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Overview

The International Laser Ranging Service (ILRS) is the international organization that provides
Satellite Laser Ranging (SLR) and Lunar Laser Ranging (LLR) observation data and data
products for scientific and engineering programs with the main focus on Earth and Lunar
applications. The basic observables are the precise two-way time-of-flight of ultra-short laser
pulses from ground stations to retroreflector arrays on satellites and the Moon and the one-
way and transponded time-of-flight measurements to space-borne receivers. These data sets
are made available to the community through the Crustal Dynamics Data Information System
(CDDIS) and the EUROLAS Data Center (EDC) archives, and are also used by the ILRS to
generate fundamental data products, including: accurate satellite ephemerides, Earth
orientation parameters, three-dimensional coordinates and velocities of the ILRS tracking
stations, time-varying geocenter coordinates, static and time-varying coefficients of the
Earth’s gravity field, fundamental physical constants, lunar ephemerides and librations, and
lunar orientation parameters. SLR is one of the four space geodetic techniques (along with
VLBI, GNSS, and DORIS) whose observations are the basis for the development of the
International Terrestrial Reference Frame (ITRF), which is maintained by the IERS. SLR
defines the origin of the reference frame, the Earth center-of-mass and, along with VLBI, its
scale. The ILRS generates daily a standard product of station positions and Earth orientation
based on the analysis of the data collected over the previous seven days, for submission to the
IERS, and produces LAGEOS/LARES/Etalon combination solutions for maintenance and
improvement of the ITRF. The latest requirement is to improve the reference frame to an
accuracy of 1 mm accuracy and 0.1 mm/year stability, a factor of 3 —5 improvement over
the current product. To address this requirement, the SLR community is working to improve
the quantity and quality of ranging to the geodetic constellation of satellites (LAGEOS and
LAGEOS-2, Etalon-1 and -2, LARES and LARES-2) to support the definition of the
reference frame, and to the GNSS constellations to support the global distribution of the
reference frame.

The ILRS participates in the Global Geodetic Observing System (GGOS) organized under the
IAG to integrate and help coordinate the Service activities and plans.

ILRS Structure
The ILRS Organization (see Figure 1) includes the following permanent components:
Network of tracking stations
Operations Centers
Global Data Centers
Analysis and Associate Analysis Centers
Central Bureau
Governing Board
Standing Committees (SCs)
o Analysis
o Data Formats and Procedures
o Missions
o Networks and Engineering
o Lunar Laser Ranging and Transponders
e Study Groups (SGs) and Boards
o Laser Ranging to GNSS s/c Experiments
o Quality Control Board
o Software Study Group
o Space Debris Study Group
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Figure 1. The organization of the International Laser Ranging Service (ILRS).

The role of these components and their inter-relationship is presented on the ILRS website
(https://ilrs.gsfc.nasa.gov/about/organization/index.html).

The Governing Board (GB) is responsible for the general direction of the Service. It defines
official ILRS policy and products, determines satellite-tracking priorities, develops standards
and procedures, and interacts with other Services and organizations. The members of the
current Governing Board, selected and elected for a two-year term, are listed in Table 1.

The Central Bureau (CB) is responsible for the daily coordination and management of the
ILRS in a manner consistent with the directives and policies established by the Governing
Board. The primary functions of the CB are to facilitate communications and information
transfer within the ILRS and between the ILRS and the external scientific community,
coordinate ILRS activities, maintain a list of satellites approved for tracking support and their
priorities, promote compliance to ILRS network standards, monitor network operations and
quality assurance of data, maintain ILRS documentation and databases, produce reports as
required, and organize meetings and workshops. The CB operates the communication center
for the ILRS. The CB performs a long-term coordination and communication role to ensure
that ILRS participants contribute to the Service in a consistent and continuous manner and
that they adhere to ILRS standards.

Permanent Standing Committees (SCs) and temporary Study Groups (SGs) provide the
expertise necessary to make technical decisions, to plan programmatic courses of action, and
are responsible for reviewing and approving the content of technical and scientific databases
maintained by the Central Bureau. All GB members serve on at least one of the five SCs, led
by a Chair and Co-Chair (see Table 1). The SCs continue to attract talented people from the
general ILRS membership who contributed greatly to the success of these efforts.
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Table 1. ILRS Governing Board (as of June, 2023)

Name Position Country
Sven Bauer Elected, Eurolas Network Germany
James Bennett Appointed, WPLTN Network Australia
Mathis Blossfeld Elected, Analysis Representative, Analysis Standing Committee Deputy Chair Germany
Claudia Carabajal Ex-Officio, Secretary, ILRS Central Bureau USA
Randall Carman Appointed, At-Large Representative Australia
Clément Courde Elected, LLR and Transponders Standing Committee Chair France
Evan Hoffman Appointed, NASA Network USA
Urs Hugentobler Ex-Officio, Representative of IAG Commission 1 Germany
Vincenza Luceri Elected, Analysis Representative, Analysis Standing Committee Chair Italy
Takehiro Matsumoto Appointed, At-Large Representative Japan
Stephen Merkowitz Appointed, NASA Network, ILRS Governing Board Chair (2023-2024) USA
Michael Pearlman Ex-Officio, Director, ILRS Central Bureau USA
Jose Rodriguez Elected,Eurolas Network, Missions Standing Committee Chair Spain
Christian Schwatke Appointed, At-Large, Data Formats and Procedures Standing Committee Chair Germany
Daniela Thaller Appointed, IERS Representative to ILRS Germany
Matt Wilkinson Elected, At-Large, Networks and Engineering Standing Committee Chair UK
Justine Woo Elected, Data Centers Representative USA
Zhang Zhongping Appointed, WPLTN Network China
Former Governing Board Members during 2019-2022
Giuseppe Bianco Appointed, EUROLAS Network, Governing Board Chair (2015-2018) Italy
Wu Bin Appointed, WPLTN China
Geoff Blewitt Ex-Officio, Representative of IAG Commission 1 USA
Ludwig Combrinck Elected, Lunar Representative South Africa
Georg Kirchner Appointed, EUROLAS Network Austria
Rivers Lamb Ex-Officio, Secretary, ILRS Central Bureau USA
David McCormick Appointed, NASA Network USA
Jan McGarry Appointed, NASA Network USA
Jiirgen Miiller Elected, Lunar Representative Germany
Carey Noll Ex-Officio, Secretary, ILRS Central Bureau USA
Toshimichi Otsubo Elected, At-Large, Governing Board Chair (2019-2022) Japan
Erricos Pavlis Elected, Analysis Representative, Analysis Standing Committee Chair USA
Ulrich Schreiber Appointed, At-Large, Transponder Standing Committee Chair Germany
Andrey Sokolov Appointed, At-Large Russia
Krzysztof Soénica Appointed, At-Large Poland
Jean-Marie Torre Elected, Lunar Representative France

Data Products

The main ILRS analysis products consist of SINEX files of weekly-averaged station
coordinates and daily Earth Orientation Parameters (x-pole, y-pole and excess length-of-
day—LOD) estimated from 7-day arcs of SLR tracking of the two LAGEOS and two Etalon
satellites, soon to be added are the LARES and LARES -2 satellites. As of May 1, 2012, the
official ILRS Analysis products are delivered daily by sliding the 7-day period covered by the
arc by one day forward every day. This allows the ILRS to respond to two main users of its
products: the ITRS Combination Centers and the IERS EOP Prediction Service at USNO. The
former requires a single analysis per week, spanning the period Sunday to Saturday; the latter
however requires as “fresh” EOP estimates as possible, that the “sliding” daily analysis
readily accommodates. Two types of products are distributed for each 7-day period: a loosely
constrained estimation of coordinates and EOP and an EOP solution, derived from the
previous one and constrained to the ITRF, which was ITRF2014 since June 1, 2017 and it will
be switched to ITRF2020 as soon as it is officially adopted by ILRS, presumably in July
2023. With the adoption of the new procedure (SSEM-X) for monitoring systematic errors in
the network, a new weekly product became a necessity: a free solution of SSC and EOP
parameters along with a freely adjusted weekly averaged range bias for each of the
participating stations. This product has an extra week lag compared to the original weekly
product in order to ensure that all tracking data have been submitted to the Data Centers and a
stable EOP series is available. The range bias estimates from the rigorous combination of the
individual contributions will be used to extend every week the bias model, coded into a
SINEX-like file named Data handling File (DHF). When a significant and persistent break in



International Laser Ranging Service (ILRS) 829

the value of a stations mean bias is detected, a break will be introduced in the bias model and
a new entry will be initiated. At the same time, the DHF will be updated accordingly and the
affected station will be contacted to investigate and rationalize the observed change. The
current bias model can be visualized for each site and satellite target via the JCET Portal
(http://geodesy.jcet.umbce.edw/ILRS AWG_MONITORING) selecting the option “MODEL
BIAS SSEM-X for SLRF2020”. Official ILRS Analysis Centers (ACs) and Combination
Centers (CCs) generate these products of individual and combined solutions respectively.
Both the individual and combined solutions follow strict standards agreed upon within the
ILRS Analysis Standing Committee (ASC) to provide high quality products consistent with
the IERS Conventions. This description refers to the status as of May 2023. Each official
ILRS solution is obtained through the combination of seven solutions submitted by the seven
official ILRS Analysis Centers:

ASI, Agenzia Spaziale Italiana

BKG, Bundesamt fiir Kartographie und Geodésie

DGFI/TUM, Deutsches Geodétisches ForschungsInstitut/Technische Universitét

Miinchen

ESA, European Space Agency

GFZ, GeoForschungsZentrum Potsdam

JCET, Joint Center for Earth Systems Technology and Goddard Space Flight Center

NSGF, NERC Space Geodesy Facility

Since 2016, the ILRS publishes online an additional operational product on a weekly basis:
precision orbits in standard SP3c formatted files for the four satellite targets (LAGEOS-1, -2,
and Etalon-1, -2). These orbits are strictly referenced to the TRF model that is adopted at the
time of their release.

The efforts to identify, quantify and contain systematic errors in the SLR data have continued
with many new initiatives that ILRS sees necessary in order to improve data quality. The
main focus of the Analysis SC activities over the past five years was the estimation and
monitoring of systematic errors in the SLR normal point (NP) data and the generation of a
model that has been applied a priori during the re-analysis for the development of the
ITRF2020 ILRS contribution, (Luceri et al., 2019). All ACs made major efforts to comply
with the newly adopted analysis standards and the IERS Conventions 2010 plus their recent
modifications, e.g. the adoption of the new secular pole in 2019 (Pavlis, E. C., 2019a), the
consistent modeling of low degree time-varying gravitation (Pavlis, E. C., 2019b), etc. The
preliminary version of the ILRS contribution to ITRF2020 (Pavlis et al., 2020), was delivered
in mid-April 2021, presented at the EGU 2021 (Luceri et al., 2021) and finalized in June
2021. Following that, the ASC focused on completing the final series with the inclusion of the
historical LAGEOS data (1983.0 — 1993.0) and the correction of any entries that were found
problematic in the preliminary combination.

It is anticipated that a follow up release will include LARES and LARES-2 as additional
accurate targets in developing the official products, which the ITRS CCs will evaluate and
which will be hopefully included in the next ITRF model.

Following the release of ITRF2020, the ASC issued an extended version of the reference
frame, the SLRF2020, which includes ~30 additional SLR sites that were not part of
ITRF2020 model. A number of these are historical sites from the early years of SLR, prior to
ILRS, and the rest are new stations that were established either during the development of
ITRF2020 or after its release; in either case these sites did not have enough data to support
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their inclusion in the new ITRF. The ILRS products are now carrying a DOI issued by
CDDIS:
e ITRF2020 contribution: DOI: https://doi.org/10.5067/SLR/slr itrf20200 repro2020 001

and are available from the official ILRS Data Centers CDDIS/NASA Goddard Space Flight
Center:

e https://cddis.nasa.cov/Data and Derived Products/SLR/Reference frame.html

and EDC/TUM/DGFTI:

and http://edc.dafi.tum.de/pub/sly/products/pos+eop

The individual ILRS AC and CC product contributions as well as the combinations are
monitored on a daily basis in graphical and statistical presentation of these time series through
a dedicated portal hosted by the JCET AC/CC at:

http://geodesy.jcet.umbc.edu/ILRS AWG MONITORING/

The ILRS “Quality Control Board”, with members from all areas of expertise within the
service, has continued it efforts to identify, quantify and correct any errors in the already
collected SLR. Furthermore, it strives to generate tools and procedures that will help the
station engineers identify with confidence and as quickly as possible, issues with their data,
before they get too far down the production line. A manual on “best practices” for SLR data
collection is now in preparation, as an aid to station personnel.

The LLR group is in the process of developing a unique data set of all available LLR data in
the officially adopted CRD format, in order to better serve the community and to conform
with the ILRS standards. The LLR community is now supported by the LLR and
Transponders Standing Committee, approved by the ILRS GB last November, 2022, with Dr.
Clément Courde as its Chair.

Satellite Laser Ranging

ILRS Network

The present ILRS network includes over forty stations in 24 countries (see Figure 2).

Since 2015, new stations in Russia have joined the ILRS network in Badary, Baikonur,
Irkutsk, Svetloe, Zelenchukskaya; in Korea at Sejong and Geochang, and at Brasilia (by the
Russians). The Russians have also advanced the idea of co-locating two SLR stations at
critical locations to help address the tracking load. New technology Russian SLR systems are
in co-location with the legacy SLR systems at Mendeleevo and Irkutsk. They have also co-
located a Russian system with the NASA MOBLAS-6 at Hartebeesthoek (South Africa). The
Russians are also planning installations at a number of as yet unnamed sites, and they have
offered to co-locate new systems at stations currently operated by other organizations. All of
this said, progress with Russia and Ukraine has significantly slowed down since the war in
Ukraine started in early 2022. Studies to evaluate station placement were undertanken (Kehm
et al., 2019). Other new systems and system upgrades have been delayed due to the Pandemic,
budgetary constraints, and in some cases protracted importation restrictions. Work continues
on the upgrade of the system at Metsahovi (Finland) and the upgrade of the Chinese SLR
station in San Juan (Argentina); both now planned for operations in late 2024. Two new
stations were planned at Ponmundi and Mt. Abu (India), but substantial delays leave the plan
very uncertain.


https://cddis.nasa.gov/Data_and_Derived_Products/SLR/slr_itrf20200_repro2020_001.html
https://cddis.nasa.gov/Data_and_Derived_Products/SLR/Reference_frame.html
http://edc.dgfi.tum.de/pub/slr/products/pos+eop
http://geodesy.jcet.umbc.edu/ILRS_AWG_MONITORING/
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The NASA Space Geodesy Project (SGP) is building new SLR systems as part of a new Core
sites at Ny-Alesund (Norway) in coordination with the Norwegian Mapping Agency, and as
replacement for legacy SLR systems at Core sites at McDonald TX, Maui (HI), and GSFC
(MD). Deployment is now projected for the 2024 — 2028 timeframe. Planning is also
underway for additional SLR systems as part of Core sites at other current NASA partner
locations and new locations to help fill some of the current geographic gaps in the global
space geodesy network.

In the past year, the SLR station in Tenerife (Spain) became operational as did the
engineering station in Stuttgart (Germany) which is focused on the development of low cost
SLR systems for expansion of the network. The new stations in Yebes (Spain) and Tsukuba
(Japan) are in testing and should be operational by mid-year. The SLR system in the
Argentine-German Core Geodetic Observatory (AGGO) (formally TIGO in Concepcion,
Chile), has been undergoing upgrade, at La Plata (Argentina); progress has been slower than
anticipated, but operations are now expected to resume in the 2023 - 2024 timeframe. Work
continues on the upgrade of the Chinese station in San Juan (Argentina); import issues had
delayed progress for more than 2 years.

Current and Planned ILRS Network Expected in 2023-24

La Plata

* San Juan

* Metsahovi

« Second SLR at
Mendeleevo

¢ Second SLR at Irkutsk

* NASA Sites

* Russian Sites

* Indian Sites

* Current SR
& Stations in process and planned

Sites in process
* Yebes
* Tsukuba

Figure 2. Current and Planned ILRS network (as of June 2023).

Large gaps are still prominent in Africa, Latin America and Oceana; new partnerships are
being explored.

Stations designated as operational have met the minimum ILRS qualification for data quantity
set at 3500 passes per year. This was approved in 2015 by the ILRS Governing Board, and
viewed as an interim step toward a more comprehensive long-term strategy as network
performance hopefully improves.

In spite of losses in productivity suffered during the Pandemic in 2020 and 2021, some
stations continued to operate well; recent strong performers are shown in Figures 3 through
Figure 6 for 1 year periods (May 1° through April 30™) from 2019 through 2023. During
those years, sixteen stations met the ILRS minimum requirement for total numbers of passes
tracked.
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Figure 5. ILRS network performance (Total Number of Passes, all Satellites), May 1t, 2021 to April 30th. 2022.
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Figure 6. ILRS network performance (Total Number of Passes, all Satellites), May 1%t, 2022 to April 30th. 2023.

Stations designated as operational have met the minimum ILRS qualification for data quantity
and quality. In 2015, the ILRS Governing Board approved a new ILRS Pass Performance
Standard of 3500 passes per year as an interim step toward a more comprehensive long-term
strategy:

e 2 passes per week on each LEO satellite (2300 LEO passes per year)
e 4 passes per week on LAGEOS and LARES satellites (600 MEO passes per year)
e 2 passes per week on each HEO satellite (>3000 HEO passes per year)
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As shown in Table 2, many stations are now operating at 100 to kilohertz rates, thereby
allowing them to interleave tracking on several satellites at a time, and implement automated
procedures for unattended tracking to expand operating hours.

Some stations have demonstrated mm precision normal points, a fundamental step toward
addressing the new reference frame requirements.

Table 2. High-Repetition Rate ILRS Stations (as of June 2023)

CDP ID# Location Laser Repetition Rate [Hz]
7816 Uhlandshoehe Research Observatory (UFO) 1000000
7359 Daedeok 5000
7394 Sejong 5000
7249 Beijing SLR Station 2000
7840 Herstmonceux 2000
7841 SLR Potsdam 3 2000
7865 NRL Optical Test Facility 2000
7839 Graz 2000
7249 Beijing SLR Station 1000
7396 JiuFeng 1000
7819 Kunming 1000
7821 Shanghai 1000
7827 Wettzell 1000
7838 Simosato 1000
7840 Herstmonceux 1000
8834 Wettzell 400
7701 Izana (Tenerife) 400
1868 Komsomolsk-na-Amure 300
1874 Mendeleevo 300
1879 Altay 300
1886 Arkhyz 300
1887 Baikonur 300
1888 Svetloe 300
1889 Zelenchukskaya 300
1890 Badary 300
1891 Irkutsk 300
7407 Brasilia 300
7503 Hartebeesthoek Radio Astronomy Obs. 300
7810 Zimmerwald SLR 110

Satellite Missions

The ILRS is currently tracking approximately 140 artificial satellites, including passive
geodetic (geodynamic) satellites, Earth remote sensing satellites (e.g., altimetry, gravity field),
navigation satellites (GNSS), and engineering missions (see Figure 7). Due to system
limitations, some of the legacy stations are not able to track GNSS and other high altitude
satellites. The large list of satellites is saturating some stations that are not fully staffed and
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strategies are being tried to maximize station data value. Some stations have implemented
automated procedures to expand operating hours. The stations with lunar capability are also
tracking the lunar reflectors. In response to this large roster of satellites, as well as for support
of tandem missions (e.g., GRACE-A/-B, TanDEM-X/TerraSAR-X) and general overlapping
schedules, most stations in the ILRS network are tracking satellites with interleaving
procedures.

The ILRS assigns satellite priorities in an attempt to maximize data yield on the full satellite
complex, while at the same time placing greatest emphasis on the most immediate data needs.
Priorities provide guidelines for the network stations, but stations may deviate from these
priorities to accommodate local conditions, support regional activities or national initiatives,
and expand tracking coverage in regions with multiple stations. General tracking priorities are
approved by the Governing Board, based on application to the Central Bureau and
recommendation of the Missions Standing Committee (see
https.//ilrs.gsfc.nasa.gcov/missions/mission operations/priorities/index.html).

Missions are added to the ILRS tracking roster as new satellites are launched and as new
requirements are adopted; missions for completed programs are removed (see Figure 7). The
ILRS provides restricted tracking procedures for satellites with time-varying array visibilities
and optically vulnerable payloads (e.g. Sentinel satellites and ICESat-2), to limit ranging to
authorized time periods. Some stations in the ILRS network track selected space debris
objects to provide ephemerides and orientation data to help with trajectory/safety planning.
The tracking approval process begins with the submission of a Missions Support Request
Form, which is accessible through the ILRS website:
(https://ilrs.cddis.eosdis.nasa.gov/docs/2016/ilrsmsr 1604.pdf).

The submitted form provides the ILRS with information to assess the appropriateness for
ILRS support (does it fit into the ILRS/GGOS objectives) and the likelihood of tracking
success, including any special procedures that the mission may require.

Space missions that have requested ILRS tracking support during the tenure of this report are
summarized in Table 3, along with their sponsors, intended application, and projected launch
dates.


https://ilrs.gsfc.nasa.gov/missions/mission_operations/priorities/index.html
https://ilrs.cddis.eosdis.nasa.gov/docs/2016/ilrsmsr_1604.pdf
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Figure 7. The past and current ILRS satellite tracking list (as of June 2023).

Table 3. Missions Launched During the Tenure of this Report (as of June 2023).

Satellite Name

Sponsor

Purpose

Launch Date

Missions Launched During the Tenure of this Report

GLONASS 140 and 141

Russian Federation Ministry of Defense

Positioning, navigation, timing

19-July-3, 10-Dec-11

water storage)

COMPASS-G8 Chinese Defense Ministry Positioning, navigation, timing 20-Mar-21
Sentinel-6A/Jason-CS-A EUMETSAT/EC/ESA/NOAA/NASA Oceanography 20-Nov
H-2C,HY-2D CNES, CNSA Marine observation 20-Sep-21, 21-May-19
Galileo 223 and 224 ESA Positioning, navigation, timing 21-Dec-05
ELSA-d Astroscale Pte Ltd (with HQs in Singapore)
. and SSTL (Surrey Satellite Technology Ltd. Orbital debris removal 22-Mar-21
(Mission Completed)
of Surrey, UK)
LARES-2 ASI/ESA Geodetic Satellite 22-Jul-13
SWOT NASA/CNES Ocean altimetry and Hydrology (inland 27 Dec-16

New ILRS Tracking Strategy for GNSS

Since mid-2019, at the request of the IGS and supported by the ICG, the tracking strategy of
the GNSS satellite have been changed. Each GNSS constellation is allowed to choose four of
its satellites for the priority list; otherwise stations are requested to track all of the remaining
GNSS satellites on an as time available basis; selection of targets is determined by the
stations, but stations are asked to try to diversify among all three constellations.

In addition, some users will request focused campaigns for eclipse or other studies to better
model the effects of solar radiation pressure or other processes.
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In the next several years, the next-generation GPS satellites will also include retroreflectors
that will bring the GNSS population with retroreflectors to about 100 satellites.

Laser Ranging for High Accuracy Timing

Laser ranging has demonstrated significant capability for Precision Time Transfer with
satellites. ILRS tracked the Jason-2 satellite, using the Time Transfer by Laser Link (T2L2)
experiment to synchronize the clocks at ILRS stations, as well as to characterize the
performance of the DORIS Ultra Stable Oscillator (USO) onboard the Jason-2 spacecraft. The
data from T2L2, as well as other information, have been used to derive a detailed model of
the DORIS USO behavior, including direct modeling of radiation effects, passage through the
South Atlantic Anomaly (SAA) and natural aging of the oscillator. Applying this USO model
it was possible to synchronize the clocks used in the Laser Ranging station to the same
international time scale (UTC) at around 5 ns accuracy. The analysis of the T2L2 data has
revealed that many stations exhibit time biases with respect to UTC, sometimes as high as a
few microseconds, well beyond the 200 ns limit requested by the ILRS, and yet still at a level
that is hard to resolve from the orbit determination analysis. The past data from T2L2 and
data from future similar systems will allow us to characterize station timing behavior and
examine its impact on the reference frame and ILRS products. The T2L2 project team led by
Dr. Pierre Exertier (Grasse SLR observatory) have provided timing bias estimates for SLR
data to the ILRS analysis centers, based on analysis of data from T2L2 over the period 2008-
2018 (Exertier et al., 2016).

The proper handling of local time is the key for the identification of station biases, which
show up as additional, often variable measurement delays in the ranging process. Since time
relates the measurement epoch to the phase angle of the clock frequency, any slip in the phase
angle corresponds to a slip in the measured time interval during the ranging process, thus
adding an unwanted bias to the measurement itself. Causes for such slips are manifold, like
temperature changes in electronic amplifiers, timers and most importantly trigger circuits and
impedance mismatches. In order to mitigate these effects, the phase of the clock signal has to
be controlled in the ranging hardware over the entire ranging process in a two-way closed
loop delay compensation process, which is currently pioneered by the Geodetic Observatory
Wettzell (Kodet et al., 2018). It is important to note that this process does not depend on
accurate time itself; it is only concerned with the avoidance of additional biases in the
handling of time intervals in the ranging process.

A precise clock in space provides a worldwide access to high performance ground clocks.
Here SLR plays an important role, by providing accurate range and time between clearly
defined reference points on ground and in space. This represents a two-way measurement
technique, the main ingredient of the “Einstein Synchronization” process, the only technique
that can compare and synchronize remote clocks with high accuracy. The European Space
Agency (ESA) is developing the Atomic Clock Ensemble (ACES) (see
https://earth.esa.int/web/eoportal/satellite-missions/i/iss-aces) experiment for flight on the
International Space Station (ISS). The ELT (European Laser Timing) follows in the path of
T2L2. The goal is to demonstrate an accuracy of time transfer at the level of 50 ps, with a
perspective of 25 ps. The ELT payload consists of a corner cube retroreflector a SPAD
detector, and an event timer. ELT will provide an alternative to time transfer via microwave
link (MWL) and will provide superior accuracy.

The potential of SLR to transfer time with unprecedented accuracy over intercontinental
distances and thus to tie a globally uniform timescale to the geodetic reference frames may
one day together with the availability of accurate optical clocks create a uniform accurate
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observing system, which integrates the three pillars of geodesy, namely geometry, gravity and
Earth rotation into one unified foundation, tied together by time.

Lunar Laser Ranging (LLR)

The LLR results are considered among the most important science return of the Apollo era.
The Lunar Laser Ranging (LLR) experiment has accumulated over 50 years of range data
with improving accuracy from ground stations to the laser retroreflector arrays (LRAs) on the
lunar surface. The upcoming decade offers several opportunities to break new ground in data
precision through the deployment of the next generation of single corner-cube lunar
retroreflectors (Merkowitz et al., 2007, Porcelli et al., 2021) and active laser transponders
(Merkowitz, 2010). Lunar dynamical models and analysis tools have the potential to improve
and fully exploit the long temporal baseline and precision allowed by millimetric LLR data.
New LLR stations are under development to complete the network. New technical solutions
are also envisaged like extending observations at high repetition rate in SLR to LLR or trying
to obtain differential measurements. This new proposal is studied and the first simulations are
showing that it will help mitigate some of the primary limiting factors and reach
unprecedented accuracy (Zhang et al., 2022). Such observations and techniques may enable
the detection of several subtle signatures required to understand the dynamics of the Earth-
Moon system and the deep lunar interior. LLR model improvements would impact
multidisciplinary fields that include lunar and planetary science, Earth science, fundamental
physics, celestial mechanics and ephemerides (Miiller et al. 2019).

Lunar Analysis Centers

The LLR data analysis is performed by a few major LLR analysis centers, namely the Jet
Propulsion Laboratory (JPL), Pasadena, USA, the Paris Observatory Lunar Analysis Center
(POLAC), Paris, France, the Institute of Geodesy (IfE), University of Hannover, Germany
and the Institute of Applied Astronomy Russian Academy of Sciences (IAARAS), Saint
Petersburg, Russia. In the last few years, the National Institute for Nuclear Physics (INFN),
Frascati, Italy and the Graduate University for Advanced Studies (SOKENDALI), Tokyo,
Japan, have also increased their analysis activities. NASA also formed a new LLR analysis
center: Goddard Lunar Data Analysis Center (GLD). The LLR analysis centers focus on
different research topics (such as relativity, lunar interior, earth orientation parameter, etc.).
Various research projects have been successfully pursued, combining LLR, GRAIL and LRO
data.

Lunar Laser Ranging Network:

There are currently four active ILRS observatories, which are technically in the position to
track the lunar retroreflectors. These stations are Apache Point (USA), Grasse (France),
Matera (Italy) and Wettzell (Germany). For several years, Grasse and Wettzell range in
infrared (1064 nm), while Matera and Apache Point range in green (532 nm). New stations
are under development in China (Kunming, and Shanghai) and in Russia (Altay Optical-
Laser).

Despite the space exploration of the lunar soil, the analysis of the data collected by the
APOLLO missions, the space missions in orbit including the GRAIL mission and the 50 years
of Laser Moon data (LLR), many questions remain unanswered, in particular concerning the
internal physics of the Moon, its liquid core, the structure of its mantle and the presence of a
solid core. Although the scenario of the Moon's formation seems to be more or less
established thanks to the data from the GRAIL mission, the presence of a fluid core without a
solid inner core could call into question the differentiation mechanisms used until now in the
scenarios of the formation and evolution of the solar system (Viswanathan et al., 2019 ; the
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densification of LLR data as well as a combination of these data with data obtained by space
probes are fundamental elements to answer these questions (Briaud et al. 2023).

On the other hand, the Earth-Moon system is also a laboratory for fundamental physics
(Biskupek et al., 2021 ; Bourgoin et al. 2021), and LLR data are essential for fundamental
physics tests requiring data samples spread over several decades. LLR data are used to test the
equivalence principle, which is central to the theory of general relativity.

Regarding Earth science, LLR contributes to terrestrial tidal dissipation and ranging station
positions and motions and astronomical constants (with GM(Earth+Moon)) (Williams et al.,
2022). LLR contributes also to the establishment of terrestrial, lunar, and ephemeris reference
frames (Pavlov, 2020).

LLR could also open a new window for detecting gravitational waves. A large hole in the
observable gravitational-wave spectrum could in part be filled by exploiting lunar laser
ranging with extremely precise measurements of variations in the moon’s orbit (Blas et al.,
2022).

Recent ILRS Activities

General

The ILRS Governing Board approved an update to the ILRS Terms of Reference (ToR)
(https.//ilrs.gsfc.nasa.gov/about/termsofref-html) in mid-2016; the IAG accepted the revision
and the new Terms of Reference (ToR) was adopted in November 2016. The most significant
change to the ILRS ToR was the addition of two At-Large members to the ILRS GB are
chosen by the GB to add additional technical expertise and geographic coverage the Board.
Other changes addressed the addition of new SCs and clarifying terminology.

The GB has appoved at the November of 2022 GB meeting the merging of the Lunar Laser
Ranging Study Group with the Transponders Standing Committee, becoming the LLR &
Transponders Standing Committee.

The Space Debris Study Group has submitted a proposal to become a Standing Committee.

Standing Committees and Study Group Activities
All ILRS standing committees were active and held meetings during ILRS workshops during
this reporting period.

Analysis Standing Committee (ASC)

The official ILRS Analysis products were produced and delivered routinely during the
reporting period. The main efforts of the ASC, however, focused on the timely completion of
the Station Systematic Error Monitoring—SSEM Pilot Project (PP), which was a prerequisite
for the ILRS contribution to the development of the ITRF2020. The key deliverable was a
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model of systematic errors that described primarily the long-term performance of the ILRS
stations.
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Figure 8. Significant bias-reduction and randomization, especially for the Core stations, as a result of the
implementation of improved Target Signature Correction (TSC) models (Luceri et al, 2023).

On a parallel effort, the group of experts in the characterization of the satellite Target
Signature Correction (TSC), generated successive versions, each one improving the prior
release, until the data reanalysis revealed a much more random distribution of range biases
over the entire network (Rodriguez et al., 2019). The long-term mean biases estimated from
the final reanalysis were adopted “a priori”, and pre-applied in the reanalysis that produced
the series contributed to ITRF2020. The procedure was documented in (Luceri et al., 2019)
and it is now implemented as the standard approach in the operational series. The ASC is
developing guidelines for identifying likely errors as they appear in the future, based on a new
product, an extension of the SSEM-X procedure, and promptly notifying the affected stations.
Upon completion of the reanalysis at the end of 2020 the results were captured in a new
version of the “Data Handling File—DHF”” which was delivered to the ACs and used in
generating their [TRF2020 submissions.

Once ITRF2020 was released, the ASC evaluated the new TRF and subsequently the model
was extended to include a number of SLR stations that were not included in the official ITRS
release. The majority of these sites come from the early days of SLR, however, a number of
newly developed systems were also included since they did not have enough data to
participate in the formal process. These sites are assigned very large standard deviations to
limit their effect when using the new TRF, until their position and velocity can be improved
with increased SLR data. The resulting extended TRF model is called SLRF2020 and follows
in format similar previous releases like SLRF2008, SLRF2014, etc. In the comments included
with the SLRF2020 SINEX, it is stressed that it should be used along with the appropriate
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DHEF release and the data should be reduced using very specific TSC models (release of
2022.09.15 or later).

Based on simulation studies that indicated the role that increased Etalon 1 & 2 data could play
in the enhancement of ILRS EOP products (Andritsch, 2020), the ASC called for an intensive
tracking campaign that was held from February 15 to May 15, 2019. The amount of range
data (NPs) that was collected nearly doubled from that over the same period a year ago. The
ASC evaluated the benefit from these additional data on the EOP products and recommended
that the network make every effort to increase the Etalon 1 & 2 data yield. As a result, ~35
passes on each of the Etalon targets per week are collected on a regular basis, up from ~20
over the previous years. In the last two years these numbers have dropped slightly, due to
limited contributions from the Russian sub-network.

A major development in 2022 was the successful launch of new “cannonball” target: the
LARES-2 (Paolozzi et al., 2019; Ciufolini et al., 2023). The satellite was placed in orbit
supplementary to that of LAGEOS, taking essentially the place of what was originally called
“LAGEOS-3”, which was never approved. The design of LARES-2 is very different from that
of LARES and LAGEOS. For the first time one of these primary geodetic targets makes use
of COTS 1-inch retroreflectors, with a total of 303 densely arranged on the surface of a 424
mm diameter one-piece sphere made of a Nickel alloy, with a mass of 294.8 kg. The tracking
data have been evaluated and validated (Pavlis et al., 2023), exhibiting the higher precision as
expected, resulting in ~5 mm fits even though we are using only the nominal TSC model (174
mm), while awaiting the development and release of tailored corrections for each of the ILRS
tracking systems. It is anticipated that once this TSC model is released, LARES-2 will
become the fifth member of the target group that contributes data routinely in the ILRS
official products, probably by mid-2023. Other upcoming activities of the ASC include the
introduction of LARES as the sixth target to be used for the development of the official ILRS
products and at the same time, the delivery of weekly averaged low-degree spherical
harmonic coefficients of the gravitational field model. This PP is expected to be completed by
the end of 2023.

The co-chairs of the ASC were two of the guest-editors for the special issue (SI) of the
Journal of Geodesy dedicated on Laser Ranging. The SI was completed and published online
in November 2019 (Pavlis et al., 2019) with 20 contributions.

Data Formats and Procedures Standing Committee (DFPSC)

The DFPSC, in particular the “Data Format Update” study group, released the latest version
2.0 of the ILRS standard CRD (data) and CPF (prediction) formats in September 2019. Since
then, OCs, DCs, predictions providers, stations and analysis centers have implemented the
new formats. On 1 October 2021, the new CPF format of version 2.0 became the official
ILRS prediction format. On 1 October 2022, the new CRD format of version 2.0 became the
official ILRS data format. Finally, on 1 January 2023 the transition to the new format was
completed with the cessation of processing of old CRD data and CPF prediction of version
1.0 by the ILRS OCs.

The ILRS operates two global data and operation centers. In order to achieve homogeneous
data centers, the quality checks applied by the OCs have to be identical. The harmonization of
quality checks has been completed. Now, both OCs are working on the implementation of
quality checks on SINEX products that will improve the format compliance and file
consistency in the future. In the current phase, the new quality checks are being defined, and
reviewed and discussed with the ASC.
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The open source normal point software orbitNP.py developed by the Herstmonceux station has
been updated to the latest version 1.2.1 and is now available in the software section of the ILRS
website.

Missions Standing Committee (MSC)

The Missions Standing Committee (MSC) reviewed mission support requests from BLITS-M,
LARES-2, Sentinel-6A/Jason-CSA, HY-2C, NXD-1-SLAG, ELSA-d, Tubin, Hy2d, ALOS-4,
ICEYE-XR1 and SWOT. With the exception of the ICEYE satellites which were found to
have inadequate reflector arrays, all requests were approved by the GB. In addition, a request
to align the ILRS tracking policy for the Beidou-3 MEO GNSS constellation with that for
Galileo and GLONASS was considered and approved. Consequently, all Beidou-3 MEO
satellites are formally approved for ILRS tracking with 4 given higher priority. The
committee reviewed ILRS policy towards supporting commercial and non-science missions
like ELSA-d and found no need to update the policy at this time. The committee also agreed
to periodically follow-up with missions to update their tracking needs and assess the value of
continued ILRS support. Work has been undertaken to update the Mission Support Request
Form (MSRF) to make it more applicable for upcoming lunar missions.

Networks and Engineering Standing Committee (NESC)

NESC draws on the experience, knowledge, and creativity of the global SLR network in order
to advance the technique and boost the performance of every station. It aims to strengthen
links and promote collaboration, information sharing and best practice. It also provides a
practical source of advice to other areas of the ILRS.

NESC has moved to meeting online every two months. Over the last few years it has been
difficult for the ILRS community to meet together in person, and so the NESC meetings have
provided a welcome connection and a way to keep in touch. Approximately 40 people attend
each time and the agenda is made up of contributions from colleagues and invited speakers.
Recent meetings have included:

e Station reports from IZN-1, Tenerife and Golosiiv, Ukraine

e Presentations from satellite missions, including the space debris recovery mission
ELSA-D and the Surface Water and Ocean Topography (SWOT) satellite.

e Progress reports in the development of new technology, such as the new miniSLR
Engineering Station.

e Presentations from outside companies such as GuideTech and EvenTech.

e Analysis feedback on tropospheric bias estimations and calculating centre-of-mass
offsets.

NESC also contributes to the design and implementation of ILRS tracking campaigns and will
arrange for a calibration barometer to visit every ILRS station in the network.

It was possible to meet in-person in November 2022 at the ILRS Workshop on Laser Ranging
in Spain. The NESC meeting was designed to be a discussion on the challenges facing SLR
and included different perspectives from geodesy, technology, SLR analysis, lunar laser
ranging, atmospheric delays, timing and space debris.

To run alongside these meetings, an online forum exists for the NESC, and for the wider
ILRS community, (http.//sgf-rgo.ac.uk/forumNESC) to encourage knowledge sharing,
collaboration and community support.
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Transponders Standing Committee (TSC)

Optical time transfer remains to be the main objective of the TSC. In the past few years two-
way ranging was successfully demonstrated to the LRO spacecraft orbiting the moon
(Mazarico et al., 2020). In a major campaign effort the successful asynchronous transponder
ranging between ground stations in Australia, Japan and Europe and the Hayabusa 2
spacecraft at a distance of about 10 mio. km has been achieved, (Noda et al., 2023). The
launch of the ACES clocks to the ISS is still awaited. Issues with the major during flight tests,
have deferred the launch further. Within the TSC we have explored methods of accurate
optical time transfer from ground to ground via a diffuse passive (zero-delay) reflector in
space. In this operation one station is transmitting, while more than one station is detecting
and timing the transferred laser pulses. An elaborate tumbling motion model links the
cooperating observing stations together (Liu et al., 2021). This concept works surprisingly
well. For the near future it is intended to extend this concept for reciprocal laser
transmission. These efforts for accurate optical time transfer were supported by the
development of an active delay compensation method at the ground station (Schreiber and
Kodet, 2018).

Quality Control Board (QCB)

The ILRS Quality Control Board was organized at the 19" International Workshop on Laser
Ranging to address SLR system biases and other data corruption issues that can degrade
ILRS data and derived products. The board is a joint activity under the ASC and the NESC
and meets by telecon on a bimonthly basis. The QC reviewed results from the ASC’s
“Station Systematic Error Monitoring Pilot Project” and worked to diagnose and address error
sources, including development of procedures and tools for stations to view system
performance and examine systematic errors.

The board has been dealing with the influence of different local data screening procedures,
normal point data content, lapses in station operating and reporting procedures, proper backup
and redundancy (timing, barometer, etc.), engineering scrutiny of data results, and approaches
to modelling systematic errors. The QCB also examines issues of station survey errors,
deteriorating calibration stability, and issues with retroreflector array modeling.

Erricos Pavlis and Toshi Otsubo have operational on-line tools and diagnostic assessment for
use in reviewing station performance; Van Husson has been performing station by station
performance assessments starting with the NASA stations and he has now begun working on
other network stations. The Board has been urging stations to be more rigorous in their use of
our History Logs so that data inconsistencies can be better diagnosed.

The QCB meeting notes are posted on the ILRS website
(https://ilrs.gsfc.nasa.gov/science/qcb/index.html).

Software Study Group (SSG)

The SSG works to identify existing software of use to ILRS stations and analysts. The SSG has
worked with the ILRS CB to provide links to these software packages on the ILRS website.
The latest versions of the CPF and CRD v2.0 sample software have been added to support
implementation of the new format versions. In addition, the open-source normal point software
orbitNP.py developed by the Herstmonceux station has been added. The latter software can be
of use to stations wanting access to validated software and to analysts wanting to test
consistency of normal points from various stations.

Space Debris Study Group (SDSG)

The SDSG was formed in 2014 to coordinate and assist stations in laser ranging to space
debris targets. The SG also acts as an interface between the ILRS and the space debris
activities within ESA. Early on, the SG organized several campaigns on TOPEX, Envisat, and
other SD targets in order to collect accurate range data that is needed to study the orbital
dynamics of tumbling satellites under the influence of the environmental forces and torques.
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Over the last three years, the number of stations tracking space debris has increased
significantly. Graz SLR station is developing laser and detection packages for new stations
and upgrading existing towards space debris laser ranging (e.g. ESA’s Izana-1 and Izana-2 on
Teide, Tenerife). Measurements in multi-static/bi-color debris ranging measurements are
being taken to uncooperative targets. “Stare and Chase” is another method for tracking
uncooperative targets and has also been successfully tested. Significant results have been seen
for science, POD, attitude motion, pre-entry data, and other applications. First successful
daylight space debris laser ranging results have been recently published (Tong et al., 2021).
Work continues to extend debris laser ranging time into 24/7 operation by pushing a station
concept based on a MHz repetition rate laser delivering high precision results for geodetic and
space debris laser ranging with one setup. Ground to ground laser time transfer was realized
by using diffuse reflections from a tumbling space debris object.

A dedicated server has been set up in Graz, where stations can deposit their laser ranging data
from space debris targets; stations can also use this server to download updated CPF/TLE
files for space debris targets.

Participants within the space debris laser ranging community (Zimmerwald, Borowiec,
Potsdam, Riga) meet frequently. Currently, there are two different project teams that meet
regularly: Tumbling motion and Expert Center.

Mission Campaigns
GREAT

Monthly campaigns were conducted on Galileo-201 with Galileo-202 as a backup, to study
the behavior of on-board clocks and the gravitational redshift predicted by General Relativity.
Launch problems placed in elliptical orbits which induced a periodic modulation of the
gravitational redshift at the orbital frequency. In response to a Galileo mission request, the
ILRS conducted monthly, week-long campaigns for a period of one year in support of the
Galileo gravitational Redshift Experiment with eccentric sATellites (GREAT) experiment.

After more than 2 years of tests, obtained results are beyond initial expectations. Together
with a careful conservative modelling and control of other systematic effects, the
measurement of the Gravitational redshift has been confirmed with an accuracy 5 times better
than previous best estimate, NASA’s Gravity Probe-A, a test performed more than 40 years
ago and never improved until now. To our knowledge, this represents the first reported
improvement on one of the longest standing results in experimental gravitation, the Gravity
Probe A hydrogen maser rocket experiment back in 1976.

The results, performed under contract with the European Space Agency, were independently
obtained by two research groups working in parallel (SYRTE, Observatoire de Paris,
Université PSL, CNRS, Sorbonne Université, LNE in France and ZARM Center of Applied
Space Technology and Microgravity in Germany)

Final obtained results were published at (Delva, et al. 2018 and Hermann, et al. 2018).

GASTON Project

The Paris and Cote d’ Azur Observatories and the Royal Observatory of Belgium organized
the GASTON project (Galileo Survey of Transient Objects Network) to search for evidence
of Dark Matter (DM) in the universe. The experiment used the large network of atomic clocks
and electromagnetic links from the Galileo constellation as a gigantic detector of 50,000 km
aperture to search for Dark Matter (DM). Evidence of DM transients would be in distant clock
correlations with the delay predicted by the trajectory of our Solar System within the dark
matter halo. The experiment relied on the ILRS network to help maintain the metrology of the
aperture over the period January — March 2021. Many of the network stations participated and
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maintained concentrated coverage on the Galileo constellation. Tracking priorities were
adjusted to put heavy concentration on the Galileo constellation, while at the same time
maintaining acceptable coverage on the other network priorities. To ensure this, a dedicated
website based on the Eurostat software (AIUB), displayed in real time the status of the
observations by the network, presenting the number of stations currently tracking a Galileo
satellite. The Gaston experiment explored the challenge of coordinating observations within
the ILRS network. The temporal coverage of Galileo observations by the network increased
from 40 to 60% on average. We give special thanks to all of the stations that put extra effort
to make this all work. We now await the experiment results.

This study has allowed obtaining a dramatic extension of the detection exclusion area of DM
transients with respect to previous studies performed with GPS. In particular, the area of
transient size from 105 to 109 km has been explored for the first time.

The method used in the GASTON project, based on a frequentist approach, has also shown
evidence of several significant events with high SNR. At this stage, the origin of these events
remains mysterious, and many hypotheses can be made: a probable artifact in the data
analysis, a mismodelling of systematic effects, or a signature of new physics. Whatever its
final explanation, it deserves further investigation since we could gain results in the
understanding of Galileo products generation in case these high SNR events are not an artifact
of the data analysis. A thorough analysis of systematic effects using SLR data is still ongoing.
This complementary analysis is going to be launched (July 2023) under contract with the
European Space Agency.

Sentinel-6/]ason-3 Tandem Campaign

The Sentinel-6 mission was launched into orbit on November 21, 2020. It is the latest mission
to be launched to synoptically measure ocean surface topography (including the change in
Global Mean Sea Level) along the TOPEX reference ground track at an inclination of 66°,
and a repeat period 9.9156 days. For more than 15 months (December 18, 2020 — April 7,
2022), compared to about 9 months for the previous tandem missions (Jason-2+Jason-3 in
2016, and Jason-2+Jason-1 in 2008-2009), Sentinel-6 flew on the same ground track, 30
seconds behind Jason-3. This tandem mission mode allows a direct inter-calibration of the
instruments on the two spacecraft, including the radar altimeters and the water vapor
radiometers. The geophysical corrections to the data from the different instrumentation on the
two spacecraft, such as the ionosphere correction and the significant wave height (SWH)
corrections can also be directly compared. These comparisons are necessary in order to
connect the time series of sea surface height measurements from Sentinel-6 with the data from
the previous satellites (TOPEX and Jasons 1,2,3). It is for instance very useful for
investigating the sources of geographically correlated orbit errors. Indeed, since the two
satellites do not share the same shape/design, their non-conservative forces are expected to
differ. Thus when identifying similar evolutions between their respective estimated residual
empirical accelerations or with respect to independent orbit solutions, one could assess that
the modeling error affecting both satellites is of gravitational origin. In the example shown
below, a typical geocenter motion modeling difference exhibits geographically.

During this tandem mission, the ILRS stations were asked to interleave their tracking between
the two spacecrafts. For the stations preferring not to rapidly move between the targets, they
were asked to alternate their tracking passes evenly between the two satellites. On average,
15-20 passes of Sentinel-6 were tracked by SLR. Yarragadee (Australia), Changchun (China),
Zimmerwald (Switzerland), Herstmonceux (UK), and Greenbelt (USA) provided most of
them. As a consequence, the SLR data contributed by directly measuring orbit errors for the
two missions during this important mission phase.
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Figure 9. Geographically correlated radial difference (mm) 365-day signals between JPL RLSE-22A and CNES
POE-F orbits for Jason-3 (left) and Sentinel-6 MF (right).
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Figure 10. RMS of SLR Core Network residuals (mm) for Jason-3 (left) and Sentinel-6 MF (right) vs. time for
the GSFC STD-2006, JPL RLSE-22A, and CNES POE-F orbit solutions.

This is the state-of-the-art technique for an independent and absolute validation of the orbit
accuracy.

ILRS Meetings

Workshops

The ILRS holds bi-annual International Workshops on Laser Ranging which cover a wide
range of topics throughout the service including scientific, engineering, mission, and
infrastructure presentations. In addition, in recent years, the ILRS has conducted Technical
Workshops in the intervening years to focus on a few timely topics that impact the quality of
ILRS data products and service operations. These workshops are oriented more toward the
SLR practitioners and are intended to provide more time to deal with issues carefully, allow
for in-depth discussion, and formulate a path forward.

In 2019 an ILRS Technical Workshop, sponsored by the DLR and the ILRS, was held in
Stuttgart Germany, October 21 — 25 with the theme "Laser ranging: To improve economy,
performance, and adoption of new applications". The workshop focused on addressing the
following questions:
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o What are the current and anticipated laser ranging requirements for the various
satellites and have we defined them properly?

e How do we evaluate our current performance and is it adequate?

o What factors are currently limiting our network performance?

o What operational steps and tools would help us to better meet satellite ranging
accuracy and scheduling requirements?

o What automation capabilities have been implemented or are planned for
implementation, and what automation capabilities should stations consider?

e Novel concepts to improve the SLR network

With its 150 participants from more than twenty countries and more than seventy
presentations (oral and poster), the workshop illustrated the importance of SLR and its
application to international scientific research. For more detail on this Workshops see
https.//cddis.nasa.gov/2019 Technical Workshop/

Prior to the 2019 ILRS Workshop, the ILRS scheduled a one-day introductory course to give
non-practitioners in SLR an opportunity to broaden their knowledge about laser ranging to
Earth-orbiting satellites and the Moon. More information about the "SLR School" can be
found at: https.//ilrs.gsfc.nasa.gov/docs/2019/SLRschool_20191020.pdf

The 22™ International Workshop on Laser Ranging was scheduled to take place in Kunming
China in 2020, and a Technical Workshop was scheduled for Arequipa, Peru in 2021. Both
were delayed due to the Pandemic. In place of the Kunming event 2020 the ILRS held a
virtual 5 day, 2 hours a day, tour of five SLR stations: Graz, Austria; Zimmerwald,
Switzerland; Simosato; Japan; and Yaragadee; Australia. Each site also gave one or two talks
on technical information about the site or a technical issue of particular interest to the site
team (see https://cddis.nasa.gov/ILRS Virtual World Tour 2020/).

A similar event was held in 2021, including station tours at Herstmonceux, UK; Wettzell,
Germany; Mendeleevo, Russia; Shanghai, China; and Monument Peak,California. In addition,
Specialized talks were given by the Standing Committees, some of the Missions, operational
issues, SLR focused science, Lunar Ranging, and space debris (see
hitps://ilrs.gsfc.nasa.gov/ILRS Virtual World Tour 2021/).

The 22™ International Laser Ranging Workshop was ultimately held at Guadalahara (Spain).
Organised by the Observatory of Yebes, the National Geographic Institute of Spain
(IGN/CNIG), and the ILRS, over 170 delegates from 20 different countries participated in the
conference, which took place on 7-11 November 2022. With the theme "Reconnecting the
ILRS community", this event was for the first time in a hybrid format, with both in person and
online participation. After the restrictions imposed during the pandemic, this conference was
an excellent opportunity for the experts in the various SLR-related fields to meet, discuss and
exchange ideas and new developments.

The station tours gave many people an opportunity to “visit” stations that they would not have
the opportunity to do.

The ILRS Technical Workshop then planned for 2023 had to be postponed again tentatively
until 2025 due to civil unrest in Peru; the 23" International Laser Ranging Workshop in
Kunming is now scheduled for the latter part of 2024.

ILRS Components Meetings

Meetings of the Governing Board and standing committees are typically held in conjunction
with these ILRS workshops. The GB meetings in 2020 and 2021 were held virtually. The
meeting Agenda and presentations can be found on the ILRS web site under
About/Organizations/ILRS Governing Board/Meetings. The meeting in 2022 was held at the
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Laser Workshop and was accessible virtually. Special meetings were also held virtually to
deal with timely matters.

The ILRS Central Bureau meets monthly to review network station operations and
performance, as well as to coordinate support of upcoming missions, monitor and manage the
ILRS infrastructure, and plan future directions and activities. The ILRS Central Bureau
continues to maintain the ILRS website, installed on a CDDIS webserver at NASA GSFC.
The website, https://ilrs.gsfc.nasa.gov, is updated several times per week as required. A
bibliography of laser ranging publications is maintained on the website. The ILRS CB
meeting notes are available upon request.

The Standing Committees and the Study Groups typically meet during the workshops; special
meetings are scheduled as meet as required. See individual briefs above.

A summary of recent and planned ILRS meetings is shown in Table 4. Minutes and
presentations from the workshops and these splinter meetings are available from the ILRS
website (https.//ilrs.gsfc.nasa.gov/about/reports/workshop/index.html and
https.//ilrs.gsfc.nasa(.gov/about/reports/meeting reports.html).

Table 4. Recent and future ILRS Meetings (as of June 2023)

Timeframe Location Meeting
2019 ILRS Technical Workshop, "Laser ranging: To in ny, performance. and
y for new
Oetober 2019 Stuttgar, Germany ILRS Goveming Board meeting
ILRS Standing Committee mectings
November 2020 Virtual Meeting Virtual Station Tour (in place of the original scheduled Workshop)
December 2020 Virtual Mecting ILRS Goveming Board mecting
October 2021 Virtual Mecting Virtual Station Tours (in place otsl}jmo::ﬁln.:::::k\i Workshop) including Special
December 2021 Virtual Meeting ILRS Goveming Board meeting
April 2022 Virtual Focused Meeting ILRS Governing Board meeting
22nd International Workshop on Laser Ranging Guadalajara (near Yebes),
November 2022 Guadalsjars, Spain Spain and Online (Hybrid)
ILRS Goveming Board meeting
ILRS Standing Committee/Study Group meetings
May 2023 Virtual Meeting ILRS Govemning Board meeting
September 2023 Calern/Grasse {Alpes-Maritimes), France First Lunar Laser Ranging Meeting
October 2023 Virtual Mecting Virtual Workshop including Scientific Sessions
23rd International Workshop on Laser Ranging
October 2024 Kunming, China ILRS Goveming Board meeting
ILRS Standing Committee/Study Group meetings
23" International Technical Workshop
October 2025 Arequipa, Peru ILRS Analysis Standing Committee meetings
ILRS Standing Committee/Study Group meetings
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Publications and Reports

During the last four years (2019-2023), members of the ILRS contributed papers to a special
issue of the Journal of Geodesy, Volume 93, Issue 11, dated November 2019 (Pavlis et al.,
2019c). The special issue consists of a collection of twenty articles on Satellite Laser
Ranging (SLR). The papers present the current status of SLR applied to Earth and Space
science and engineering. The papers include an overview of the ILRS with an outlook for the
future; a historical review of the early years prior to the establishment of the ILRS; a
presentation of the important target satellites with significant contributions to science; a
description of the ground systems comprising the current network and advanced designs for
the near future; novel designs of new targets for improved data accuracy; new analysis
methods and standards for increased accuracy of the products; interactions and joint projects
with other techniques having common scientific goals; independent approaches in validating
data accuracy; improvements in the area of network operations; an overview of the data
information system that manages, supports and archives for posterity the data and products of
laser ranging; and a sample lunar science applications.

The Journal of Geodesy special issue includes a new citation paper for the ILRS that should
be included in papers and publications by those using ILRS data or products:

Pearlman M.R., Noll C.E., Pavlis E.C., Lemoine F.G., Combrink L., Degnan J.D., Kirchner
G., Schreiber U. (2019). “The ILRS: approaching 20 years and planning for the future”, J.
Geodesy, 93, 2161-2180, doi:10.1007/s00190-019-01241-1.

The ILRS issues periodic reports summarizing activities within the service over the reporting
period. The latest report, for the period 2016 — 2019, is available on the ILRS website, and
can be referenced as follows:

International Laser Ranging Service (ILRS) 2016-2019 Report, edited by C. Noll and M.
Pearlman, NASA/TP-20205008530, NASA Goddard Space Flight Center, Greenbelt, MD,
USA, 2020.

The ILRS organized the 22nd International Workshop on Laser Ranging from 7-11
November, 2022 in Yebes, Spain. This was a hybrid (in-person & virtual) meeting. The
leading authors of many of the oral presentations supplied proceedings papers which have
been published on the ILRS website: https://ilrs.gsfc.nasa.gov/Iw22/Program/index.html

The presentation and minutes from the meetings of the Analysis Standing Committee (April
& October 2019, and November 2022), are available on the ILRS website:
https://ilrs.gsfc.nasa.gov/science/awg/awgActivities/index.html

The Network and Engineering Study Committee of the ILRS (NESC) held regular meetings
from 2019 to 2023. This included in person meetings at the ILRS Technical Workshop 2019
in Stuttgart, Germany and at the 22nd International Laser Ranging Workshop in Yebes, Spain
in November 2022. In addition the NESC held 15 virtual meetings from 2019 to 2023. The
minutes of these meetings and the presentations are available on the ILRS website:
https://ilrs.gsfc.nasa.gov/network/newg/newg_activities.html.
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A major activity of the ILRS in this report period, 2019-2023, was the preparation and
submission of the ILRS contribution to ITRF2020. A description of the ILRS contribution to
ITRF2020 was published on the ITRF website:
https://itrf.ign.fr/docs/solutions/itrf2020/The ILRS contribution to ITRF2020 description 2
022.09.23.pdf

The International Earth Rotation Service (IERS) published IERS Technical Report 40,
Description and evaluation of DTRF2014, JTRF2014 and ITRF2014. An ILRS contribution
to this report was submitted by J. Rodriguez (formerly of the NERC Space Geodesy Facility,
now at the Yebes Observatory, Spain). The citation for this report is as follows:

Rodriguez J. (2020). “Assessment of DTRF2014 and ITRF2014 by Satellite Laser Ranging”,
in IERS Technical Report 40, Description and evalution of DTRF2014, JTRF2014, and
ITRF2014, edited by Z. Altamimi and W. Dick, Verlag des Budesamts fiir Kartographie und
Geodasie, Frankfurt am Main, Germany, ISBN 978-3-86482-137-0.

In 2012, after several years of deliberation and discussion, the ILRS adopted a new data
format for exchange of full-rate, sampled engineering, and normal point data, the
Consolidated Laser Ranging Data (CRD) format, Version 1.01. On August 1, 2022, an
updated version of the CRD format (Version 2.01) was implemented by the ILRS. All SLR
data (full rate and normal point) are now submitted in this new (CRD V2) format. The
documentation and description of this new format, CRD V2.01, was published on the ILRS
website:

https://ilrs.gsfc.nasa.gov/data_and products/formats/crd.html

The ILRS Central Bureau continues to maintain the ILRS website, installed on the NASA
CDDIS webserver at NASA GSFC. The website, https://ilrs.gsfc.nasa.gov, is updated weekly,
as required. ILRS Analysis Center reports and inputs are used by the Central Bureau for
review of station performance and to provide feedback to the stations when necessary. Special
weekly reports on on-going campaigns are issued via SLRMAIL. The ILRS CB also
generates monthly and quarterly Performance Report Cards and posts them to the ILRS
website (https://ilrs.gsfc.nasa.gov/network/system_performance/index.html). These Report
Cards evaluate data quantity, data quality, and operational compliance for each tracking
station relative to ILRS minimum performance standards. These results include independent
assessments of station performance from several of the ILRS analysis/associate analysis
centers. The statistics are presented in tabular form by station and sorted by total passes in
descending order. Plots of data volume (passes, normal points, and minutes of data) and RMS
(LAGEOS, Starlette, calibration) are created from this information and available on the ILRS
website. Plots, updated frequently, of multiple satellite normal point RMS and number of full-
rate points per normal point as a function of local time and range have been added to the ILRS
website station pages.

While the “Report Cards” show in tabular form the performance of the network for a 3-month
(short-term) or 1-year (long-term) period, to better visualize the evolution of each station’s
performance in time, JCET has developed a database that is accessed from our portal:

http://geodesy.jcet.umbc.edu/ILRS AWG MONITORING/
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by selecting the “ILRS Report Card” option and then selecting the station of interest and
period of performance. Depending on the choice, monthly or quarterly reports, this tool
generates a month-by-month or quarter-by-quarter graph of the performance and its measure
of confidence.

The ILRS maintains a Bibliography of peer-reviewed SLR-related publications on the ILRS
website: https://ilrs.gsfc.nasa.gov/about/reports/biblio/index.html

The Bibliography at the time of this report contains 463 records for the report period (2019 —
2023). Besides the papers listed in the 2019 Journal of Geodesy special issue, we highlight a
few noteworthy SLR-related publications for this report period:

2019:

Abbondanza C., Chin T.M., Gross R.S., et al. (2019). “A sequential estimation approach to
terrestrial reference frame determination”, Adv. Space Res., 65(4), 1235-1249, doi:
10.1016/j.asr.2019.11.016.

Ciufolini L., Paolozzi A., Pavlis, E.C. et al. (2019). “An improved test of the general
relativistic effect of frame-dragging using the LARES and LAGEOS satellites”, Euro. Phys.
Journal C, 79 (10):872, doi: 10.1140/epjc/s10052-019-7386-z.

Hattori A., and Otsubo T., (2019). “Time-varying solar radiation pressure on Ajisai in
comparison with LAGEOS satellites”, Adv. Space. Res. 63, 63-72,
doi:10.1016/j.asr.2018.08.010.

2020:
Boisits J., Landskron D., Béhm J. (2020). “VMF3o: the Vienna Mapping Functions for
optical frequencies”, J. Geodesy, 94(6), 57, doi: 10.1007/s00190-020-01385-5.

Chabé, J., Courde C., Torre .M., et al. (2020). “Recent Progress in Lunar Laser Ranging at
Grasse Laser Ranging Station”, Earth and Space Science, 7(3), e2019EA000785,
doi:10.1029/2019EA000785.

Loomis B.D., Rachlin K.E., Wiese D.N., et al. (2020), “Replacing GRACE/GRACE-FO C-
30 with Satellite Laser Ranging: Impacts on Antarctic Ice Sheet Mass Change", Geopys. Res.
Lett., 47(3), €2019GL085488, doi: 10.1029/2019GL085488.

Lucchesi D., Visco M., Peron R. et al. (2020). “A 1% Measurement of the Gravitomagnetic
Field of the Earth with Laser-Tracked Satellites”, Universe, 6(9), 139, doi:
10.3390/universe6090139.

2021:

Dequal D., Agnesi C., Sarrocco D., et al. (2021). “100 kHz satellite laser ranging
demonstration at Matera Laser Ranging Observatory”, J. Geodesy, 95(2), 26, doi:
10.1007/s00190-020-01469-2.
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Drozdzewski M. and So$nica K. (2021). “Tropospheric and range biases in Satellite Laser
Ranging”, J. Geodesy, 95(9), 100, doi: 10.1007/s00190-021-01554-0.

Kvas A., Brockmann J.M., Krauss S., et al. (2021). “GOCO06s — a satellite-only global
gravity field model”, Earth Sys. Sci. Data, 13, 99-118, doi: 10.5194/essd-13-99-2021.

Park, R.S., Folkner W.M., Williams J.G., and Boggs D.H. (2021). “The JPL Planetary and
Lunar Ephemerides DE440 and DE441”, The Astronomical Journal, 161(3),
doi:10.3847/1538-3881/abd414.

Rodriguez J.C and Appleby G.M. (2021). “Satellite Laser Ranging”, in Handbook of Laser
Technology and Applications: Volume IV, Laser Applications, Medical, Metrology and
Communication, pp. 181-198, edited by C. Guo and S.C. Singh, CRC Press (Taylor & Francis
Group), Boca Raton, Florida, U.S.A, doi:10.1201/9781003130123-12.

Tao E.Z., Guo N.N., Xu K.X. et al. (2021). “Validation of Multi-Year Galileo Orbits Using
Satellite Laser Ranging”, Remote Sensing, 13(22), 4634, doi:10.3390/rs13224634.

Thomas T.C., Luthcke S.B., Pennington T.A., et al. (2021). “ICESat-2 precision orbit
determination”, Earth and Space Science, 8, €2020EA001496, doi:10.1029/2020EA001496.

2022:

Duan B.B. and Hugentobler U. (2022). “Estimating surface optical properties and thermal
thrust for Galileo satellite body and solar panels”, GPS Solutions, 26(4), 135, doi:
10.1007/s10291-022-01324-1.

Seitz M., BloBfeld M., Angermann D., & Seitz F. (2022). “DTRF2014: DGFI-TUM's ITRS
Realization 2014”, Adv. Space Res., 69(6), 2391-2420, doi: 10.1016/j.asr.2021.12.037.

Strugarek D., Sosnica K., Arnold D. et al. (2022). “Satellite laser ranging to GNSS-based
Swarm orbits with handling of systematic errors”, GPS Solutions, 26(4), 104, doi:
10.1007/s10291-022-01289-1.

Williams J.G., Boggs D.H., and Currie D.H. (2022). “Next-generation laser ranging at Lunar
Geophysical Network and Commercial Lander Payload Sites”, The Planetary Sci. Journal, 3,
136, doi: 10.3847/PSJ/ac6c25.

Zhang C.S. Gao T.Q., Cao Y.Y. et al. (2022). “The facilities and performance of TianQin
laser ranging station”, Classical & Quantum Gravity, 39(12), 125005, doi: 10.1088/1361 -
6382/ac6d3e.

2023:

Altamimi Z., Rebischung P., Collilieux X., Métivier L., and Chanard K. (2023). “ITRF2020:
an augmented reference frame refining the modeling of nonlinear station motions”, J.
Geodesy, 97(47), doi: 10.1007/s00190-023-01738-w.
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Ciufolini L., Paolozzi A., Pavlis E.C. et al. (2023). “The LARES 2 satellite, general relativity
and fundamental physics”, Euro. Phys. Journal C., 83(1), 87, doi: 10.1140/epjc/s10052-023-
11230-6.

Degnan J.J. (2023). “Multipurpose Laser Instrument for Interplanetary Ranging, Time
Transfer, and Wideband Communications”, Photonics, 10(2), 98, doi:
10.3390/photonics10020098.

Jonglez C, Bartholomaus J., Werner P., and Stoll E. (2023).”Initial tracking, fast identification
in a swarm and combined SLR and GNSS orbit determination of the TUBIN small satellite”,
Aerospace, 9(12), 793, doi: 10.3390/aerospace9120793.

Noda H., Senshu H., Otsubo T., et al. (2023). “Demonstration of deep-space synchronous
two-way laser ranging with a laser transponder aboard Hayabusa2”, Adv. Space Res., 71(10),
4196-4209, doi: 10.1016/j.asr.2022.12.057.

Issues and Challenges

Several challenges are on the horizon for the ILRS as it moves forward. Some of the new
stations underway and planned will help address geographic gaps in the network, but many
gaps remain, primarily in Latin America, Africa, and Oceania. The ILRS network still
consists of a mix of new and old technologies and levels of financial support; the lack of
standardization in system hardware and operations introduces data issues that require
continued attention. The number of satellite targets, particularly in the GNSS constellations,
continues to increase. The ILRS has implemented a new GNSS tracking strategy (see sections
on Satellite Missions) to address the increase in the number of GNSS satellites and the
increase in user requirements. Furthermore, there is a need to be more selective on the time
spent on each target. Data quality issues continue to affect the ILRS products; rapid data
review feedback to the stations continues to improve and on-line data evaluation software
tools have been implemented. The progress made in the improvement of the geodetic satellite
center of mass corrections has been significant, and techniques to address sources of data
biases have been much improved.

We need to stress even harder, the need for stations to document even better their engineering
activities and to keep their site logs and history logs up to date. Some stations have suffered
long period of data lapse.
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