2 18] -0.035 -0.533|  692.047 1/4/26 22:28 |STARLETTE 22| 0.086| -0.651 34| -0.385| 250.788
BEIDOU3M15 32| 0.064 -1.084| 101473 1/14/26 14:32 | HY-2B 22| -0.047 -0.407 19.377 1/5/26 0:17 |STARLETTE 30| 0.141| -0.638 39| -0.797 224 BA8
BEIDOU3M16 66| 0.066 0.217 3.003 1/14/26 9:37|HY-2C 19| 0.078 1.838] 288.049
BEIDOU3M19 63| -0.049 0.143 1.880 1/14/26 11:27|HY-2C 19] 0.034 2745] 117772 1/7/26 21:36 STARLETTE 25| 0.169| -0.641 28| -0.054 81.662
BEIDOU3M19 106] -0.012 0.059 7.687 1/14/26 16:53|HY-2C 19| 0.098 -0.655| 163.751 1/7/26 23:26 | STARLETTE 37| 0.258| -0.745 40| -0.309 42519
BEIDOU3M19 44| 0.131 0.483 4.429 1/27/26 13:44|HY-2C 23| 0.128 1.174| 172.702 1/8/26 1:15|STARLETTE 23 0.084| -0.6841 A2 2 584 932,611
BEIDOU3M2 51| -0.003 0.506] 34.169 1/27/26 15:31 HY-2C 20 0.146 0.090]  2.990 -
BEIDOUZMS o1l 0.018 0373 CoeE] 1/13/76 15-51|HY-2D 19 0.057 5575 BEEEE 1/14/26 18:23 |STARLETTE 24( 0.168| -0.675 26 0.258 31.322
BEIDOU3M20 65| -0.047 -0.163 2,399 1/14/26 14:22 HY-2D 200 0.081 0.473 45.815 14’154"25 1842 STARLEWE 23 0115 -GGGS 27 0253 18284
BEIDOU3M20 46| -0.045 0.433 1.845 1/14/26 23:25| HY-2D 18| 0.077 0.448] 549.719 1/15/26 22:21 STARLETTE 22) 0.088] -0.642 32| 0.053| 449.058
BEIDOUSM21 36| 0.018 3.0%| 72251 L/15/26 25:44) HY-2D 20, 0.062 0.014] 6245 1/27/26 15:16|STARLETTE 22| 0.127 | 315.898
BEIDOU3M21 69| -0.015 0.820 43.048 1/27/26 13:00|HY-2D 18| 0.060 2.208[ 274.981 —————
BEIDOU3M22 271 0.030 0123 3120 1/5/26 1:21]JASON3 19] 0.072 1.126] 694.079 1/14/26 18:03 |STELLA 24| 0.167 130.578
BEIDOU3M23 58] -0.016 0.295 8.964 1/14/26 7:33| JASON3 19| 0.119 0.548| 85.729 1/14/26 21:22 | STELLA 51| 0.086 992.056
BEIDOU3M4 117] 0.128 0.148]  4.849 iijﬁggggg ﬁ:‘;g‘; 23 gz;‘: 3213 20‘;'35 1/7/26 23:05 | SWARM-A 19] 0.072] -0.701 25| 1.375] 47.385
e Sk e 1715796 2131/ LARESD ol 0025 3l 23300 1/11/26 17:43|SWOT 20| 0.118] -0.655 34| 1.382] 247.642
Cryosat-2 18] 0.092 5.114]  864.205 1/19/26 15:09LARES2 45| 0.222 -2.670|  63.588 1/13/26 16:05 TANDEMX 17( 0.041] -0.673 18] 0.099 3.244
Cryosat2 17] 0.061 -1.238] _ 57.483 igﬁﬁgiiié ﬁ:igﬁ 2? ggég gg;g j:-g;; 1/14/26 15:48 TANDEMX 17| 0.045| -0.667 19| 0.561]  22.002
ggﬁi?&)f{u ig g:gjg _3:3:: 139?:;3; 1/14/26 14:45]LARETS 21| 0.054 0.131 1.282 1/14/26 13:45 WESTPAC 16| 0.004 | 50411
GALILEDIOL el .02 0,95 G 1/13/26 15:38|PAZ 16] 0.005 -0.011] 170.893
GALIEOLDD 23 0107 0345 BREEETH 1/22/26 17:48|SARAL 17| 0.058 0.651] 819.160
GALILEO201 T3l 002 0,380 [EE 1/4/26 19:39)SENTINEL3A 16] 0.076 0.829]  63.315
GALILEO2OL =51 0005 0175 I 1/7/26 21:43[SENTINELSA 17] 0.011 3.354] 119.100
CALILED202 ol 001 TR 118126 9:52 SENTINELSA 17| 0.019 0.119]  20.9%
CALILED202 2l 0068 .05 55 L/14/26 16:42| SENTINELSA 18] 0.049 0.474]  93.208
IR w010 3 o 1/14/26 70:20[ SENTINELEA 18] 0.061 1496 556.877
CALILEDNDS o5 0.0%8 o6 Tia5 1/8/26 9:14] SENTINEL3B 17] 0.098 0.640]  404.552
CALILEORDT 0006 o1 15800 1/14/26 9:50|SENTINEL3B 18] 0.046 0.562]  454.808

1/22/26 19:35|SENTINEL3B 18] 0.037 0.112] 387.090
GALILEO213 50| 0.002 0.120]  20.406

1/5/26 1:38| SENTINELGA 21] 0.078 -1.447]  300.900
CAULEO216 91| 0.071 0.181 EH05 1/7/26 22:56| SENTINELGA 21] 0.093 1355  26.144
git::igig 2? ggfé 2?2? ;?ggi 1/12/26 6:21|SENTINELGA 16| 0.011 -0.259] 21720

1/14/26 5:10 | SENTINELGA 20 0.056 7.769] 697.724
GALILEO219 7] 0.037 0.102 L 1/14/26 9:02|SENTINELGA 17| 0.054 0.398] 23.424
GALILEO219 61] 0.043 alilll Bid 1/14/26 21:43 | SENTINELGA 18] 0.053 112.333] 12912.128
GALILEO222 107| 0.083 0.771 | St 177426 22:57| SENTINEL6B 20] 0.011 0.128]  52.174
GALILEO224 46] 0.101 -0.057 | IHERHH 1/8/26 10:39|SENTINELGB 19] 0.038 0481  7.871
GALILEO224 49| 0.054 0.161]  21.766 1/14/26 5:10) SENTINEL6B 19] 0.090 0.509]  180.749
GALILEO225 56| 0.005 1840| 499.105 1/14/26 7:07| SENTINELGB 23] 0.135 2944 223298
GALILEO226 123| 0.006 0.101 | SETA 1/14/26 9:03| SENTINELGB 17] 0.041 1, 3403] - 170673
GALILEO226 98| 0.032 0.380 5.958 1/14/26 21:43/SENTINELGB 19] 0.082 205551 naant V1Ar-2026 8




Range (s}

Fit Residual (ps)

OrbitNP FullRate Analysis

Georg’s LE Detection

Satellite Laser Range data from: lageos1_20260104.fr2.txt

Michael’s LE Detection

Satellite Laser Range data from: 7839_Lageosl_crd _20260104_2202_00_fr2.txt

Station: GRZL 7839 Satellite: Lageosl Station: ite:
: : . ation: GRZL 7839 Satellite: Lageosl
% 0 CPF: lageos1_cpf_260104_00501.sgf 9 CPF: lageos1_cpf_260104_00501.sgf
0.060 -0 90
- Lheo e 0.052 - /- 80 55.0 ‘
i 7o g 0.050 . |70 =
0.055 e (o~ E ‘ ~ oo~ Zsa0
7 wE T0E i 7 0.048 N L 3
| rses 3 = | s0 3 54.
onsn‘ - 0% 3.0 [ & 0.006 I wE Es ¢
-~ l,2 2 k] I N & 547
oosd 30 w 0.044 «
S0 S -12 o F
20 e 0.042 54.6 . ]
k1o [ : L
0.040 ~~ - . 1.4 - 0.040 - ~ - CL" 54.5 .
22:05 22010 22:15 2220 22:25 2230 22:35 22:40 22:05 22:10 2215 22:20 22:25 22:30 22:35 22:40 22105 22110 22115 2220 2225 22130 2235 2205 2210 2215 2220 2225 2230 2235
Epoch Epoch Epoch Epoch
T T T T T T T
Time Bias: -0.06ms I I | I ‘ l I ‘ I I I I I l I ‘ I Solve RMS: 17.77ps 250 4 Time Bias: ~ -0.51ms I I I I I I I I l [ I I I I I i Solve RMS: 16.90ps |
300 { Radial Offset: -0.33m Final RMS: 17.77ps | Radial Offset: 16.63m Final RMS: 16.90ps
250 1 r 200 b r
200 1 r
150 o E 3
150 - 8
K]
3 100 o i L
g
100 4 3 2
.‘u_:
50 4 a 307 | I
0 )
i
0 ! F 0 L
=50 r
=50 4 . I
-100 s g e e e bl | | | | l | l l | | | | | | l | | | l
o1 _oh 08 b a® A2 B A8 _a® 90 92 A 96 2% a0 sl  _abh a6 ®
S gt 8 o8 030 ak oah a6 0a® a0 o0 goh 06 08 a0 aal oah oab oaB a0 oal o p® 0t 08 88 0a® ga gah 008 At 08 p2R pah 028 pa® 3 @ b 2R oo

Epoch on date 4/1/2026

Epoch on date 4/1/2026

U Michael’s new cleaning approach deleted the sparse data near the end of the LAGEOS-1 pass (after 22:42)

0 Georg’s OrbitNP residuals show less trended residuals. Did the new batch cleaning by bin introduce any new
systematics?

ILRS CB 18-Mar-2026



7839 GRZL LAGEOS-1 on 4-Jan-2026 at
22:02 Analysis (FR Differences)

7839 GRZL LAGEOS-1 Residuals 7839 GRZL LAGEOS-1 Cleaned FR Residuals
30 30
« OrbitNP 7839 Cleaned FR Residuals
« OrbitNP 7839 Legacy FR Residuals FR Obs added to Legacy FR
20 + Clipped Residuals 20
10 2 10 %i-
_ i _ th
E ik ik E i
5 {. .2 B égv
25 Ei - 30 :
g H g g >
“ ; ! sl = | : 1 }
-10 L1 : v ? 10 x g
e . 3 ot :
-20 I -20 .
Using the new approach, 2410 (7.2%) fullrate Using the new approach, 734 (2.2%) fullrate
. observations were deleted . observations were added before the old LE
1/4/26 22:02 1/4/26 22:10 1/4/26 22:18 1/4/26 22:26 1/4/26 22:34 1/4/26 22:42 1/4/26 22:02 1/4/26 22:10 1/4/26 22:18 1/4/26 22:26 1/4/26 22:34 1/4/26 22:42

U Michael mentioned that his new approach returns are accepted within 3 mm before and 17 mm after the LE and here is the proof

U The left chart are the legacy OrbitNP FR Residuals with the FR observations highlighted in red that don’t exist in the new ‘cleaned’ FR data. The right
chart are the ‘Cleaned’ FR residuals with the cleaned FR observation highlighted in that didn’t exist in the legacy FR data. The blue dots on both
charts are the FR observations common to both the legacy and the new cleaned data filtering approach. The NP created from the new data filtering will
be biased closer to the LE by 0.9 mm on this LAGEOS-1 pass

ILRS CB 18-Mar-2026 10



7839 GRZL LAGEOS-1 on 4-Jan-2026 at
22:02 Analysis

30

20

10

o

Residuals in mm

-10

-20

-30
1/4/26 22:02

1/4/26 22:10

7839 GRZLLAGEOS-1 Residuals

« OrbitNP 7839 FR Residuals
® OrbitNP NPs

® 7839 LE NPs

® 7839 LE Clean NPs (new)

1/4/26 22:18  1/4/2622:26  1/4/26 22:34

1/4/26 22:42

ILRS CB 18-Mar-2026

O In this chart, the dark blue dots are the
OrbitNP FullRate (FR) residuals based on
the existing FR data in the Data Centers
(i.e. Georg’s LE algorithm)

U The large are the OrbitNP
Normal Points (NP) produced from the
7839 GRZL FR data. The large purple
circles are the existing NP data in the Data
Centers. The light blue circles are the NPs
produced from the new ‘clean’ editing
approach after removing a small system
delay offset between the old and new data
filtering approaches

U The new data filtering approach creates
NPs that are slightly closer (~0.9 mm) to
the LAGEOS-1 LE

U Note: No NPs were created in the sparse
amount of FR data in the last two NP bins
by the either the legacy or the new LE data
filtering technique

11




7839 GRZL LAGEOS-1 on 4-Jan-2026 at
22:02 Analysis (Legacy NP Differences)

Source Rec Type [Epoch ToF cfgl npind bin size |Obs |RMS [Skew |Kurtosis |P-M |Return Rate[ToF Diff in mm |P-M Diffin mm
7839 LENP 11 79383.596663897 0.047913562019 902 120 3386 33.4 0.130 -0.886

--_ 0.90 0.51

7839 LENP 11 79540.450563895 0.045513675346 902 120 3150 36.1 0.059 -1.154 -234

--_ 0.15 0.43

7839 LENP 11 79595.770863895 0.044740173107 902 120 11179 36.2 0.050 -1.133 -20.9

--n 015 0.21

7839 LENP 11 79913.326063895 0.041199342996 902 120 1497 33.2 0.249 -0.793 -6.6

--_ 0.15 0.37

7839 LENP 11 79962.729963892 0.040805574265 902 120 7355 32.2 0.199 -0.842 -15.8

--_ -0.60 1,50

7839 LENP 11 80514.163063887 0.039821288328 902 120 134 34.2 0.053 -1.162 -28.4

---_ 0.45 4.54

7839 LENP 11 80543.288063895 0.039948923644 902 120 273 38.3 0.059 -1.238 -31.7

--_ 1.50 1.08

7839 LENP 11 81451.404863887 0.051049548010 902 120 3574 35.7 0.226 -1.016 -22.1

--_ 1.50 0.36

7839 LENP 11 81506.350463895 0.052034612347 902 120 2825 36.9 0.198 -1.064 -21.5
OrbitNP NPs 11| 81506.350463895| 0.052034612342( 902 120| 2825| 37.1| 0.223| -0.973| -17.5 . 0.75 -0.60
AVG 0.15

U Line-by-Line comparison of the OrbitNP generated NPs from the legacy FR data compared to the legacy generated NPs.
The individual Time of Flight (ToF) differences are <=10 ps/1.5 mm with an average offset of 1 ps/0.15 mm

ILRS CB 18-Mar-2026 12




7839 GRZL LAGEOS-1 on 4-Jan-2026 at
22:02 Analysis (Cleaned NP Differences)

Source Rec Type |Epoch ToF cfg npind bin size|Obs |RMS |Skew |Kurtosis|P-M |Return Rate |ToF Diff in mm [P-M Diff in mm
Clean 7839 NPs 11 79383.567663890 0.047914031514 902 120 3299 32 0.003 2.102 -0.2

--_ 1.50 -0.01
Clean 7839 NPs 11 79540.463163897 0.045513494551 902 120 2955 33.9 -0.003 1.923
--_ 0.15 2.44
Clean 7839 NPs 11 79595.620863897 0.044742214475 902 120 10342 33.7 0.014 1.990
--_ 0.00 2.01
Clean 7839 NPs 11 79913.326063895 0.041199342990 902 120 1432 30.6 0.041 2.167 -0.6
---ﬁ 0.15 0.55
Clean 7839 NPs 11 79962.729963892 0.040805574260 902 120 7173 30.6 0.040 2.169 -0.6
--_ -0.45 036
Clean 7839 NPs 11 80514.163063887 0.039821288327 902 120 139 35.2 -0.008 1.887
--_ 1.05 2.52
Clean 7839 NPs 11 80545.255563892 0.039958178011 902 120 247 33 0.191 1.898
--_ 2.25 3.93
Clean 7839 NPs 11 81451.342263900 0.051048438653 902 120 3461 33.9 0.185 2.017 -4.6
--_ 1.05 1.81
Clean 7839 NPs 11 81506.712663887 0.052041178811 902 120 2648 334 0.092 2.010 -1.7
OrbitNP Clean 7839 NPs 11|81506.712663887| 0.052041290633| 902 2 120| 2648| 33.8| 0.108| -0.919| -12.3 2.6 0.60 1.59
AVG -0.17 1.69

O Line-by-Line comparison of the OrbitNP generated NPs from the cleaned FR data compared to the cleaned generated
NPs after applying the system delay to the cleaned FR data. The individual Time of Flight (ToF) differences are <15
ps/2.25 mm with an average offset of ~1 ps/0.15 mm.

ILRS CB 18-Mar-2026 13




O There are some CRD formatting issues that need to be corrected, which are simple fixes

1 The Peak minus Mean Algorithms are different between the old and new algorithms and
yield different results on LAGEOS class satellites. Georg’s old P-M algorithm is in better
agreement with OrbitNP P-M algorithm

O The new LE approach is biased more toward the LE than before. Does this require a new
CoM correction?

] Biggest concerns are
» the batching approach is in violation of the Herstmonceux NP algorithm,
» does this new batching approach introduce any systematics? and
» 14% of all passes have higher session RMSs and 30% of LARES-2 passes

0 No detailed analysis of GNSS or altimetric satellites was performed
O Should we give Michael a green light to implement his new screening approach? Or

O When any station introduces a new data screening approach, should the station be
placed in quarantine and should they provide data in the old and new approach?




Evolution of ILRS Barometric Pressure
Quality Control (QC); Incorporation of
VMF3o0 data in Barometric QC;
Meteorological Data Processing and Data
Handling from Cradle to Grave
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[ ] Station B with bias problem
. Core Station

from NERC Simultaneous
Arc Analysis” for the 2000
International Workshop in
Matera
Elevation dependent errors:
» a station height error
> a station frequency error
» a station barometric error

Epoch errors are range-rate
dependent

A station horizontal position
error will be azimuth and
elevation dependent




Systematic Errors as a Function of
Elevation Angle

0 The following systematic errors will induce

10 - a 2.42 mm range bias at zenith

. Trmee L _ > Plus 2.42 mm fixed range bias

.............. » Minus 1 mbar pressure error
N . U R il A S S S R, » Plus 2.42 mm station coordinate height error
e Minus 1 Millibar Barometric Error
; Constant +2.42 mm Range Bias » 4.28 E-10 frequency error on LAGEOS-1
Frequency Error (+4.28E-10) on LAGEOS-1 » 0.76 E-10 frequency error on Etalon

. 6 — - - Frequency Error (+0.76E-10) on Etalon O A frequency error is range dependent NOT
£ . ——+2.42 mm Height Error elevation dependent and why a frequency
# =+ Frequency Error (+4.28E-10) on Etalon error of 4.28 E-10 is shown for Etalon

O Epoch errors (aka time biases) and station
coordinate horizontal errors are NOT
elevation dependent, but are pass

2 geometry dependent
) / O The impact of barometric error is the most

non-linear

0] 10 20 30 40 50 60 70 80 90

Elevation Angle
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Evolution of ILRS Barometric Pressure
Quality Control

ILRS QCB 18-Mar-2026 4




1990’s Barometric Quality Control (QC)

d In the 1990’s, barometric QC checks were limited
4 Individual sites did report issues with their barometric measurements and
provide barometric corrections (if recoverable)

» NASA SLR stations 7080, 7105, 7109, 7110, and 7210 reported issues and are
documented on the ILRS website at

» If known barometric errors could not be removed by reprocessing the data, then
the corrections were incorporated into the ILRS Data Handling File (DHF)

ILRS QCB 18-Mar-2026



https://ilrs.gsfc.nasa.gov/network/site_information/slr_problems_text.html
https://ilrs.gsfc.nasa.gov/network/site_information/slr_problems_text.html

Early 2000’s Barometric QC Technique to
Detect Discontinuities

. 0 Some SLR sites have repeatable
&, _Maidanak Monthly Pressures seasonal fluctuations in barometric
pressures. Asian sites have the largest
seasonal barometric pressure variations
exceeding 25 mBars. Removing the
seasonal trends helps identify
discontinuities in the pressures

0 The top chart is barometric pressure
Was the sensor changed or calibrated? || analysis of the legacy Maidanak system,
1864, presented at the 2002 International
Workshop in Washington, DC

O The bottom two charts were the

al Averages (mBar)

storic.

sure Offsets from Hi
b & b v o N & o ® O

Pres:

'
=
o

Honeywell
MyStation er W Wasl

Shanghai 7837 Pressure Analysis

o e . ) ; barometric pressure analysis of the
o SEdSOﬂd] | Aggreg‘l.te O\/ICS legacy Shanghai system, 7837, which
% }L T | were presented during Session 18 of the
R . l 1 ? '- 2003 ILRS Technical Workshop in
T QF i Kotzting, Germany

0 These are two examples where a
barometric sensor change induced a
discontinuity

Avg. Preesure [mB)
—o—
——

daM FEB MAR PR MAY UMW L sUG SER OCT WOV DEC
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2000 to 2020 Barometric QC

d Some SLR sites installed a secondary barometric sensor to
compare the values. Some barometric sensors were 3 in 1

1 Sites would perform regular barometric sensor calibrations

d In April 2019, barometric pressure data integrity checks were
implemented as part of Automatic CRD Quality Control
(AutoQC) to catch obvious blunders

d These barometric AutoQC checks were not site specific

» The lower and upper limits were 700 and 1100 mBars; respectively, and
the failure rate was near zero

ILRS QCB 18-Mar-2026 7




Gross Barometric Measurement Errors in
Legacy SLR Data

mbar

Katzively, Ukraine 1893 Beijing, China 7249 Haleakala, Hawaii 7119
pass average pressure pass average pressure pass average pressure
ave 1012.59 £ 10.77 max 1069.00 min 716.00 for 24435 data points ave 1007.50 + 16.07 max 1077.80 min 744.00 for 20360 data points S EveTTlAsTIdadmaxingg - =
s 1080« + + ot ... - LA -
1056 y
iR 4
* 1050 -

676 -

754 |

P :' | ' | | | | |

: #, LAAR ¥ . Bighihdl
! : ‘ '

990 - ‘! X . . e s i :‘ ! |

930 -
_______________ L el L T T — I 2000 00 004 006 2008 2010 2012 2014 2016 2018 year
2000 znnM 2008 2010 @ 2016 2018

year 20160906 08:22

year

O These charts are a time series of the pass-by-pass barometric pressure

measurements from a legacy version of the station pages on the ILRS website

O Interface issue between the barometric sensor and the tracking computer can

cause outliers and frozen measurements highlighted here

d These obvious blunders still escaped the April 2019 AutoQC barometric data

integrity checks

ILRS QCB 18-Mar-2026



2020’s Barometric Data Integrity Checks

Pressure (millibars)

ILRS Average Pressures vs Station Height

20 O At the June 2021 ILRS CB meeting,
1080 more restrictive barometric data
1823 e Site Average Barometric Data integrlty checks (+l' 50 mBaI'S)
1000 Highy bk based on the station’s height (i.e.
: — QC Lower Limit . . .
980 ﬁq height above the ellipsoid) were
recommended; were later approved

960 |
and implemented

Proposed QC Limit
940
920
Q00
880
860
840
820
800
780
760
740
720
700
680
660
640
620
600

0 500 1000 1500 2000 2500 3000 3500
Station Height (meters)

-------- Linear (Site Average Barometric Data)

y =-0.1051x+ 1,015.6?93I

ILRS QCB 18-Mar-2026 9




What new algorithms can we develop to
identify barometric errors?

d Can we develop an algorithm to identify frozen barometric
measurements?

1 Can we develop an algorithm to identify inexplicable jumps in the
barometric measurements within a pass?

d Can we utilize the Vienna Mapping Function for optical wavelengths
(VMF30) to aid in our barometric AutoQC?

» Using the VMF3o0 data, can we develop a more restrictive algorithm than +/- 50
mBars?

» Using the VMF3o0 data, can we develop an algorithm to identify small
discontinuities (i.e. several tenths of a mBar) in the measurements?

» Using the VMF3o0 data, can we develop an algorithm to identify small linear drifts
(i.e. 0.15 mBars/year) in the measurements?

ILRS QCB 18-Mar-2026 10




Frozen Pressure Detection Algorithm

0 At the March 2025 ILRS Central Bureau Meeting, an algorithm was presented to detect
frozen barometric pressures

1 Below is the algorithm:

» Prerequisite: Store at least one CRD 20 Meteorological for each pass to a relational
database ( )

» Step 1: For each SLR station, compute the average pressure and temperature for every
six-hour period (0, 6, 12 and 18) along with their standard deviations and store the results
(Additional benefit: Enables direct comparison to VMF30 data which has a temporal
resolution of 6 hours)

» Step 2: For each station, query the step 1 results and bring back a match for any two
consecutive six-hour periods where the following are all true

¢+ The pressures are identical;
+ There are more than 1 pass segment in each six-hour period; and

+ The standard deviation of pressures in the two consecutive six-hour periods is zero (i.e.
no change in the measurement)

ILRS QCB 18-Mar-2026 11




Frozen Meteorological Data Example from
1889 ZELL

ad bt |stort date & time [t |0 [l/f{“ O The current AutoQC algorithm will not flag
1889|STRL | 1/24/2023 11:37 896.2| 281.4| 28 H H H

saolaci  Taenoo ol seeal oo el ot this issue because the pressures are in the
1889|STRL | 1/24/2023 13:25| 896.3| 280.6| 35 reasonable range of expected values

1889|LARS | 1/24/2023 15:05 896.3| 280.6] 35

1889|STRL | 1/24/2023 15:13 896.3| 280.6/ 35 H H

T IRT R I e ars U Did a change in the operators resolve the
1889|AJI1 | 1/24/202315:56] 896.3| 280.6| 35 8 hours issue?

1889(LAG1| 1/24/2023 16:11 896.3| 280.6/ 35

1889|STEL | 1/24/2023 16:38 896.3| 280.6/ 35 D Do other stations have this issue?

1889|LARS | 1/24/202317:02| 896.3| 280.6] 35
1889|LAG2 | 1/24/202319:39| 896.3| 280.6] 35
1889|LAG1| 1/24/202319:57| 896.3| 280.6] 35
1889|STRL | 1/24/202320:42| 896.3| 280.6] 35
1889|AJI1 | 1/24/202322:03| 895.3| 271.9| 47
1889|AJI1 | 1/25/202323:13| 892.9| 271.1] 41
1889|STEL 1/26/2023 4:24|  893.1| 270.4| 36
1889|LAG1| 1/26/202310:25| 892.3| 279.4| 22
1889|LAG2 | 1/26/202311:25| 892.3| 279.4| 22
1889|STRL | 1/26/202312:11| 892.3| 279.4| 22
1889|LAG1| 1/26/202313:39| 892.3| 279.4| 22
1889|STRL | 1/26/2023 14:06] 892.3| 279.4| 22
1889|AJI1 | 1/26/202314:11| 892.3| 279.4| 22
1889|LARS | 1/26/2023 14:56| 892.3| 279.4| 22
1889|LAG2 | 1/26/202315:11| 892.3| 279.4| 22
1889|STRL | 1/26/202315:50| 892.3| 279.4| 22
1889|AJI1 | 1/26/202316:11| 892.3| 279.4| 22
1889|LARS | 1/26/202316:51| 892.3| 279.4| 22
1889|LAG1| 1/26/202317:05| 892.3| 279.4| 22
1889|STRL | 1/26/202317:41| 892.3| 279.4| 22
1889|AJI1 | 1/26/202318:15| 892.3| 279.4| 22
1889|LAG2 | 1/26/202319:13| 891.4| 270.8| 50

ILRS QCB 18-Mar-2026 12
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Potential Number of Occurrences of Frozen
Pressures (1-Jan-2024 to 31-Jan-2026)

U When the pressures were frozen,
_ most of the time the
Potential Frozen Pressure Occurences
35 temperatures were also frozen

O Incorrect temperatures influence
the system delay calculations
which are calibration target
range dependent

d Note: The resolution of the 1893
KTZL barometric measurements
were 1 mBar making it difficult

10 to tell if the pressures were
changing
I I U Very few false positives and
. iﬁ — ﬁﬁll_lﬁ_ inconclusives

1824 1873 1888 1889 1893 7090 7105 7124 7237 7396 7811 7824 7839 7941
GLsL SIML SVEL ZELL KTZL YARL GODL THTL CHAL JFNL BORL SFEL GRZL MATM

30

25

20

15

Number of Occurences

o

B Frozen [Olnconclusive [@False Positive
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Inexplicable Barometric Jump Detection
Algorithm

1 Starting on 8-Apr-2025, as a process improvement, the NASA SLR DOC
began to store every CRD NP 20 meteorological record to a relational
database; a prerequisite for a new algorithm to detect inexplicable jumps in
barometric pressures within a CRD

] Below is the algorithm

» Query every CRD where the peak-to-peak pressure variation is more than a TBD
amount and the time span of the 20 meteorological records is less than TBD minutes

» For LEO and MEO satellites, the best TBD values appear to be 2 mBars and 60
minutes to minimize false alarms. For HEO satellites, the best TBD values appear to
be 4 mBars and 480 minutes (8 hours) to minimize false alarms

ILRS QCB 18-Mar-2026 14



Algorithm Results

COMPI3
GALILEOZ220
GALILEO203
BEIDOU3M17
GALILEOZ208
GALILEOZ227
GALILEOZ221
GALILEOZ213
GALILEOZ208
GALILEOZ201
GALILEOZ224
GALILEOZ227
GALILEOZ204
GALILEO102
GALILEO102
STARLETTE
GRACE-FO2
HY-2D
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Date and start time
YYYY-MM-DD HH:MM:SS

2026-02-05
2025-07-13
2025-08-18
2025-10-30
2025-05-19
2025-10-24
2025-11-23
2025-04-11
2025-09-04
2025-09-04
2025-10-29
2025-11-17
2026-02-16
2026-03-02
2026-03-02
2025-08-22
2025-08-17
2025-05-07

________ - |
| #
Minute | Met |
———————— +—————+
328.43 | 109 |
383.50 | 3 ]
273.17 | 3 |
324.22 | 3 ]
280.52 | 2 |
216.05 | 2 |
284.72 | 2
318.10 | 61 |
216.00 | 41 |
227.95 | 43 |
246.08 | 4o |
2064.08 | 49 |
238.03 | 47 |
338.98 | 66 |
338.98 | 66 |
9.07 | 2
1.28 | 13 |
2.05 | 4 |
——————————— +—————+

(d Here are the results

where the TBD values
were 3 mBars and 480
minutes (8 hours) for
barometric pressure
variation and time span
of the 20 Meteorological
records; respectively

Notice the barometric
pressures can change by
more 3 mBars during a
GNSS pass

The last 3 passes are
from LEO CRDs which do
have inexplicable
barometric changes
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Inexplicable Jumps in Barometric

Pressure

| GRACE-FO1
| GRACE-FO1
| GRACE-FO1
| GRACE-FO1
| GRACE-FO1
| GRACE-FO1
| GRACE-FO1
| GRACE-FO1
| GRACE-FO1
| GRACE-FO1
| GRACE-FO1
| GRACE-FO1
| GRACE-FO2
| GRACE-FO2
| GRACE-FO2
| GRACE-FO2
| GRACE-FOZ2
| GRACE-FO2
| GRACE-FOZ2
| GRACE-FO2
| GRACE-FOZ2

ILRS QCB 18-Mar-2026

2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17
2025-08-17

————————————— t————
Pressure | Hum | Temp |
(mBar) ) ®
_____________ +______|________
1009.5000 | 78 | 300.4 |
1009.5000 | 78 | 300.4 |
1009.5000 | 78 | 300.4 |
1009.5000 | 78 | 300.4 |
1009.5000 | 77 | 300.4 |
1009.5000 | 77 | 300.4 |
1009.5000 | 77 | 300.4 |
1009.5000 | 77 | 300.4 |
1009.5000 | 77 | 300.4 |
1009.5000 | 77 | 300.4 |
1009.5000 | 77 | 300.4 |
1009.5000 | 77 | 300.4 |
1019.5000 | 78 | 300.4 |
1019.5000 | 78 | 300.4 |
1019.5000 | 78 | 300.4 |
1019.5000 | 78 | 300.4 |
1009.9000 | 78 | 300.4 |
1009.9000 | 78 | 300.4 |
1009.9000 | 78 | 300.4 |
1009.9000 | 78 | 300.4 |
1009.9000 | 78 | 300.4 |
————————————— -t

O Simosato (7838) was tracking
both Grace follow-on satellites
and the barometric pressures
jumped twice by 10 mBars in 42
seconds and 6 seconds;
respectively

This issue would not be flagged
by the current AutoQC
algorithm
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Inexplicable Jumps in Barometric

t————— tom - e t—————— +—————- t——— +————- t—————— +

| Pad | Satellite | YYYY-MM-DD | Secs | Wave | R | Pressure| Hum | Temp | D Matera (7941)WaS
t————— tom - t—m - t—————— +—————— t——— +————- t—————— .

| 7941 | SENTINELGA | 2025-05-07 | 36899 | 532 | 0 | 956.62 | 89 | 294.0 | tracking HY-2D and
| 7941 | SENTINEL6A | 2025-05-07 | 37086 | 532 | O | 956.62 | 89 | 294.3 | the very last 20

| 7941 | SENTINEL6A | 2025-05-07 | 37117 | 532 | O | 956.62 | 89 | 294.5 | d. th

| 7941 | SENTINELGA | 2025-05-07 | 37141 | 532 | O | 956.62 | 89 | 294.7 | record, the pressure
| 7941 | SENTINELG6A | 2025-05-07 | 37179 | 532 | O | 956.62 | 89 | 294.9 | changed by 4.8

| 7941 | SENTINEL6A | 2025-05-07 | 37236 | 532 | O | 956.62 | 89 | 295.1 | .

| 7941 | SENTINELG6A | 2025-05-07 | 37456 | 532 | O | 956.62 | 89 | 294.9 | mbars in 75 seconds
| 7941 | SWOT | 2025-05-07 | 37980 | 532 | 0 | 956.62 | 89 | 294.5 | [ The current AutoQC
| 7941 | SWOT | 2025-05-07 | 38021 | 532 | O | 956.62 | 89 | 294.3 | . )

| 7941 | HY-2D | 2025-05-07 | 39353 | 532 | O | 956.32 | 89 | 294.3 | algorlthm will not

| 7941 | HY-2D | 2025-05-07 | 39376 | 532 | 0 | 956.32 | 89 | 294.5 | identify these

| 7941 | HY-2D | 2025-05-07 | 39401 | 532 | O | 956.32 | 89 | 294.7 | - -

| 7941 | HY-2D | 2025-05-07 | 39476 | 532 | O | 961.12 | 89 | 285.3 | mexP"caPIe_

| 7941 | LAGEOS-2 | 2025-05-08 | 2399 | 532 | O | 953.82 | 68 | 286.8 | barometr|c1umps

| 7941 | SENTINELG6A | 2025-05-08 | 2982 | 532 | O | 954.02 | 68 | 286.7 |

| 7941 | SENTINEL6A | 2025-05-08 | 3188 | 532 | O | 954.02 | 68 | 286.9 |

| 7941 | LAGEOS-2 | 2025-05-08 | 3999 | 532 | O | 954.22 | 66 | 287.0 |

+-———— Fomm Fom t-—— - +—————- ot +-———- e +

ILRS QCB 18-Mar-2026
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Incorporation of VMF30 data
in Barometric Quality Control?




Vienna Mapping Function for Optical
Frequencies (VMF30)

d In 2017, the Vienna Mapping Function for optical wavelengths (VMF30) was
developed (ref: DOI:10.1007/s00190-020-01385-5).There are 3 categories of
VMF3o0 data

» VMF30_ El: European Centre for Medium-Range Weather Forecast (ECMWF) ERA-Interim
Numerical Weather Models (NWM) data

¢ Time Span: January 1, 1990, to August 31, 2019 (the most accurate VMF3o data)
» VMF3o0 FC: ECMWEF forecasted NWM

¢ Time span: January 1, 2019, to present
» VMF3o0_OP: ECMWEF operational NWM. Data is available next day

+ Time Span: January 1, 2008, to present

d VMF3o0 data has a temporal resolution of 6 hours and exists for every ILRS site
d The original VMF3o time series was based on ‘approximate’ site heights
d

All three VMF3o0 time series were updated in August 2025 based on more
accurate SLR station heights and the addition of newer SLR sites

ILRS QCB 18-Mar-2026 19
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Comparisons of the Old and New versions
of VMF3o0 data by SLR station
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The old VMF3o0 data was based on the approximate station heights from the ILRS station eccentricity file

The new VMF3o0 data is based on ITRF2020 heights. ITRF monument heights were adjusted based on the Up
eccentricities (i.e. the system refence point for NASA SLR systems and other legacy transportable systems)

The VMF3o differences between the old and new data are systematic. For Core ILRS sites the differences are
sub 1 mBar. The original 7119 station height used was off by ~10m

ILRS QCB 18-Mar-2026
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The Technique of Comparing VMF3o0
Pressures to SLR Pressures

The VMF3o data is every 6 hours (00:00, 06:00, 12:00, 18:00 GMT)

The NASA SLR Data Operations CRD NP Data Accountability DataBase
(DB) contains the meteorological data from the last CRD 20
meteorological record and it is timestamped based on the CRD H4
header record start time

d We binned the SLR barometric pressures into six-hour bins (21:00 to
03:00; 03:00 to 09:00, 09:00 to 15:00, 15:00 to 21:00 GMT) and computed
the average pressure within the bin and timestamped the data to the
center of the bin (i.e. 0:00, 6:00, 12:00 and 18:00)

d Using the last CRD 20 CRD meteorological record may slightly alias our
six-hour averages because HEO passes can last several hours

» Starting in April 2025, we began to store every CRD 20 meteorological record
received in a separate DB

U O
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What is the absolute accuracy of VMF3o0_EI
and VMF3o0_OP Data?

ILRS Pressure Offsets (Station- VMF30)

20

15

1.0

0.5

0.0

-0.5

Pressure Difference in hPa

7090 YARL
7105 GODL
7110 MONL
7119 HAAT

-1.0

-1.5

-2.0
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Station - VMF30_EI (2008-2019)
Station - VMF30_OP (2008 to 2019)

7124 THTL
7237 CHAL
7403 AREL
7501 HARL
7810 ZIML
7825 STL3

7839 GRZL

7840 HERL

7841 POT3

7845 GRSM

7941 MATM

8834 WETL

Plotted here are the mean barometric
pressure differences between the active
sixteen ILRS Core stations and the two
VMF3o categories, VMF3o0_EIl and VMF30_OP
for the 12 years (2008-2019) the data
overlapped

The aggregate pressure differences between
the two VMF3o categories are within a few
tenths of a hPa

For twelve of the 16 sites, the barometric
differences are less than 0.4 hPa. Stations
7119 and 7124 are on small islands in the
Pacific Ocean. Is VMF3o data less accurate
for sites near large bodies of water?

Based on the first VMF3o paper (
https://link.springer.com/article/10.1007/s001
90-020-01385-5 ), there are semidiurnal
variations with an amplitude of less than 3
hPa for stations 7090 YARL and 7839 GRZL
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Average Six-Hour Differences (Station minus
VMF3o0_ OP) for the ILRS Network (2024 and 2025)

Pressure Difference in mBars

Average Pressure Diffs (Station-VMF3o0) for 2 years (2024-2025) d  Six out of 39 sites have pressure differences
5 exceeding 1 mBar on average
» Our two newest sites, Xian (7329) and Tsukuba
4 (7306). Tsukuba (7306) differences have a high

standard deviation

» Golosiiv (1824) and Simeiz (1873). Golosiiv
(1824) differences have a high standard deviation

» Arequipa (7403) and Kunming (7819)

0 According to the sensor specifications for
Golosiiv (1824) and Kunming (7819), the
barometric accuracy is only +/- 1 mBar

O There appears to be an issue with the

accuracy of the VMF3o data for Tsukuba
2 (7306) and possibly Xian (7329)
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7306 TKBL and 7329 NTSC Pressures
Differences (Station minus VMF30_OP)

7306 TKBL Pressure Differences (Station- VMF30) 7329 NTSC Pressure Differences (Station-VMF30)
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0 Tsukuba (7306) pressure differences (Station — VMF30) have a large scatter, but data from a local Tsukuba
weather bureau has reduced scatter suggesting an issue with the VMF3o data for that site

O Xian (7329) pressure differences (Station — VMF30) appear to have a discontinuity. Needs further investigation

ILRS QCB 18-Mar-2026 24




Pressure Differences in millibars

AND Iny,

Six-Hour Barometric Differences (Station — VMF30)
Six Examples from Core Sites

15

10

n

-10

Jan-90 Jan-94 Jan-98 Jan-02 Jan-06

Pressure difference in millibars

7080 MDOL Pressure Differences (Station-VMF3o0)

« Station - VMF_30_EI
Station - VMF3o0_OP

Jan-10

Jan-14

7110 MONL Pressure Differences (Station-VMF30)

- Station - VMF3o_EI
Station - VMF3o_OP

15

Jan-18

Pressure Difference in millibars

Pressure Difference in mBars

15

10

-10

-15

Jan-92

15

10

W

o

o

7090 YARL Pressure Differences (Station-VIMIF30)

- Station - VMF_EI
Station - VMF_OP

Jan-96 Jan-00 Jan-04 Jan-08 Jan-12

7840 HERL Pressure Differences (Station-VMF30)

+ Station - VMF3o_EI
Station - VMF3o0_OP

Jan-16 Jan-20

Jan-24

7105 GODL Pressure Differences (Station-VM3o0)

15
« Station - VMF3o_EI
Station - VMF3o_0OP
10
5 »

Pressure Difference in millibars

10
-15
Jan-92 Jan-96 Jan-00 Jan-04 Jan-08 Jan-12 Jan-16 Jan-20 Jan-24
7839 GRZL Pressure Differences (Station-VMF30)
15
+ Station - VMF3o_El

10 Station - VMF3o0_0OP

5

Pressure Difference in millibars

-
-5

The VMF30 data can detect outliers and irregularities in our barometric measurements. When our sensors
are properly calibrated, >99% of the differences between our sensors and the VMF3o are within 4 mBars

Jan-16 Jan-20

“ICRS'QCB™8-M&r-2026" "

Jan-24

Jan-92

Jan-96 Jan-00 Jan-04 Jan-08 Jan-12 Jan-16 Jan-20

Jan-24

Jan-92 Jan-96 Jan-00 Jan-04 Jan-08 Jan-12 Jan-16 Jan-20 Jan-24




7080 MDOL Seasonal Differences between
the Barometer and VMF3o0

. 7080 MDOL Pressure Differences (Station-VMF30)
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7080 MDOL Monthly Pressure Differences (Station-VMF3o0)

W Setra 270 - VMF3o_El
Paroscientific - VMF3o_El

ln .b .ar -Apr .ay In II Ig Ip Ict Iv Ic

Seasonal Peak-to-Peak Variations

Setra 270 - VMF30_ElI

MET3 - VMF3o_El

0.49

0.32

0 On 17-May-2003, the Setra 270 Sensor was replaced with the Paroscientific MET3 which reduced the seasonal

variations in the pressure differences
ILRS QCB 18-Mar-2026
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7090 YARL Seasonal Differences between
the Barometer and VMF3o0

7090 YARL Pressure Differences (Station-VMF30)
|

s |
« Station - VMF_EI
4 - Station - VMF_OP
——New Calibrated Sensor
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7090 YARL Six Hour Differences Aggregated by Month

B Station - VMF3o_EI (2008 to 2019)
B Station - VMF30_OP (2008 to 2019)

B Station - VMF30_OP (2020-2024)

Seasonal Peak-to-Peak Variations

Station - VMF3o0_EI (2008-2019)

Station - VMF30_OP (2008-2019)

Station - VMF30_OP (2020-2025)

0.21

0.20

0.37

0 The seasonal variations in the station minus VMF3o_OP differences have increased perhaps starting in 2017
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New AutoQC Using VMF3o0 Data

d InJanuary 2026, the NASA SLR DOC implemented a new data integrity check to automatically flag,
for further investigation, any six-hour period where the difference between the average six-hour
pressures from the station and the VMF30 exceeds 4 mBars

» Twenty-five out of 1957 six-hour differences (station minus VMF30) for 2026 (Jan and Feb) were flagged (1.3%)

¢+ One from Simeiz (1873): positive alarm, the mean difference between the Simeiz pressures and the VMF is -3
mBars

+ Twenty from Tsukuba (7306): false alarms, VMF3o data is suspect
¢+ Two From Xian (7329): inconclusive
+ Two from Simosato (7838): positive alarm, caused by frozen pressure for 3 hours on 8-Feb-2026 from 20:51 to
23:50
0 In February 2026, | was asked to peer review a paper titled “Diagnosis strategy of abnormal on-site
barometric pressure for SLR tropospheric delay correction” written by our Chinese colleagues. In the
paper, they automatically compare SLR pressures to Numerical Weather Model (NWM) derived
pressures and auto correct SLR pressure measurements if the pressure difference exceeds 4
mBars
0 How can aggregating the station minus VMF3o six-hour differences assist in barometric quality
control. What other algorithms can be developed to identify short and long-term trends in the
difference?
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Yearly Aggregation of the Six-Hour

Differences

Tropospheric Biases in SLR Core Sites

ILRS Yearly Normalized Pressure Differences (Station-VMF)
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U A yearly time series of barometric

errors in our core sites from 1992
to August 2019 based on
comparing station’s barometric
data to the Vienna Mapping
Function for optical frequencies
(VMF30)

VMF3o0 is based on Numerical
Weather Models (NWMs) provided
by the European Centre for
Medium- Range Weather

DOI:10.1007/s00190- [1'20 01385-5

14

This slide was presented to
the ILRS QCB in Jan-2023.

This analysis was based on
the original VMF3o_EIl data

As more accurate
barometric sensors were
deployed, the accuracy of
the barometric data
improved

If you look closely, you will
notice the discontinuity in
the Wettzell 8834 data
starting in 2012, when the
height difference between
the sensor and the SRP was
not modelled. Also notice
the drift in the Gras 7839
barometric pressure
starting in 2015. Both
stations reprocessed their
data to remove these errors
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Monthly Pressure Differences in mBars
(Station minus VMF30 OP)

1824 GLSL i 1868 KOML i 1873 SIML ; 1874 MDVS
1884 RIGL : 1886 ARKL : 1887 BAIL ; 1888 SVEL ; 1889 ZELL
1890 BADL : 1891 IRKL : 1893 KTZL _ 7045 APOL
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Monthly Pressure Differences in mBars
(Station minus VMF3o0_OP)
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Monthly Pressure Differences in mBars
(Station minus VMF30_ OP)

7407 BRAL ; ; 7503 HRTL ; 7710 1Z1L
7811 BORL '; 7817 YEBL '; 7819 KUN2 '; 7820 KUNL i 7821 SHA2
7824 SFEL 7827 SOSW 7838 SISL

2 g 2 b8 o oz Bieinie alelly oy g 3 88| 88 2 284 82 =z 2 alg =2 2 8 333 3lg g 33 2 2982 e ey e gy y 3 I8 E 22 ooy o T woeorx o2 28 3y 3 3F oL oel %8s ozoyo2ozoeoe o822 3oyogo3o8 o8
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Monthly Pressure Differences in mBars
(Station minus VMF30_ OP)

2 g 2 o o 3 '%74/"e 5 =2 a/g & § §/3 58'8 8 g 2 ¥ 8 89 T 492 5 = a3 8 y § § 3 8 8 B & 2 %yom % osmo2 o5 = o3 8 g § 8 38 8 38 2 z@y e s s =93 g3 @8 288 388 = 3983 =se s 2 28 8§83 8 8

O Footnote 1: 7839 GRZL results were based on a mixture of the original
pressures and the corrected pressures

e Footnote 2: 8834 WETL results were based on the original pressures
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Other Station minus VMF3o0 Pressure
Difference Statistics

7090 YARL Press Diffs 7825 STL3 Press Diffs 7110 MONL Press Diffs -  The station minus VMF3o
; \ pressure differences alone

don’t tell the whole story (1st

O Adding in the standard
deviation of the differences

(2" row of charts) reveals
7090 YARL Diff Std 7825 STL3Diff Std 7110 MONL Diff Std why there may be potential

outliers in the differences in
the 1st row. Large standard
deviations may indicate
| frozen pressures and/or
|neXpllcab|ejumpS

7090 YARL Diff Count 7825 STL3 Diff Count 7110 MONL Diff Count - Adding in the count of
" " differences (3™ row of

charts) reveals the number
of shifts that the station
operates
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Van’s Old Barometric Analysis vs the

VMF30 Analysis
O Charts on the left were based on

@ Maidanak Monthly Pressures 1864 Maidanak Pressures (Station-VMF3o_El) Van’s Pressure Monitoring Analysis
from the early 2000’s

O Charts on the right were based on
the VMF3o_El data

0 Both analyses show the same
trends in the barometric pressure
discontinuities

| | Was the sensor changed or calibrated? | O The most recent legacy Shanghai
. (7827) barometric sensor appears to
oot be drifting positive

MyStation . Laser Workshop, Washington DC, Oct 7-11, 2002

& & LA N o v & o ©® O

Pressure Offsets from Historical Averages (mBar)

Shanghai Pressure Offsets

7837 ShanghaiPressures (Station-VMF3o_El)

5
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Meteorological Data Processing and
Handling from Cradle to Grave?
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Meteorological Data in the CSTG or MERIT Il Format

d In both SLR legacy data formats, there were meteorological data in every
Normal Point (NP) an FullRate (FR) record. No interpolation of
meteorological data required

4 In May 2012, the CRD format became the new ILRS data format. Based on
the CRD format, interpolation of meteorological data may be required to
the epoch of the NP or FR observation
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CRD 20 Meteorological Record Format

3.4. Meteorological Record
This data record contains a minimal set of meteorological data. At least one record must appear in the data file.
3.4.1. Format:
1. A2(1-2) Record Type (= "20")
2. F18.12 Seconds of day (typically to 1 milllisec precision).
3. F7.2 Surface pressure (millibar)
4. F6.2 Surface temperature in degrees Kelvin
5. F4.0 Relative humidity at the surface in %
6. I1 Origin of values
O=measured values (written whenever a value changes “significantly”)
1=interpolated values applicable at the time (seconds of day) given in this record
3.4.2. Notes

Meteorological records should only be written when one of the fields changes “significantly”. As a minimum, a
new record should be written whenever pressure changes by 0.1mB, the temperature changes by 0.1 K, or when the

humidity changes by 5%. The time (seconds of day) of an interpolated record should match the time in the following normal
point record.

Since meteorological records may be submitted in blocks and not interspersed with the normal point or range records, it is

recommended that the meteorological records be accumulated and interpolated to the times needed (e.g., times of normal
points or full rate records).
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NASA SLR CRD Meteorological Record

h1 CRD 22026 130 5

h2 YARL 7090 5133 ILRS

h3 lageos1 7603901 1155 8820011

h4 12026 130 444242026 130 5 146 00001020

h5 126 012800 SGF 05291

c0 0 532.000 new la1 mcp ti1 swm met cac

c10la1 Nd:Yag 1064.00 5.00 100.00 150.0 6.00 1

c2 0 mcp MCP-PMT  532.000 15.0 3393.0 31.0 analog 400.0 1.00 80.030.00none na na O
¢3 0 ti1 Truetime_XLDC Truetime_XLDC Cybi ETM na 0.0

c5 0 swm sattrk 6.10 HPLDP,GNP 9.11.3,2.8.5

c6 0 met Paroscientific MET-4 106772 Paroscientific MET-4 106772 Paroscientific MET-4 106772

c70cacB 150.42450 1.00 0.1651 na HPLDP 9.11.3

40 17188.700584229082 0 new 2457 2443 150.4245 96307.3 0.0 21.3na na na 2203na
41 14530.200585443527 0 new 865 857 150.4245 96308.0 na 1773na na na 2201na
41 19887.450584722683 0 new 1592 1580 150.4245 96306.6 na 227na na na 2202na
20 17097.401 979.40 313.80 16.0

11 17097.400587900000 0.047713806818 new 2 120.0 60 45.0 0.003 0.752 na 10.000 na

20 17238.401 979.40 313.30 16.0

11 17238.400584600000 0.046097010679 new 2 120.0 9 27.0 0.366 -1.102 na 1.50 0 na

20 17385.801 979.40 313.00 16.0

11 17385.800587700000 0.044708380878 new 2 120.0 30 42.0 0.062 -0.855na 5.00 0 na

20 17439.601 979.40 313.00 16.0

11 17439.600587699999  0.044285216082 new 2 120.0 78 53.0 -0.190 0.136 na 13.00 0 na

20 17584.401 979.30 313.00 16.0

11 17584.400584700001 0.043384708040 new 2 120.0 54 45.0 -0.445 0.467 na 9.00 0 na

20 17682.201 979.30 313.30 16.0

11 17682.200585700000 0.042982335545new 2 120.0 29 59.0 -0.139 -0.840 na 4.830na

20 17987.701 979.00 313.80 16.0

11 17987.700583800000 0.042842504489 new 2 120.0 7 27.0 -0.472 -0.734 na 1.17 0 na

20 18056.101 979.20 314.30 16.0

11 18056.100584299998 0.043043418127 new 2 120.0 26 47.0 0.135 -0.629 na 4.330na

50 new 48.2 -0.178 0.174na O

ILRS QCB 18-Mar-2026
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In the NASA SLR onsite Normal Point (NP)
generation software, a 20 meteorological record is
created for each NP (see 20 meteorological records
highlighted in green).

The seconds of the day of 20 meteorological record
matches the seconds of day of 11 range record but
is rounded to the millisecond. (See 11 range
records highlighted in gray)

The meteorological measurement is based on the
met data associated with the fullrate observation
whose epoch is nearest to the mean epoch of the
accepted fit residuals in the NP bin

Barometric pressures did fluctuate by 0.4 mBar
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WPLTN CRD Meteorological Record

H1 CRD 220261113

H2 CHAL 7237 1901 4 ILRS

H3 lageos1 7603901 1155 088200 1 1

H4 1202611821242026118431300001020

H5 1 25 122900 HTS 36301

C00532.000std CL2 CD1 CT1 na CSO1 CME1 CCA1

C10 CL2 Nd-YAG 1064.00 2000.00 2.50 50.010.31 1

C20 CD1 CSPAD 532.000 20.005.060.0 TTL0.0 1.70 0.0 0.0 none na na na
C3 0 CT1 Meridian Meridian ET-A033 003309 0.0

C50CS0O1 SLR_TRACK V3 Pro2002 V1

C6 0 CME1 Paroscientific MET3 69628 Paroscientific MET3 69628 Paroscientific MET3 69628

C7 0 CCA1 NearTarget 3.699 1.0 0.0 2.0 Cal2000 V1

40 29880.000000000 0 std 4618 4248 3.699 183947.0 na 45.0 0.190 2.581 -2.0400 1 92.0
41 29880.000000000 0 std 4618 4248 3.699 183947.0 na 45.0 0.190 2.581 -2.0400 1 92.0
20 31396.000000000 999.90 255.90 58. 0

11 30100.887500870002 0.047220542835 std 2 120.0 338 25.3 0.012 -0.782 0.0 0.1 O na
11 30183.749500869999 0.046356161305 std 2 120.0 1068 23.7 0.041 -0.669 -0.0 0.4 0 na
11 30294.731500869999 0.045368059203 std 2 120.0 1033 23.5 0.024 -0.604 -0.0 0.4 0 na
11 30419.745160840001 0.044505530146 std 2 120.0 974 22.8 0.045 -0.603 -0.0 0.4 0 na
11 30529.101660839999 0.043982848388 std 2 120.0 375 23.2 -0.128 -0.544 -0.0 0.2 0 na
11 31171.276500870001 0.045512350017 std 2 120.0 435 21.6 0.122 -0.822 -0.0 0.2 0 na
11 31264.500000860000 0.046353007356 std 2 120.0 599 22.0 0.155 -0.754 0.0 0.2 0O na
11 31357.481500860002 0.047325533497 std 2 120.0 437 25.1 0.087 -0.565 0.0 0.2 0 na
50 std 31.0 0.039-0.635-1.80

ILRS QCB 18-Mar-2026
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In this Changchun LAGEOS-1 CRD, there is only
one 20 meteorological record and the 20 record
seconds of day is greater than the epoch of the last
11 NP range record by 39 seconds

Other non-LAGEOS Changchun CRDs only have
one 20 meteorological record

Since there is only one range record the
meteorological data can NOT be interpolated.
Should this be flagged as a data integrity issue?
How do the different ACs handle this?
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EUROLAS CRD Meteorological Record

H2 HERL 7840 35 1 4 ILRS a In this Herstmonceux LAGEOS-1 CRD, there are

H3 lageos1 7603901 1155 08820 0 1 1

412026 132328 192026 1404270000 1020 multi 20 meteorological records and 11 NP range

CO0 0 532.080 PS kHzPS SPD5 HMas HxF HxMet Hxtr
C1 0 kHzPS Nd-Yag 1064.16 1000.00 1.50 25.0 20.00 1

€2 0 SPD5 SPADS5 532.080 20.00 0.0 200.0 +0.7V 0.0 0.15 90.0 0.0 Single_fot 0.0 0.0 0 reco rds, and the epOChS of the 20 meteOrOIOQ ical
C3 0 HMas iMaser_3000 iMaser_3000 HxET_=_3x_dassault 55 5.743 .

C5 0 HxF kgate,dplay 0.1,0.1 solve gauss 0.1,0.1 records are different from the 11 NP range record
C6 0 HxMet Druck DPI141 (700/99-06)&(449/97-1) Rotronics MP103A-T7-W4W 46174001 Rotronics MP103A-T7-W4W 46174001

20 84179520000 1010.47 269.90 84.6 0

20 84542.400000 1010.43 269.90 84.6 0 e pOChS

20 84896.640000 1010.39 269.90 84.6 0

20 85250.520000 1010.35 269.80 84.6 0 0 The data analysts can interpolate and/or extrapolate

20 85622.400000 1010.45 269.80 84.8 0

20 86158080000 1010/83.269.70 B4 80 the meteorological data to the epoch of the 11 NP
20 120.960000 1010.53 269.70 84.9 0
20 483.840000 1010.55 269.70 85.3 0 range reco rd

41 83972.160000 0 PS 2492 2492 122.977 104777.8 0.0 22.0 0.070 -0.4804.0200 1 na
41 1010.880000 0 PS 3412 3412 122.977 104780.5 0.0 22.7 0.170 -0.260 -3.0200 2 na
40 85583.520000 0 PS 5904 5904 122.977 104779.1 -2.7 22.3 0.120-0.370 052203 na
50 PS 59.4 0.424 -0.343 -8.0 0

11 84550.291234400000 0.049017373350 PS 2 120.0 600 57.0 na na na 0.5 0 na D
11 84628.381745600000 0.047734296147 PS 2 120.0 739 60.0 na na na 0.6 0 na

11 84936.130165700000 0.043370386898 PS 2 120.0 1261 60.0 na na na 1.1 0 na

11 84968.725255200000 0.042984572504 PS 2 120.0 877 59.0 na na na 0.7 0 na

11 85139.588765700000 0.041246536675 PS 2 120.0 1043 59.0 na na na 0.9 0 na

11 85248.444439700000 0.040410729909 PS 2 120.0 646 56.0 na na na 0.5 0 na

11 85417.654019700000 0.039573077857 PS 2 120.0 734 54.0 na na na 0.6 0 na

11 85537.847019700000 0.039338071860 PS 2 120.0 2130 56.0 na na na 1.8 0 na

11 85569.481019700000 0.039327069914 PS 2 120.0 1179 55.0 nana na 1.0 0 na

11 85753.079847700000 0.039680695974 PS 2 120.0 1045 58.0 na na na 0.9 0 na

11 85879.612347700000 0.040328206118 PS 2 120.0 3710 58.0 na na na 3.1 0 na

11 85930.120347700000 0.040674269484 PS 2 120.0 879 55.0 na na na 0.7 0 na

11 86104.540275400000 0.042226240185 PS 2 120.0 1349 60.0 nana na 1.1 0 na

11 86225.948108700000 0.043604074144 PS 2 120.0 1061 62.0 na na na 0.9 0 na

11 229.339531700000 0.049560389354 PS 2 120.0 1278 66.0 na na na 1.1 0 na

11 253.027502000000 0.049962263723 PS 2 120.0 881 69.0 na na na 0.7 0 na

H8

(]

Barometric pressures fluctuated by 0.16 mBars

Note: This was a midnight crossing pass
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20 Meteorological Data Records Per LAGEOS-1 NPs
(September 2025 to January 2026)

Met Records per NP

w

MeteorologicalRecords per LAGEOS-1 NP

NASA

JJJJJJJJJ

7840 HERL [

o = N

7817 YEBL R

7841 poT3 NN
7845 GRSM |

8834 WETL |
7090 YARL

7105 cooL
7110 mONL

7119 HA4AT

7124 THTL

7501 HARL |
7838sisL N

7827 sosw R

7839 GRZL |}
1873sIML W

1874 MDVS |
1884 RIG

1888 SVE
7825sTL3 I}

7810 zZML |
7824 SFEL W
7941 MATM
1824 GLSL i
1889 ZEL
1890 BAD
1891 IRK
1893 KTZ
7237 CHA
7249 BE|
7306 TKB
7329 NTSC ||
7396 JFNL |
7819 KUN2 B
7821 SHA2 |
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The legacy SLR formats (CSTG and
MERIT Il) included meteorological
data in each NP record, so there was
no need to interpolate/extrapolate

The number of CRD 20
meteorological records per LAGEOS

NP is diverse across the ILRS
network (0.06 to 10)

NASA SLR sites share the same data
reduction software

Having a meteorological record per
each NP eliminates the possibility of
an interpolation error by the data
analysts

» Should the stations adopt this as a best
data reduction process?
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Corrections from the DHF

Issues with applying Barometric Pressure

7080 Different Application of
Tropospheric Biases by the ACs

U When a tropospheric bias is to be applied along with range bias estimation the application of the
tropospheric bias is not consistent

U Below is an DHF example from McDonald (7080), where the tropospheric biases are in a period of RB

estimation Bias epend | | Legend
*COL~|Pad = |%¥] [=]| ~ Start Dz ~ EndDz = |Co-¥| Bi~| S ~=|Ra~|Uh~|Com~ 51|LAGEDS-1
52|LAGEDS-2

Pressure Error

|all Satellites

7080 A [95:065:00000|96:025:86400 [P -2.1 mB |BRE
7080 A _[96:026:00000|96:115:86400 P -10.3 mB__|BRE
7080 A [96:116:00000(96:129:72000(P | -9.7 mB [BRE
MiDonald Observatory 7080 LAGLOSE LAGLIOLR2 ) .
' 1988 1992 1996 2
SSEM RB Estimates 15 :

Issue: 10 4
RBs estimates vary by ACs;

Some ACs didn’t apply £ o solution: Alwavlgs apply
. 2 ' tropo/epoch biases a
tropo bias before RB S - -
N = -10 - priori when estimating
estimation ~~| 7080 ITRF2020 .
End result: _»0 | Height Residpials
Height Discontinuijty _25 {

Trajectory: Blue: Raw, G
Vertical gray lines repres 9

ILRS QCB 18-Mar-2026

This slide was
presented to the
QCB in Sep-2025

Based on the DHF
three of the Analysis
Centers (BKG, ESA
and JCET) did not
apply a priori
barometric
correction before
estimating a range
bias that resulted in
a 7080 MDOL
ITRF2020 height
discontinuity when
the individual AC
coordinate solutions
were combined
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The NASA SLR DOC has implemented three new automated weekly barometric checks to flag
» When the six-hour differences (station — VMF30) in barometric pressure exceed +/- 4 mBars
» When potential frozen pressures are detected
» When there are inexplicable changes in barometric pressure within a CRD

Calibrated barometric sensors are inherently more accurate than the VMF3o data. The VMF3o data, for most
sites, when aggregated yearly is accurate to at least 0.4 to 0.6 mBars

Are the seasonal trends in the six-hour differences (station — VMF30) in the sensor and/or the VMF30? If
feasible, it is better to locate the barometric sensor in a controlled environment?

Aggregating the six-hour pressures differences (station — VMF30) can detect sudden jumps and drifts in our
barometric measurements

Would any of the station specific six-hour barometric VMF3o barometric differences be useful on the ILRS
website?

Need to develop barometric corrections for the ILRS DHF to fix legacy barometric errors

Should there be a standard for how stations report their meteorological data? Should only one meteorological
data record per CRD be flagged as a data integrity issue?

Notify the ACs to check their software to determine if barometric pressure corrections are applied a priori
before range bias estimation
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INSTITUT FUR WELTRAUMFORSCHUNG

v )
OAW (IWF

23"° INTERNATIONAL WORKSHOP ON LASER RANGING

1t formation strategies

Alternative normal poi
2 ~ for Galileo satellites

11 normal points instead of 1 normal point?

© Christian Kettenbach

“ : R ORI PRy e RTI
IWF.OEAW.AC.AT



INSTITUT FUR WELTRAUMFORSCHUNG

=
OAW (IWF OVERVIEW

Principle
* Yaw steering: Satellites turn towards sun, twice per revolution

« Satellite-observer geometry: Multiple rows of reflectors align at constant ranges
* Symmetry conditions: dependent on hexagonal panel arrangement

i [

2

Effects on satellite laser ranging data SN 1 g ..
+ Clustering of data at constant ranges 2

)
5]

* SLR precision: mm-level

« Distance of alls rows can be identified

) Obsewgd - Minus - Calculated [m]

« -> better precison, incident angle

-0.04

80800 81000 81200 81400 81600 81800 82000 01 02 03 04
seconds of day k counts

ESA contracts funded under H2020 programme
EU Proprietary information. Unauthorised distribution, dissemination or disclosure not allowed 2
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INSTITUT FUR WELTRAUMFORSCHUNG

gAW (IWF GALILEO SYMMETRY CONDITIONS

Symmetry conditions explained

* 1) Rotate around screen axis by e.g. 30°, 60°, 90°

« 2) Tilt panel around symmetry axis -> rows separate from each other

« 3) Multiple CCRs at constant ranges: range separation based on tilt angle

12 3 4 5 B 7 8 310 M11213 11| EIWI®EIBL20
11 rows (+90°, -90°) - (+60°)
20 rows (+60")
- N (] (-]
TN (\ & 30°, 60° symmetry
12 3 4567 8 3710 \ /‘
/ g
»

nenB

X
Q@)
-
:
.
O

12 rows (-30°)

VAR

INIMNIN I\ .

N7

12 rows (+30°)

1234656 7830NRB

IWF.OEAW.AC.AT

LWL\

/\.
LY
X
YO
XK
Q
Q
Q
@
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LT )
OAW (IWF 0-C RESIDUAL SIMULATIONS

SLR simulation tool Full : Galileo IOV

Retro reflector ranges

+ Predict SLR O-C range residuals [mm]

* Individual CCRs on Galileo panel color coded +30° /6 -907 /1157 +30° /171

: sg . o ° o
« Different symmetry conditions: 90°, 60°, 30 l
. . . o o o o ‘ : [\ ]
* Laser beam incident angle: 6°, 11.5°, 10°, 11 - 0
b s
—_ A <
AN | J%
= ‘%’%"ﬂ‘ “(e“ NG,
E ¢ o, 0
20 N XK T DA AN 2)"
200 * * © ==V | Sy
& fad * bad g X Z ‘-:o:“. ‘47\;4‘\"; ?,f{/; 55
* = > 3 A= )7
G UG
- - -+ B * ) 3 ) @:.‘ﬁﬁ X
100§ o s e e 8 0 é{‘;_,,l,_‘ ',
* * * * ) KK
507 o * * S o X
E c
= W o o a ¥ <
= ol > * - +* X
£ * * * * *
= -s0: W o i o
* 3 # A * : 5
—1008 * 3 e 240 T =< X AS
e o * * “ / N
150 tad * | \ \'/
* + +* - b)
-200 - &) * b 4 40000 50000 60000 70000 0000
—Foo —T00 (3 100 200 seconds of day
panel x [mm]
+60°/ 10°
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INSTITUT FUR WELTRAUMFORSCHUNG

OAW CIWF further away

2001

* *
150 : * : * : *
Zoom inon 30° symmetry pass:  _ =k A ok ok
: I * * *
Residuals +/- 42 mm £ * * *
= of % * * *
5 * * *
S sol %k +* * *
g * - *
* * *
. N S
closer
XX x
paneli[mm]
10 / / /)
/
further away / P /
_ / /
20
E
'G' 0
o
-20
closer -4
82800 83000 83200 83400 83600

secon dS Df day ESA contracts funded under H2020 programme

EU Proprietary information. Unauthorised distribution, dissemination or disclosure not allowed 5
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INSTITUT FUR WELTRAUMFORSCHUNG

OAW (IWF
— GASP TOOL
GASP - Galileo Alert for Symmetry Passes

* Tool for Galileo symmetry pass prediction

« Observer gets alert 5 minutes before pass
« Campaign: >100 symmetry passes: within H2020 / ESA project

GRZ_ID dt [min] NORAD date t_center az_stadsat el stadsat

LO5 -24 428 2022/09/15 10:43:01 120 13

— L0S 0 40128 2022/09/15 11:12:00 150 14
CASP - Galileo Alert for Symmetry Passes [ Lov 95 405344 2022/09/15 12:46:17 120 0 ]
GRZID dt[min] NORAD  date  t center az stadsat el stadsat az satdsta el satdsta bets sun observe [ L15 04 41850 2022,/09/ 12:45:58 ) 10
05 -24 40128 202/09/15 104801 120 13 208 2 F'3
Los 0 40128 2022/09/15 11200 150 14 201 15 F'3

el min ca °] L13 52 41859 202270915 103:47 120 1A
Lo7 95 A0S 202/09/15 124617 120 10 308 3% 40 _fan_
L5 94 41859 2022/09/15 12:45:58 90 10 252 35 40 el max sun [°]:
s 52 MBS0 2022/09/15 12:0347 120 T 240 2 13 .
g 1 41852 2022/09/15 11:1231 150 12 52 13 6 =i sradsan L +'| 20° Symmetry / 'IO |nC|dent ang|e°
Lo 7O 4306 200/09/15 123049 150 12 7 13 il

symmetry angles [°]
124 149 43567 202/00/15 1340:25 60 0 210 3 3

Moe

4 300

[ s0=

=] 20=

[ 120°

] 150%

G
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INSTITUT FUR WELTRAUMFORSCHUNG

EAW (IWF 1) PEAK-BASED NORMAL POINTS

Normal point formation technique

* Normal point: compressed high-prescision SLR data (Galileo: 300 second interval)

1) Raw data 2) Cut raw data

< : m £
B i i 10 | g" 045
é-m ; é 10 Z,E )
g,m ‘ 2 ‘g -0.55
e WWs4emmlsm‘§§;EO o o :kcg:unlsﬁu “ R 80800 81000 81200 81400 81600 81800 82000 - 02 04 05 08
seconds of day k counts
3) Orbit cleaning -> peak detection 4) Cut individual rows -> form normal points
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gAW (IWF 2) CORREATION NORMAL POINTS

« Calculate histogram of measured range residuals, calculate
« Simulate SLR residuals of all 84 CCRs
» Calculate average CCR range in normal point interval

« Overlay Gaussian distribution at each of the CCRs positions (e.g. 2 mm SLR precision width)
« Add up 84 Gaussians distributions to one simulated distribution

e (Calculate correlation: simulated function vs. measured data

Result: offset (correction) applied to regular normal point

77, —— simulated gaussian kernel residuals
| —— smoothed residuals
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New normal points: 1 mm closer to POD orbit
Galileo 103

GAL-103, 2021-02-14
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EA\W (IWF INCIDENT ANGLE: GALILEO 103

Galileo 103: L0304520, +30° symmetry
« Range offset between rows measured -> laser beam incident angle

* Lomb analysis smoothed ranges: a,,.q = 10.30°, aq; = 10.29°

counts/bin
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REMOTE MEASUREMENTS

elevation = symmetry condition azimuth =incident angle

1

Surtace Eievation (m)

IWF.OEAW.AC.AT

500

2
1,000

N

Remote Location: 32 km from Graz SLR station
Spare IOV Panel: mounted on astronomical tripod Laser: Graz SLR station

Azimuth / elevation --> symmetry condition / incident angle

Line-of-Sight Mapped To Surface Elevation Profile
=== Surface Elevation (M) === Line of Sight Elevation (m)

Total Distance: 32.3km
Elevation Difference: -776.5m
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=
OAW (IWF SUMMARY

“The work reported in this paper has been performed and fully funded under a
contract of the European Space Agency in the frame of the EU Horizon 2020

S .. Framework Programme for Research and Innovation in Satellite Navigation. The
ummanzing... views presented in the paper represent solely the opinion of the authors and should

X . be considered as R&D results not necessarily impacting the present and future EGNOS
° Galileo Sym metry conditions and Galileo system designs”

* Galileo Alert for Symmetry Passes tool
« Galileo SLR residual simulations - o .
» Real data post-processing ) .
» Incident angle calculations based on SLR data ”
» Alternative Normal point formation strategies (11 instead of 1 normal point?) 4

* Central normal points: closer to ESA POD orbit LA R

 FOC: Some interesting Galileo FOC histograms (201, 214, 217, 219) -> FFDP + clocking ?
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I THANK YOU !

Theory says, eye-safe at 32 km... but: SAFETY FIRST

No cows were hit with the laser or harmed in any way during the measurement...

13
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ILRS QCB Meeting

03/18/2026
Mike Croteau & Claudia Carabajal




Agenda

Van:
*New Graz Data Screening Algorithm
*|LRS Barometric Analysis

Peter:
eDiscussion onissues from examples of Station Performance.

Frank:
eSatellite interleaving (brief)

Mike/Claudia:
* Brief ILRS CB updates

Others?



Station Performance Guidelines

« Still need to review and update the 2023 Revised Performance Guidelines (revised
after the launch of LARES-2)
o Included in the 10/06/2025 meeting notes, sent to ILRS CB, and to ASC
Chair/Co-Chair (no further inputs).
o Final version (2025/2026) Performance Guidelines, shared with ASC; discussion
at the last ILRS ASC meeting.

To be finalized after consensus is achieved, approved by ILRS GB, and
published on the ILRS website, and disseminated to the community.



Station News: Station Surveys and Plan

* Review Team needs to reconvene, reviews of the Station Surveys and Plan (now 8).
* Provide feedback to the stations after discussions with the the review team.

Station News: Engineering Stations

Monument| Code Location Name, CDDIS IERS IGS IvVS IDS Date of Date of
Country SOD DOMES Site | Site | Site Latest Latest
Numbers Log | Log | Log Site Log Site History
Log
7040 OCTL | Wrightwood, California | 70409201 49901S001 - - - 20050127
7125 GO1L | Greenbelt, Maryland 71259301 40451M114 X X X
7317 ISHL Ishioka, Japan 73179501 21791M004 X X - 20250411
7395 GEOL | Geochang, Republic 73956501 23910S001 X - 20170925
of Korea
7816 SMIL Stuttgart, Germany 78165202 10916S001 X X - 20221206
7826 STRK | Mt Stromlo, Australia 78269101 50119S007 X - X 20190813 -
7865 STAL | Stafford, Virginia 78658601 49654M001 - - - 20200312 20191015

* No responses to date.

* Discussions (ILRS CB/QCB) about having 'engineering' data in a different class, and putting the
engineering station data to its own folder. No updates.

‘Engineering' stations may never meet the stringent quarantine data gathering and data quality

requirements. Their data may always be in a quarantine folder, which many users never access. Having

a unique category for engineering stations may impact NASA SLR Data Operations. Still desired?



Mission Updates/New Missions:

NanoFF B:

» Tracking for the NanoFF B satellites campaign started on September 29t 2025.

» Satellite included in Time Bias service.

* Mission will let ILRS CB know when tracking of Nano-FF-A will start. Distance between the spacecrafts is
now between 50 km - 100 km.

Mission page:

https://ilrs.cddis.eosdis.nasa.gov/missions/satellite_missions/current missions/nanoFF general.html

HTV-X:

 The HTV-X will transfer essential cargo such as large-sized devices for the ISS and life support goods for astronauts. The
costs for the HTV-X will be cut down through compact designing and efficient operations. Moreover, the HTV-X will be
designed to become more useful for owners of experiment devices on earth.

« HTV-X will also be able to propose solutions to national challenges and take part in innovations by conducting
experiments for acquisition of new technologies even outside of space business.

* Launched October 26, 2025. ILRS CB assigned the SIC 1559. Tracking began after release from the ISS to start
March 12th, 2026 through early-April 2026.

* For more details, please refer to https:/humans-in-space.jaxa.jp/en/htv-x/specifications/

QPS-SARI10:

e Launched May 17t 2025. Support started in August 2025 (restricted tracking). Simosato and Grasse added
to stations supporting the mission. >



https://humans-in-space.jaxa.jp/en/htv-x/specifications/
https://humans-in-space.jaxa.jp/en/htv-x/specifications/
https://humans-in-space.jaxa.jp/en/htv-x/specifications/
https://humans-in-space.jaxa.jp/en/htv-x/specifications/
https://humans-in-space.jaxa.jp/en/htv-x/specifications/
https://humans-in-space.jaxa.jp/en/htv-x/specifications/
https://humans-in-space.jaxa.jp/en/htv-x/specifications/

Mission Updates/New Missions:
e-kagaku-1

* Proved difficult to track; satellite is magnetized internally, so it flies in an orientation aligned with the Earth's magnetic
field. Mission provided website with visibility for statiosn. Predictions no longer provided.

Sentinel-6B/Jason CS-B

* Launched November 17th, 2025. Sentinel-6/Jason-CS mission is a joint oceanography mission to monitor global ocean
circulation and sea-level. The Sentinel-6B/Jason-CSB satellite 1s the follow-on to the TOPEX/POSEIDON, Jason-1,
Jason-2, Jason-3 and Sentinel-6A/Jason-CSA satellites.

* ILRS CB assigned SIC 4382. Tracking started December 16th, 2025, when the satellite reached the mission orbit.

GPS-III SV09 & SV10 (USA Space Force):

* GPS III satellites are used to keep the Navstar Global Positioning System operational, to modernize the
existing system to respond to advances in technology and new demands. GPS IIT will deliver sustained,
reliable GPS capabilities to America's warfighters, our allies, and civil users. The project involves new
ground stations and new satellites, with additional navigation signals for both civilian and military users and
aims to improve the accuracy and availability for all users. GPSIII SV09 is the ninth GPS Block III satellite.

e Launched 28 January, 2026, by SpaceX atop a Falcon 9 rocket from SLC-40 at Cape Canaveral Space Force
Station.

* Tracking started December 16th, 2025, when the satellite reached the mission orbit.



https://en.wikipedia.org/wiki/GPS_Block_III

Mission News: |ICESat-2 tracking by new stations

e Scott Luthcke and his team requested that we check on a few stations and see 1f we can
add a few more. They will need to be evaluated by the mission once the current System
Parameters are provided, to see if they can safely track ICESat-2.

- San Fernando — SFEL (San Fernando, Spain); recently passed quarantine, new
improved system. Had to work out software. No agreement signed yet.

- SOSW - 7827 (Wettzell, Germany); hasn’t tracked since late 2020.

- ZIML - 7810 (Zimmerwald, Switzerland);

- HARL - 7501 (Hartebeesthoek, South Africa); no tracking from 2022-2023,
resumed tracking in 2024, but recently hasn't tracked since late 2024.

- MDOL - 7080 (McDonald Observatory, Texas); on our approved stations list, but
hasn’t tracked throughout the mission.

Checking on the status for each one, to report back to Scott. Analysis by the mission

and Agreements needed before tracking can begin.



Tracking Campaigns:

GALILEO for Science :
* Campaign ended at the end of February 2026.

Galileo for Science Campaign Pass Totals (Aggregate)

Pad |Location 101 102 103 201 202| 203| 205| 206| 208| 209| 210| 211| 212| 221|Total
1873(Simeiz 1 1 1 3
1874|Mendeleevo 2 1 1 2
1884 |Riga 21| 26 26 18| 18 28| 23| 13| 19| 31| 26| 14| 19| 282
7090|Yarragadee 321 322 328 305 279| 130| 132| 166| 156 235| 183| 242| 149| 149| 3097
7105|Greenbelt 11 83 14 46 49 29 26 25 47 62 47 50 41 58 588
7110{Monument Peak 10 24) 13 10 28| 19 23| 26| 21| 20| 26 9] 21| 19 269
7124|Tahiti 2 3 2 2 1 2 12
7237|Changchun 177 173| 165 139 138 174| 130 130| 157| 156/ 125| 117| 160 163| 2104
7249|Beijing 67 82| 46 70 57| 76 52| 54| 46| 38| 44| 45| 49| 68| 794
7306|Tsukuba 53 58| 53 51 50/ 50 37| 39| 38| 44| 33| 34| 38 43| 621
7329|Xian 21 20 21 21 22 22 13 26 15 18 19 21 14 24 277
7396|Wuhan 47 45 48 42 50 48 42 59 40 26 50 46 40 54 637
7501|Hartebeesthoek 1 1
7701(lzana 30 34 33 31 37 20 23 26 31 33 24 32 31 24 409
7810|Zimmerwald 28 35 46 33 27 18 23 30 33 28 32 25 24 22 404
7811|Borowiec 1 4 5 1 1 1 6 2 1 22
7817|Yebes 11 8 15 12 9 6 12 19 14 11 19 23 15 16 190
7819|Kunming 160 170| 176 147 167| 172| 141| 147| 170| 172| 135| 133| 163| 177 2230
7821|Shanghai 98 97| 94 75 69| 65 77| 90| 89| 78| 74| 86| 70/ 91| 1153
7825|(Mt Stromlo 161 144| 146| 84 75| 58| 51| 140| 66| 88| 36| 17| 1066
7827|Wettzell 42 42 40 42 55 34 41 41 30 37 36 44 37 35 556
7838|Simosato 7 7 5 2 7 28
7839|Graz 142 139 136 150 141| 136| 113| 135| 127| 113| 136| 129| 112| 130/ 1839
7840({Herstmonceux 106 155| 112 124 170 93| 105 107 117 173| 128| 106| 112 94| 1702
7841|Potsdam 85 77| 91 75 70| 69 69| 81| 59| 67 61| 75| 68/ 73| 1020
7845|Grasse 111 98| 95 139| 132| 73 92| 115 92| 112| 114| 97| 82| 88| 1440
7941|Matera 38| 166/ 40( 250/ 228| 33 32| 39| 41| 111| 146| 147 34| 50| 1355
8834 |Wettzell 18 212 153 179 208| 155| 124| 138 108| 187 123| 171| 118| 133| 2027

Totals 1678| 2334| 1852| 2327 2358| 1731| 1616| 1782| 1711| 2093| 1866| 1964| 1642| 1768| 24128

Reports: https://ilrs.gsfc.nasa.gov/science/SLR_science_campaigns/galileo_for_science.html



Meetings:
 AGU 2025: Magda et al. single presentation from NASA/UMBC/JCET AC.
ILRS GB (February 19%, 2026)
o ILRS CB Director’s position transition: Mike Pearlman (outgoing), Mike Croteau, new ILRS CB
Director.
o GMV request to stations for tracking of Galileo satellites
o LLR Observations and data availability, and tracking of LAGEOS-1/-2 and LARES-2 by the Apollo
LLR station
o ILRS Elections
* GENESIS SLR WGS5 Meeting (February 2026)
 REFAG2026 Symposium (March 2-3-4, 2026)
 UAW Munich (March 5-6, 2026) (first week of March, 2026)
GENESIS Calibration and Science Workshops (March 11-12-13, 2026)

Repoﬂ

*  Worked on Reports for NASA Space Geodesy Project (SGP) on Station Performance, ILRS support,
and ILRS products updates for 2025.
* Request to update the ILRS Report for the IAG EC Meeting (to deliver by Cinzia after the meeting

occurred, she was not in attendance).
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Abstract

High-precision satellite laser ranging measurements to Galileo retroreflector panels are analyzed to determine the angle
of incidence of the laser beam based on specific orientations of the panel with respect to the observing station. During the
measurements, the panel aligns with respect to the observing station in such a way that multiple retroreflectors appear at
the same range, forming regions of increased data density—separated by a few millimeters. First, measurements to a spare
IOV-type retroreflector mounted on an astronomical mount at a remote location 32 km away from the Graz laser ranging
station are performed. In addition, more than 100 symmetry passes to Galileo satellites in orbit have been measured. Two
novel techniques are described to form laser ranging normal points with improved precision compared to traditional meth-
ods. An individual normal point can be formed for each set of retroreflectors at a constant range. The central normal point
was shown to be up to 4 mm more accurate when compared with a precise orbit solution. Similar offsets are determined by
applying a pattern correlation technique comparing simulated with measured data, and the first method is verified. Irregular
reflection patterns of Galileo FOC panels indicate accumulated far-field diffraction patterns resulting from non-uniform
retroreflector distributions.

Keywords Galileo - Satellite laser ranging - Attitude determination - Retroreflector - Far field diffraction pattern - Normal
point

Introduction

Satellite laser ranging (SLR) over the last decades has con-
tinuously aimed to improve accuracy and precision. Most
SLR stations are, however, locally organized and apply
improvements and changes (hardware, software or post-
processing) to the system individually, which also influences
data precision and has to be carefully considered e.g. by data
analysis centers. Satellites hosting different arrangements
of retroreflectors while being illuminated from different
angles or laser beam polarizations can introduce changes in
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3 European Space Agency, ESA/ESTEC, Keplerlaan 1,
2201 AZ Nordwijk, The Netherlands

the distribution of detected photons, which then potentially
affect the precision if not considered during post processing.
To make use of these signature effects for improvements is a
promising approach and was already demonstrated multiple
times in the SLR community e.g. for geodetic satellites but
also for navigation satellites (Otsubo et al. 2001) as well
as by analyzing up to decades of SLR data (So$nica et al.
2015). This research focuses on signature effects within
Galileo data, which can be utilized to improve SLR preci-
sion further.

SLR measures the range to satellites equipped with cor-
ner cube retro reflectors (CCRs) by precisely timing the
time of flight of the reflected laser pulses. Since the first
measurements in 1965 the precision of SLR has improved
significantly. With the use of single photon avalanche diode
(SPAD) detectors, picosecond pulse length lasers and
precise timing and calibration, single shot precision now
reaches approximately 3 mm. Measured satellites include
geodetic, scientific or Global Navigation Satellite System
(GNSS) satellites.

@ Springer
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Currently there are four GNSS constellations in the
world. The United States’ Global Positioning System (GPS)
was the first to be established, dating back to 1978. The
Russian Global’naya Navigatsionnaya Sputnikovaya Sistema
(GLONASS) was launched four years later. China started
its Beidou system in 2000. The first launch of the In Orbit
Validation (IOV) satellites of the European Galileo system
was in 2011 (European GNSS Supervisory Authority 2020).
India and Japan have their own regional systems based on
satellites in geostationary and geosynchronous orbits.

The current generation of Galileo, BeiDou and GLO-
NASS satellites carry a CCR panel hosting up to 90 reflec-
tors. The arrangement of the CCRs on the panel varies from
circular, ring shaped to hexagonal or rectangular arrange-
ments (Pearlman et al. 2002). Galileo IOV-type panels
include 84 CCRs arranged hexagonally with 33 mm mini-
mum aperture, FOC (Full Orbit Capacity) satellite have only
60 CCRs with 28.2 mm minimum aperture and hence lower
optical cross section (ILRS 2023). Depending on the relative
motion of the satellite with respect to the observer, the center
of the reflection pattern of each individual CCR is shifted
toward the direction of flight of the spacecraft. This so-called
velocity aberration depends on the orbit and—especially for
lower orbits—also on the elevation of the satellite in the sky
and can vary between 20 prad and 50 prad. Due to the larger
distances, the velocity aberration for GNSS orbits is approx-
imately constant in the order of 25 urad (Degnan 2012).
Typically, larger CCR diameters on the order of 3—4 cm are
used for GNSS satellites. Based on diffraction laws, CCRs
are chosen so that a large fraction of the reflected energy is
directed at an angle close to the velocity aberration defined
by the orbit. (Nugent and Condon 1966) Further modifi-
cation of the far-field diffraction pattern (FFDP) (Degnan
2012) can be achieved by intentionally misaligning the back
surface—typically dihedral angles (Chandler 1960; Thomas
and Wyant 1977) of 2 prad or more shift the reflected energy
from the central to the outer regions of the FFDP. The rear
reflective surfaces of GNSS satellites are mostly uncoated,
resulting in a hexagonal reflection pattern (Arnold 2002).
The front surfaces are either broadband-coated or coated
specifically for SLR wavelengths.

SLR provides an independent, purely passive technique
that can be used to study the systematic effects of different
techniques (Luceri et al. 2019; Thaller et al. 2015), to vali-
date orbits (Thaller et al. 2011; Strugarek et al. 2022; Zajdel
et al. 2023), to generate combined and improved orbits (Bury
et al. 2018), to analyze solar radiation pressure (Kucharski
et al. 2017), or to perform time transfer (Samain et al. 2015).

SLR is a technique that reliably contributes (So$nica
et al. 2014) to the International Terrestrial Reference Frame
(ITRF), with new developments towards a laser ranging
reference frame (SLRF) recently announced (SLRF 2020).
Important parameters connected to SLR are Earth rotation,

@ Springer

gravity field, center of mass or polar motion. Scientific mis-
sions that rely on SLR data include oceanic motions, Earth
topography, sea level variations, and Earth magnetic field or
ice masses. Relativistic experiments (gravitational redshift,
dark matter, Lense-Thirring effect) could be performed using
different satellites (Delva et al. 2019; Ciufolini et al. 2019).
Future trends in the laser ranging community include further
increasing the repetition rate (Dequal et al. 2021; Wang et al.
2021; Long et al. 2022), possibly performing mm-precision
laser ranging of satellites and space debris (Cordelli et al.
2020; Steindorfer et al. 2020) with one system.

The precision of SLR measurements depends on sev-
eral factors such as sensor type and characteristics (single
vs. multi-photon detectors), laser pulse width, event tim-
ing or calibration. In addition, the satellite signature and
its analysis play an important role in further improving the
precision further. SLR stations capable of detecting single
photons with sufficient precision are even able to identify
single CCRs of low flying satellites. Geodetic satellites have
a specific return signal profile that is used to filter out the
reflected photons that always correspond to the same region
of the satellite—the leading edge.

Galileo orbits currently reach sub-cm-level accuracies
(Dilssner et al. 2022), the panels also show different reflec-
tion profiles (Degnan 2012) which depend on the panel ori-
entation (Steindorfer et al. 2019), the angle of incidence of
the laser beam (Murphy Jr. and Goodrow 2013), laser polari-
zation (Arnold 2002), thermal effects (Dell’Agnello et al.
2012; Boni et al. 2011), return rate and detector type (Kirch-
ner et al. 1999; Kodet et al. 2009; Prochazka et al. 2020).
Gaps in the individual FFDP distributions are counteracted
by rotating the individual CCRs (clocking) (Dell’Agnello
et al. 2011), which can lead to additional signal strength
variations when looking at the overall pattern. Satellite sig-
natures (Kucharski et al. 2015) can, therefore, influence the
mean reflectance point of the Galileo panel, as the dataset
of the entire panel is currently used in the post-processing
of the laser ranging data. More photons from the front of
the panel will therefore also shift the measurement towards
closer ranges.

We investigate alternative measurement and normal point
formation techniques. The first is the peak method, which
is based on panel orientations where multiple CCRs are
aligned at equal ranges with respect to the observing sta-
tion. These so-called symmetry conditions can be accurately
predicted by adding yaw steering to nadir pointing Galileo
satellites (Montenbruck et al. 2015). For these passes the sat-
ellite signature is characterized and since the panel geometry
is known, individual normal points can be formed for each of
these ranges. The second method is the pattern correlation
method (Brunelli 2009). The expected return pattern of the
residuals is correlated with the observed one to identify the
center position of the panel and to form the normal points.
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The two techniques are compared with respect to the current
method based on example passes.

Materials and methods

In the following chapter, the basics of SLR, SLR residual
simulations, Galileo symmetry simulations and the measure-
ment setup will be summarized. Simulation and observation
results from four different satellites are shown and referred
to by Name (Type, PRN, Norad): Galileo 101 (IOV, El11,
37846), Galileo 103 (I0V, E19, 38857), Galileo 213 (FOC,
E04, 41861), Galileo 219 (FOC, E36, 43566). However, all
Galileo satellites up to Galileo 219 were observed during the
observation campaign.

Satellite laser ranging—measurement

Satellite laser ranging provides precise range measurements
to Earth-orbiting satellites equipped with CCRs. The world-
wide network of laser ranging stations is globally distributed
and coordinated by the International Laser Ranging Service
(ILRS). Data centers collect the data, make it publicly avail-
able and publish frequently updated orbit predictions of the
satellites. Different stations follow various approaches with
respect to laser and detector technology. Low repetition rate
stations fire laser pulses at about 10 Hz, each pulse with an
energy in the order of 100 mJ, resulting in multiple photons
reflected back from the target significantly favoring the clos-
est CCRs. High repetition rate stations use repetition rates
of about 2 kHz. Pulse energies are much lower, e.g. 400 pJ
for the Graz SLR station. This increases the data rate and
due to the statistical distribution of the reflected photons
operating single photon return rate, multiple retroreflectors
can be identified in the data. To reduce the divergence of the
laser beam leaving the SLR station, beam expansion optics
are used to expand the laser beam to 5 cm and beyond. Some
stations use a separate lens-based beam expander. Common
transmit-receive stations use the same large mirror-based
telescope for beam expansion and reception of reflected
photons reducing the divergence to values below the atmos-
pheric seeing, which then becomes the limiting factor in
terms of return rate. Pulse durations are typically in the order
of 10 ps, resulting in optimal single shot measurement pre-
cision of up to 3 mm. Laser ranging with such a precision
naturally requires precise timing of the events of the pho-
ton leaving the station and returning back after reflection
(event timing). Detector technology includes microchannel
plates, photomultipliers or single photon avalanche diodes.
Depending on the signal strength reflected back to the sta-
tion, receiving telescopes with different apertures are used
(typically about 50 cm diameter). With larger apertures, pre-
cise pointing and increased laser power, lunar laser ranging

is also performed by a few stations. Space debris laser rang-
ing was first demonstrated in the years of the twenty-first
century and relies on the diffuse reflection of photons over
the entire space object by firing higher laser powers (> 10
W). Diffuse reflections provide an indication of the size and
shape of the objects. For both laser ranging and space debris
laser ranging, range variations can be used for spin period
and attitude determination purposes.

Satellite laser ranging—residual simulations

Earth-orbiting satellites maintain a constant orientation with
respect to a given coordinate frame. Nadir-pointing GNSS
satellites are orientated with their navigation antenna point-
ing toward the center of the Earth (radial component), the
second coordinate axis pointing in the direction of flight
(velocity vector, along track) and the third component out
of the orbital plane (cross product of velocity and along
track component). For Galileo satellites, yaw-steering is
implemented to allow the solar panels to face the sun. The
yaw steering frame (YSF) is also nadir pointing but the axes
€, ys» €y ys» € ys are calculated using the following formulas,

e _ esunxrsat (1)
»Ys —
|esun X rsatl
e _ Tsat (2)
n¥Ys — 7
|rsat|
€rys =€y ys X € ys 3)
where e, is the unit vector pointing from the satellite to the

sun and rg, is the satellite position vector. Other reference
coordinate frames of importance are the inertial Geocen-
tric Celestial Reference Frame (GRCF), which is defined
with respect to the stellar background, and the geocentric
International Terrestrial Reference Frame (ITRF). The True
Equator Mean Equinox (TEME) is an intermediate frame—
the output of the Simplified General Perturbation 4 (SGP4)
propagation used to obtain satellite predictions based on
Two Line Element (TLE) data sets.

To acquire simulated SLR data the following steps are
implemented:

(1) Satellite orbit predictions: sources e.g. TLE, CPF (Con-
solidated Prediction Format, a data format used within
the SLR community); time intervals: e.g. 60 s

(2) Lagrange interpolation: saves computation time; allows
shorter time steps; e.g. 1 s

(3) CCR parameter definition: 3D position, normal vector,
field of view; defined with respect to the center of mass
or the geometrical center of the panel
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(4) Optional: define rotation parameters; spin axis, spin
period, initial orientation; rotate satellite

(5) SLR residual calculation: (Rotated) CCR positions are
added relative to a reference coordinate frame (RCF);
e.g. YSF, GCRS, nadir, ...

(6) Observed-Minus-Calculated (O-C) residual calcula-
tion: Difference between CCR ranges and reference
orbit predictions

In the following the YSF will be used as the reference
frame, since the goal of this study is to analyze the Galileo
SLR residuals.

Galileo symmetry conditions

As the Galileo satellites change their yaw orientation
throughout the orbit, special “symmetry conditions” occur
with respect to the observing ground station, where several
CCRs appear at the same distance (Fig. 1). The panel orien-
tation relative to the ground station is characterized by two
parameters.

Uymm: The symmetry angle that defines the orienta-
tion of the symmetry axis around which the panel appears
rotated with respect to the observing station. The sym-
metry angle is defined as the angle of the rotation axis
relative to the horizontal x-axis. For our simulations
and measurements the symmetry angles of interest are
Agymm = 0°,430°, £60°, +90° as defined by the hexagonal
arrangement of the Galileo panel.

a,.r: The tilt of the panel relative to the observer is then
characterized by a rotation around the previously defined
symmetry axis. This tilt also describes the angle of incidence

of the laser beam on the panel.

Fig. 1 Potential symmetry con-
ditions on a Galileo IOV panel.
Relative to the x-axis, symme-
try angles of 0°,+30°,+60°,
and +90° are indicated in
different colors. The insert
illustrates the tilt of the panel
letting individual rows appear at
constant range with respect to
the observing station

12 rows (-30°)

12 rows (+30°)
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11 rows (+90°, -90°)

During the residual simulations a,, is calculated by
first projecting the vector pointing from the station to the sat-
ellite ry,_, = Fe — Fgo ONto the plane given by the Galileo
panel. The projection u,, of a vector u onto the plane defined
by the normal vector n is given by

_ un

U, =u — n
" T @)

The angle between this projected vector and the yaw
steering vector e, ,  now defines the symmetry angles gy,
The incident angle ., of the laser beam is simply the angle
between r, and rg;_,.

In other words, @y, and aj,q, are the azimuth and ele-
vation angles of the SLR station as seen from the Galileo
panel. For Galileo orbits (except for the two eccentric orbits)
the incident angle cannot exceed o, = 12.5°.

Applying the result from the previous chapter, it is
possible to simulate the SLR residuals for half a day for
Galileo 103 (Fig. 2). The individual CCRs are color coded
based on the 90° symmetry condition, which means that all
CCRs of the same color for this specific symmetry angle
will appear in constant range (Fig. 2a). The residual simula-
tions (Fig. 2b) clearly show that the CCRs come together
at a constant range at certain times, and then move apart.
A —90° symmetry condition occurs just before the second
of day 60,000. A +30° symmetry condition occurs at sec-
ond of day 83,000 which causes differently colored CCRs to
join together. The overall distribution of the residuals varies
between +20 and +45 mm which directly correlates to the
incident angle of the laser beam. The elevation and azimuth
of the satellite (as seen from the station) show two grayed
out areas where the satellite is above the station horizon
(Fig. 2¢). Furthermore, the symmetry angle and the laser
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beam incident angle correlate well with the residual simula-
tions (Fig. 2d). It can be seen that intermediate symmetry
conditions also occur throughout the day.

In-orbit measurements—measurement setup

A tool has been developed to predict symmetry passes with
respect to the Graz SLR station accordingly. Based on the
latest predictions, the observer is warned by a popup mes-
sage shortly before a symmetry pass occurs. The meas-
urement goal was to cover a period of +5 min around the
central symmetry epoch with continuous observations.
Preliminary tests showed that due to the small separation
between the CCRs symmetry passes with a,,,,, = +0° and
Agymm = +060° are not resolvable within the SLR data. This
can be explained by the 2-3 mm single shot RMS preci-
sion limit of our SLR station measurements. Therefore, our
focus in the following was to measure a,,,, = +30° and
Agymm = +£90° symmetry conditions. Between 2020/06/11
and 2021/04/24 a dedicated campaign was performed meas-
uring more than 100 symmetry passes in linear and circular
polarization. In the results section, a method is presented to

calculate the incident angle of the laser beam from raw SLR

40000 50000 60000 70000 80000
Seconds of day

data only. Detailed data analysis sheets are calculated for
each of the recorded passes.

Remote location—measurement setup

A spare IOV retroreflector panel was provided on loan from
ESA to perform measurements at a remote location on a
mountain at 1200 m surface elevation, 32 km outside of
Graz, with direct line of sight to the SLR station (Fig. 3c,
image of the green laser beam originating from Graz SLR
station). The reflector panel (Fig. 3a, covered within the
black housing) was mounted on an Avalon M-Zero mount,
which allows its azimuthal fork arm to be moved horizon-
tally to mount the panel in direct extension of the azimuth
axis. Thus, by changing the azimuth of the mount, the inci-
dent angle of the laser beam «y,.., can be varied. Changing
the elevation angle of the mount is related to the symmetry
angle agy,,. The zero alignment of the panel with respect to
the SLR station (ensuring that the panel normal vector is
facing towards Graz SLR station) was done by:

(1) Aligning the panel with the mounted add-on telescope
by analyzing an image of the laser beam on a CMOS

@ Springer
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Fig. 3 Measurement setup at
the remote location. a overall
setup of the panel (with cover)
mounted on an Avalon tel-
escope mount, the white add-on
telescope with attached camera
was used to perform the 0°
pre-alignment of the panel w.r.t.
Graz station. b The setup point-
ing towards Graz SLR station.
¢ Close-up of the laser firing
towards the remote location
(green flash)

camera (Fig. 3b, small white add-on telescope) with
attached camera.

(2) Fine-tuning the alignment by covering the CCR panel
and optimizing the number of return photons from the
reflection of mirrors inside the panel holder.

The mount was rotated to various combinations of inci-
dent angle and symmetry conditions using a self-written
ASCOM-based Python software (Fig. 4). Each position was
held for a predefined time, while storing mount parameters
and timestamps for later SLR return identification. In the
results section, using only the raw data sets, the incident
angle was calculated and compared to the mount values.

ILRS Normal point formation

Within the ILRS, raw SLR data must be post-processed
in a defined way. The data cleaning pipeline starts with
residual calculation, coarse outlier removal, systematic
trend removal, computation of fitted residuals and outlier
identification based on a 2.2 sigma criterion. The process
is performed iteratively until the accepted data set (corre-
sponding to the reflected photons from the target) does not
change anymore. Normal point formation involves dividing
the data into bins, calculating the mean fit residual value and
the mean epoch of the accepted data, finding the observation

Fig.4 Explanation of the orien-
tation of the panel at the remote
location: Changing the elevation
angle of the mount leads to a
change of the symmetry condi-
tion; a change in azimuth leads
to different incident angles

elevation = symmetry condition
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closest to the mean epoch and then calculating the normal
point and RMS from the generated data. For Galileo satel-
lites, the routine relies on the entire data set. In the results
section of this paper, alternative ways of generating the nor-
mal points based on the symmetry conditions mentioned
before are discussed.

Results and discussion

In the following chapter (1) the results of the measurements
the spare panel placed at a location with direct sight con-
nection, 32 km away from the SLR station, (2) the measure-
ment campaign to Galileo satellites and (3) the normal point
analysis methods are discussed.

SLR measurements, remote location

At the remote site, 32 km from Graz Observatory, 30° and
90° symmetry conditions were set with the panel mounted
on the astronomical mount. The incident angle was varied
from 5° to 15° in increments of 0.5° and between 10° and
13° in increments of 0.2°. It was found that the actual posi-
tion of the mount can be slightly different from the desired
value after the final rotation. Therefore, at the beginning and
at the end of the measurement, the current mount tilt value

azimuth = incident angle
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was read out and saved to a file along with the current GPS
time. The mount value will be referred to as the predicted
incident angle @, .

Each measurement was performed for 60 s, while keep-
ing the return rate at a single photon level by adjusting the
divergence of the laser beam. In the generated data sheets,
the raw data set (Fig. 5, upper left) clearly shows patterns of
increased data density at constant ranges. The range values
are discretized to calculate a smoothed Gaussian residual
curve (Fig. 5, lower graph red curve). For each 1 mm bin
containing N range measurements y;, the Gaussian smooth-
ing is calculated according to the following equation:

al ~05(yi~veen)”
Ysm = Yarb Z exp o (5)

i=0

The parameter sigma ¢ corresponds to the weight-
ing/averaging of the values in the bin and determines the
smoothing of the range residuals. For the following plots,
sigma is set to 0.001. The derivative is taken from the
smoothed data set (Fig. 5, green curve). Both plots are com-
pared to a histogram calculated using the same bin width
(Fig. 5, green curve). A Lomb analysis of the derivative of
the smoothed curve is then performed to examine the perio-
dicity with respect to the range between the different rows.
The results of this analysis shows a clear peak at certain
range. Knowing the geometry of the Galileo panel, the x-axis
was translated into the incident angle (Fig. 5, upper right).
The maximum of the curve is detected and then compared to
the predicted incident angle—the angle given by the mount.

Fig.5 Datasheet for a measure-

For the 30° symmetry case, where the mount was moved to
a nominal incident angle of 10.8°, the value returned from
the mount after slewing was a;,..4 = 10.76°. Data analysis of
the measurement yielded a laser beam incident angle value
of a.,. = 10.13°

The difference between the mount-based and measured
angle of incident was calculated for all measurement sets.
The smaller the incident angle, the closer the individual
peaks become to each other, and at some point the Lomb
periodogram can no longer detect a distinct peak due to the
intrinsic measurement precision of the SLR technique. For
the analyzed symmetry conditions, it was possible to reliably
calculate an incident angle above 9° (90° symmetry: Fig. 6a,
30° symmetry Fig. 6¢).

The offset between the mount angle and the calculated
incident angle was also compared to the nominal mount
angle (Fig. 6b, d). Furthermore, the mean (Aea,,.,,) and
standard deviation (Aag,) of the offsets were calculated
(Table 1). Both symmetry angles showed a distribution of
incident angle offsets around a mean value, and no drift was
found in the data set, indicating the quality of the method
used. The measurement on the second day 2021/09/14 gave
better results for the 30° symmetry condition than the one
on the first day 2021/07/06. For the 90° symmetry condition,
the standard deviations were comparable on both days.

On the second day, the mean value of both 90° and 30°
symmetry conditions was significantly better. The detected
offsets are expected to come from an initial misalignment
during the 0° alignment routine using CCRs and mirrors.
For the measurement on the second day, an RMS analysis
(Aa,,,,) of the returns coming from the full panel moving

rms

symm = 30.000, inc = 12.768
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Fig. 6 Remote measurements to 0.0
a spare Galileo IOV panel: Read Y E_O 2 b)
out mount incident angle [°] in L. 3
dependence of the calculated s & 04 Smmethy = 90% 2021/07/06
incident angle [°] as derived g2 g -0 Szmmetrz = 90°. 2021/09/14
from the SLR measurements © S ;g
to the remote location 32 km 3" o
from Graz SLR station for 30° S sl 3710
(a) and 90° symmetry angle (c). 4 6 8 10 12 14 s %9 10 11 12 13 14 15 16
The negative offsets between Mount angle [°] Mount angle [°]
calculated (from SLR measure- 14 0.0
ments) and predicted (from the g C» d) » symmetry = 30°, 2021/07/06
read-out mount angle) result % 12 %-, symmetry = 30°, 2021/09/14
from initial 0° misalignment 5 ] 08
of the panel (b, d). Above 9° 3 10 3
incident angle the presented © 8 a-1.0
method reliably determines the 3 _cl:
incident angle S s ] 15
4 6 8 10 12 14 16 9 0 11 12 13 14 15 16

Mount angle [°]

Table 1 Ground measurement to a spare IOV panel 32 km away from
the observatory for symmetry conditions 30° and 90°. A misalign-
ment error was detected proving an accuracy of the method below 0.1

Day Symm Adean(®) Aagy () Aa,, ()
2021/07/06 30° -1.18 0.068

2021/07/06 90° -0.90 0.033

2021/09/14 30° -0.27 0.036 -0.31
2021/09/14 90° —0.60 0.031 -0.64

over 0° degree resulted in comparable 0° alignment offsets
for both symmetry conditions.

Taking into account alignment inaccuracies, mount posi-
tioning errors and errors due to Gaussian smoothing and
period detection, it is assumed that the incident angle can
be accurate to within at least 0.1° under optimal conditions
(Table 1).

SLR measurements, in-orbit

A large campaign analyzing more than 100 different Gali-
leo symmetry passes was performed in 2021. As during the
remote location measurements, the symmetry conditions of
30° and 90° were analyzed. As in Fig. 5, the range residual
data was analyzed by forming a histogram, together with
smoothed range residuals and their first derivative (Fig. 7).

Three example passes highlight the different reflectance
profiles depending on the symmetry angle and the panel
type. The Lomb analysis of the derivative shows clearly
identifiable peaks corresponding to certain incident angles.
For the two shown examples Galileo 103 (average return rate
1.8%) and Galileo 101 (2.7%), the differences from the TLE
predicted angle are less than 0.1° (Fig. 7). The measured
pass of Galileo 103 corresponds to the simulated residuals as
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Fig.7 Histogram distribution (blue), smoothed range residuals (red)
and first derivative (green) for three Galileo satellites (Galileo 103,
Galileo 101, Galileo 219). Lower right: Lomb analysis displayed for
tested incident angles between 8° and 12°, showing a clear maximum
at 10.29°, 10.65° and 9.38°. Galileo 219 shows a highly asymmetric
reflection pattern

shown in Fig. 2. The larger offset for the Galileo FOC satel-
lite 219 is connected to the low return rate (0.4%), following
from the smaller FOC CCRs and the overall lower number
of CCRs on the panel. This results in patterns that are harder
to discriminate. Some Galileo FOC measurements show an
asymmetric distribution of returns with a significant reduc-
tion in signal strength, especially around the 90° symmetry
condition. For example, at an incident angle of 9.8°. Galileo
219 shows two distinct peaks at — 1.1 cm and +2.2 cm, and
a valley at+0.7 cm. Using 2.2 sigma clipping on the entire
data set of such a distribution will offset the normal point.
Such an intensity distribution is expected to result from the
far field diffraction pattern (FFDP) of the individual CCRs:



GPS Solutions (2024) 28:73

Page9of15 73

The reflective backside of Galileo CCRs is uncoated and
relies on total internal reflection. Therefore, the resulting
FFDP consists of six side lobes and a central maximum.
The side lobes are hexagonally distributed at angles based
on Airy diffraction (depending on the diameter of the CCR).
For Galileo satellites at 23,200 km altitude, the velocity
aberration of 25 prad correlates with the maximum values in
the FFDP; for IOV satellites, a further distribution of energy
at certain angles is achieved by intentional spoiling (tilting)
of the backsides of the CCRs. Due to the minimum values
in the pattern of each individual CCR, an equal alignment of
all CCRs of the panel would lead to certain observer-satellite
geometries where the reflected intensity is very low. For this
reason, Galileo panels are “clocked”—the CCRs are rotated
in 15° (FOC) or 20° (IOV) increments—resulting in a more
uniform overall FFDP. However, depending on how many
CCRs of which clocking orientation are within a row of the
symmetry condition, the reflected intensity can still vary,
leading to different intensities within each of the peaks.

Using a fixed set of analysis parameters, a total of 98
passes were analyzed and corresponding data sheets were
generated. The incident angle difference (calculated minus
predicted values) was plotted for each individual Galileo
satellite up to Galileo-219 (Fig. 8). It can be seen that the
standard deviation of the offset is larger for FOC satellites
(1 sigma=1.26°, dashed red line) than IOV satellites (1
sigma =0.53°, dashed blue line) than. Furthermore, there
is no clear dependence on individual satellites. However,
Galileo satellite 213 showed a slightly larger positive offset
than the other satellites.

The predicted incident angles were compared with the
incident angle difference (Fig. 8b) for IOV type (blue) and
FOC type (red) panels and plotted separately for linear (x)
and circular (o) laser light polarization. It can be clearly seen
that the difference to TLE values is larger for IOV panels

than for FOC panels. One reason for this is that for FOC
satellites, due to the smaller distance between the CCRs, the
different peaks appear closer together and are therefore more
difficult to separate. Second, due to the smaller aperture and
fewer CCRs, the overall return rate is lower, resulting in
weaker signals. For IOV, only 1 out of 31 measured passes
had an incident angle difference relative to the calculated
value greater than 1°. For FOC panels, 23 out of 67 cal-
culated angles had an offset greater than 1° relative to the
predicted angle. For FOC satellites, a few incident angles are
much larger than 12°. These are the two Galileo satellites in
eccentric orbits.

The predicted incident angles are plotted against the
Lomb-Scargle power (Fig. 8c). It is clearly visible that the
Lomb power correlates with the incident angle for IOV and
FOC panels. Due to the larger separation and the increased
number of CCRs, the pattern identification is easier for IOV
and favors larger incident angles.

The calculated incident angle can be compared with the
satellite telemetry as obtained from the Attitude and Orbit
Control System (AOCS) of the satellite. The AOCS keeps
the spacecraft pointing at the Earth mainly based on infrared
Earth sensors and the Sun sensors. The infrared Earth sen-
sors do this by detecting the contrast between the cold of
deep space and the heat of the Earth. These sensors provide
a direct measurement of the pitch and roll angle of the sat-
ellite. The telemetry from the satellite system has an inher-
ent noise better than+0.1° in roll and pitch (Dungate et al.
2005) while the error of the calculated tilt angle is +0.2°
assuming a 1 mm error in the sub-peak estimation while
neglecting datasets with low return rate.

By taking the measurements from Fig. 8 for the +90°
symmetry condition it is possible to get a direct measure-
ment of the roll angle of the satellite. Figure 9 provides a
comparison of the determined roll angle against the roll
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Fig.9 Roll angle observed from 0.50

telemetry and the calculated roll 0.40

angle from the +90° symmetry

condition 0.30
0.20

0.10
0.00
-0.10
-0.20
-0.30
-0.40

-0.50
101

Roll angle [°]

angle from satellite telemetry data given by ESA. Though
satellites Galileo 101 and Galileo 104 present a small+0.1°
offset during the observation period, the spread and noise
of the available measurements does not allow for a clear
estimation of the value.

The estimation of pointing errors or intentional GNSS
bias can be of added value to explain the perturbing forces
on the satellite (Bury et al. 2020). It can be concluded that
the SLR attitude derivation technique can provide informa-
tion about the attitude pointing accuracy with+0.2° accu-
racy which can be increased with an additional number of
measurements.

Additionally, it can be concluded that if the signal
strength from the satellite and the separation between the
CCRs is large enough, the incident angle can be accurately
determined. Future ultra-high repetition rate stations oper-
ating at low pulse energies with single photon return rates
should be able to identify the satellite signature more clearly.

New normal point formation techniques

Based on the residual distribution which shows increased
data density under symmetry conditions, two alternative nor-
mal point formation techniques are proposed: A peak-based
method and a pattern correlation-based method.

Peak-based normal point formation: After orbit clean-
ing and smoothing the post-processed range data set, the
peaks correlating to the center of each row can be deter-
mined (compare Figs. 5, 7). For each row, the data set is then
cut based on the neighboring peaks. The upper and lower
data cutoffs are defined by the average of the selected peak
and the neighboring peaks. The cut dataset for each peak is
then treated as regular Galileo SLR data (flattened by orbit-
based parameter adjustment and 2.2 sigma clipped). This
method allows of up to 11 normal points (90° symmetry)
and up to 12 normal points (30° symmetry) to be generated
simultaneously.
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Cross-correlation method: A simulated residual pattern is
calculated by forming a Gaussian distribution at the average
position for each CCR. The width of the Gaussian func-
tion is based on the SLR precision of 3 mm. Adding the
individual Gaussian led to overall simulated distribution of
the whole panel (Fig. 10a, blue). The expected return pat-
tern of the residuals is cross-correlated (Fig. 10b, blue) with
the observed one (Fig. 10a, orange) to identify the offset
(Fig. 10, red vertical dots) which will then be applied to
correct the normal points. It is investigated here for the same
passes.

The calculated normal points were plotted and compared
by using the available Galileo Precise Orbit Determination
(POD) orbits (Fig. 11). The original normal points using the
full data set are plotted in black color, the peak-based normal
points are highlighted in red, and the correlation normal
points in cyan. In addition, the central normal point of the
peak-based method is highlighted in blue. For 90° symmetry
and an odd number of 11 rows, the central column is simply
the 6th normal point. For 30° symmetry, the central normal
point is determined by calculating the average of the two
innermost rows. The difference from the original normal
point formation method is calculated to highlight the offsets
between the different methods, showing an improvement
of the normal points. The histogram of the fitted raw POD
range residuals is generated to show the distribution of the
normal point relative to the peaks in the data.

As an example, two analyzed IOV passes are shown.
A significant offset (up to 4 mm) was found compared to
the original normal point formation method. Variations in
the data set can be caused by a different resulting FFDP of
each row, thermal changes in the FFDP, from sensor spe-
cific noise distribution based on the return rate. The analysis
showed that the normal points from both alternative normal
point formation techniques were OPOD reference trajectory
values. Pattern correlation and peak-based methods showed
similar results, differing by up to 1 mm.
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The current observation strategy (connected to ILRS rec-
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-0.02 0.00 0.02 0.04
O-C [m]
GAL-103, 2021-02-14
80 5

« original NP

« . correlation NP
correlation NP
central peak NP

correlation NP
I central peak NP

N

60

w
L

40

N
L

20

NP improvement [mm]

| : : 0
0 250 500 0 1 2
GAL-102, 2021-04-01
100 5
80 '€ 4
£
60 =
5
40 o S
22
o
20 £
o 1
4
0
0_
400 0 1 2

Counts / 1 mm bin Normal point #

measured for approx. 700 s covering a bit less than 3 normal
point durations. The number of points per normal point are
given in Table 2, indicating that a sufficient precision can be
reached even for each individual normal point. Considering
future developments such as MHz laser ranging with laser
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Table 2 For the time interval t1, t2, t3 of three normal points, the number of points within full-data normal point is compared to the individual

normal points of the peak based method

pts/NP full #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
tl 10,585 572 824 953 1241 1252 1230 1154 1179 1025 631
2 10,142 600 773 1009 1115 1152 1171 1018 1082 987 693
3 6985 376 552 637 823 905 722 674 719 683 485

powers of multiple Watts, will allow for targets signature-
based data analysis, also for other SLR satellites.

Summary and conclusion

Galileo symmetry conditions occur whenever the panel is
aligned such that multiple CCRs are aligned at equal dis-
tances with respect to the observing station. Characteristic
patches of dense data form within the raw SLR data sets
from which a histogram or smoothed range residuals can
be calculated. The range differences between the individual
rows can be used to calculate the angle of incidence of the
laser beam with respect to the panel.

Ground-based measurements were performed to a spare
Galileo IOV panel fixed on an astronomical mount on a hill
32 km outside the Graz SLR station. Different symmetry
orientations were investigated and under optimal conditions
it was possible to determine the incident angle down to 9°
incident angle for symmetry conditions of 30° and 90° with
an accuracy of less than 0.1°. The larger the incident angle,
the easier it was to identify the rows and calculate the inci-
dent angle. Constant offsets to the nominal mounting values
were found and initial panel misalignments of less than 1°
were identified.

Simulated SLR residuals were generated, allowing accu-
rate prediction of the symmetry conditions of existing Gali-
leo satellites based on yaw steering laws. More than 100
passes to Galileo IOV and FOC satellites were measured
and the laser beam incident angle was calculated from the
measurements. It was found that the accuracy of the meas-
urement correlates with the separation of the CCR rows. As
mentioned before IOV panels use larger CCRs than FOC and
hence the distance between the CCR is also larger. Accurate
incident angle measurements could play an important role in
validating on-board telemetry.

In-orbit based measurements were compared with satel-
lite telemetry for the IOV satellites. The attitude was recon-
structed with +0.2° accuracy.

Two new normal point formation techniques based on
the symmetry condition data distribution were presented,
showing an offset up to 4 mm compared to the method based
on the full panel data set. The application of the pattern cor-
relation method seems promising for general non-symmetry

@ Springer

passes. More accurate normal points could eventually help
improve SLR-based orbit predictions or the consistency
between the GNSS-based and the SLR-based realization of
the ITRF reference frame help to In the future, MHz sat-
ellite laser ranging (Wang et al. 2021) will provide high
precision results with superior temporal resolution. Due to
the higher power (40 W) with pulse energies strictly in the
single-photon regime, the number of returns per second can
be significantly increased. This allows for improved pattern
identification and thus more advanced normal point forma-
tion methods to address the issue of satellite signature in
the datasets. For the peak-based normal point formation,
observation strategies could be adapted to favor symmetry
conditions with improved normal point precision.
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