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Abstract
The International Laser Ranging Service (ILRS) was established by the International Association of Geodesy (IAG) in 1998 
to support programs in geodesy, geophysics, fundamental constants and lunar research, and to provide the International Earth 
Rotation Service with data products that are essential to the maintenance and improvement in the International Terrestrial 
Reference Frame (ITRF), the basis for metric measurements of changes in the Earth and Earth–Moon system. Other scientific 
products derived from laser ranging include precise geocentric positions and motions of ground stations, satellite orbits, 
components of Earth’s gravity field and their temporal variations, Earth Orientation Parameters, precise lunar ephemerides 
and information about the internal structure of the Moon. Laser ranging systems are already measuring the one-way distance 
to remote optical receivers in space and are performing very accurate time transfer between remote sites in the Earth and in 
Space. The ILRS works closely with the IAG’s Global Geodetic Observing System. The ILRS develops (1) the standards and 
specifications necessary for product consistency, and (2) the priorities and tracking strategies required to maximize network 
efficiency. The service collects, merges, analyzes, archives and distributes satellite and lunar laser ranging data to satisfy a 
variety of scientific, engineering, and operational needs and encourages the application of new technologies to enhance the 
quality, quantity, and cost effectiveness of its data products. The ILRS works with (1) new satellite missions in the design 
and building of retroreflector targets to maximize data quality and quantity, and (2) science programs to optimize scientific 
data yield. Since its inception, the ILRS has grown to include forty laser ranging stations distributed around the world. The 
ILRS stations track more than ninety satellites from low Earth orbit (LEO) to the geosynchronous orbit altitude as well as 
retroreflector arrays on the surface of the Moon. Applications have been expanded to include time transfer, asynchronous 
ranging for targets at extended ranges, free space quantum telecommunications, and the tracking of space debris. Laser 
ranging technology is moving to lower energy, higher repetition rates (kHz), single-photon-sensitive detectors, shorter pulse 
widths, shorter normal point intervals for faster data acquisition, and increased pass interleaving, automated to autonomous 
operation with remote access, and embedded software for real-time updates and decision making. An example of pass inter-
leaving is presented for the Yarragadee station (see Fig. 4); tracking of LEO satellites is often accommodated during break 
in LEO and GNSS passes. New satellites arrays provide more compact targets and work continues on the development of 
lighter less expensive arrays for satellites and the moon. The service now provides operational ITRF products including daily/
weekly station positions and daily resolution Earth orientation products; the flow of weekly combination of satellite orbit 
files for LAGEOS/Etalon-1 and -2 has recently been established. New products are under testing through a pilot project on 
systematic error monitoring currently underway. The article will give an overview of activities underway within the service, 
paths forward presently envisioned, and current issues and challenges.

Keywords  ILRS · Laser ranging · Satellite laser ranging · Space geodesy · Laser retroreflectors · Lunar ranging · Laser 
tracking of space debris

1  Introduction

Satellite laser ranging (SLR) and lunar laser ranging (LLR) 
are basic space tools for making accurate measurements 
for applications in geodesy, geophysics, lunar science, and 
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fundamental physics. Scientific products derived using SLR 
and LLR data include: Earth orientation parameters (polar 
motion and length of day), station coordinates and velocities, 
time-varying geocenter coordinates, static and time-varying 
coefficients of the Earth’s gravity field, centimeter accuracy 
satellite ephemerides, fundamental physical constants, and 
lunar ephemerides, librations, and orientation parameters.

Even in an era of highly detailed monitoring of mass 
transport provided by the Gravity Recovery and Climate 
Experiment (GRACE), SLR plays an essential role in such 
monitoring by providing estimates of the geocenter and by 
contributing to the determination of a long-time series for 
the second-degree gravitational harmonic, C20 (e.g., Ries 
2016; Bloßfeld et al. 2015; Cheng et al. 2013). Geocenter 
is not observable in GRACE data, and the C20 determined 
from GRACE data must be replaced with an independent 
SLR-based determination due to the poor observability with 
GRACE K Band Range Rate data and aliasing with the S2 
tidal harmonic. Omitting the degree, one component of mass 
transport would provide an incomplete picture of long wave-
length mass variation as one mm of geocenter displacement 
in Z maps to 190 gigatons of mass change in the global 
ocean, and 69 gigatons in Antarctica (Wu et al. 2012).

SLR—along with Very Long Baseline Interferometry 
(VLBI), Global Navigation Systems (GNSS) and Doppler 
Orbit determination and Radiopositioning Integrated on 
Satellite (DORIS)—are the fundamental tools for the main-
tenance and improvement in the International Terrestrial 
Reference Frame (ITRF), which is the basis for our metric 
monitoring of global change in the Earth system (Beutler 
and Rummel 2012). LLR provides vital data to model lunar 
orientation and solar system ephemerides, to constrain mod-
els of the lunar interior in combination with other informa-
tion, to carry out tests of general relativity and in fundamen-
tal physics, and to provide complementary information on 
Earth precession and Earth rotation (Williams et al. 2012; 
Murphy 2013).

A critical aspect of SLR is the synergy with other geo-
detic techniques. With GNSS, SLR plays an important role 
in verifying orbit performance, tuning GNSS offsets and 
antenna phase maps, and improving GNSS satellite solar 
radiation pressure models (e.g., van den Ijssel et al. 2015; 
Steigenberger and Montenbruck 2017; Sosnica et al. 2018; 
Arnold et al. 2018). With DORIS, SLR provides the data for 
precise orbit determination of altimeter satellites (e.g., Lem-
oine et al. 2010; Zelensky et al. 2016; Schrama 2018). An 
important property of SLR is that, at high elevations over the 
ground station (above 60–70°), the range observation pro-
vides a direct measure of the radial orbit error, e.g., Schutz 
and Tapley (1980); Tapley et al. (1994). This property is an 
important tool to monitor both the radial orbit accuracy and 
radial orbit stability of satellite orbits determined with SLR 
or by other geodetic techniques (e.g., Couhert et al. 2015).

1.1 � What is laser ranging?

Modern space geodesy data products require accurate 
measurements of the distance between reference stations 
on the surface of the Earth and fixed reference points on 
orbiting satellites and the Moon. SLR and LLR use short 
pulse lasers and state-of-the-art optical receivers and tim-
ing systems to measure the time-of-flight from ground 
stations to optical retroreflector arrays on Earth-orbiting 
satellites and the surface of the Moon. The measurement 
is derived through conversion of the time-of-flight to one-
way range, corrected for atmospheric refraction and, in the 
case of satellites, the offset between the reflector and the 
spacecraft center of mass (reference point for the satellite 
dynamics) (see Fig. 1).

1.2 � A brief history

The technique was first demonstrated at NASA Goddard 
Space Flight Center (GSFC) in November 1964 on the 
Beacon-B satellite with a Q-switched ruby laser (Plotkin 
et al. 1965). Activities expanded over the next decade as 
the international network grew through participation by 
the National Aeronautics and Space Agency (NASA), the 
Smithsonian Astrophysical Observatory (SAO), and the 
Centre National d’Études Spatiales (CNES). The satellite 
complement grew with the launch of Beacon-C, Geos-1 
and -2, Diademe-1 and -2. Satellite laser ranging, then at 
the accuracy level of a meter, focused on refining the size 
and shape of the Earth (fiducial stations and gravity field) 
and improved orbit determination.

The Williamstown Conference in 1969 (Kaula 1970), 
supported by NASA with participation from many inter-
national scientists, was organized to “explore the possible 
contributions of accurate position, velocity, and accelera-
tion measurements to the solution of problems in solid-
earth and ocean physics”; the workshop identified SLR as 
an important tool, and recommended that it be brought to 
a measurement accuracy of 2 cm.

Starlette and LAGEOS, launched in 1975 and in 
1976, respectively, were the first retroreflector satellites 
launched to support measurements of Earth dynamics 
(Smith et al. 1990; Schutz et al. 1993). By that time, SLR 
had reached the 10-cm capability and early experiments 
were undertaken to measure polar motion with Beacon-C 
(Smith et al. 1972) and motion along the San Andreas 
fault through the SAFE (San Andreas Fault Experiment) 
with LAGEOS (Christodoulidis et  al. 1985). The first 
big international SLR program to measure motions was 
the WEGENER (Working Group of European Geoscien-
tists for the Establishment of Networks for Earth-science 



2163The ILRS: approaching 20 years and planning for the future﻿	

1 3

Research) Program, using mobile SLR systems provided 
by Germany, the Netherlands, and NASA to occupy sites 
in Greece, Turkey, and Italy, augmented by fixed SLR sys-
tems in France, Germany, UK, Italy, and other countries 
in Europe, to provide an early map of the crustal motions 
around the Mediterranean region (Wilson and Reinhart 
1993).

Although station positions could be measured at sub-cm 
levels by the early 1990’s, the emergence of GPS made it 
apparent that mobile SLR systems were not economical 
and the role of SLR should be focused on the stable refer-
ence frame, global properties of the Earth and Earth–Moon 
system, and precision orbit determination. New operating 
SLR stations in Australia, China, Russia, Finland, and Spain 
expanded the network. New missions were looking to SLR 
for strengthened orbit determination and backup to other 
onboard instrumentation (e.g., GPS). By 2015, with the 
expansion of the GNSS constellations, the SLR network 
tracking load had increased to nearly 100 satellites.

Ranging accuracy, which started out at meter accura-
cies using ruby lasers with several nsec-wide pulse widths, 

evolved into Q-switched Nd:YAG (neodymium-doped 
yttrium aluminum garnet, ND:Y3Al5O12) lasers, then 
mode-locked Nd:YAG lasers, and currently into mode-
locked Nd:YAG lasers operating at kHz rates with ps-
wide pulse widths (Plotkin et al. 1965; Fitzmaurice 1978; 
Degnan 1985, 1994; Kirchner et al. 2009; McGarry et al. 
2013).

The SLR community now supports a suite of passive geo-
detic satellites, altimeter and other LEO satellites, the GNSS 
constellations, satellites in the geosynchronous orbits, and 
targets at the Moon. The purposes of these missions include 
Earth center of mass and scale (GM), gravity field, tectonic 
plate motion, ocean and climate, cryosphere, remote sensing, 
technology development, geomagnetic fields, global digital 
elevation and SAR, and navigation. The data products pro-
vided include precision orbit determination, Earth rotation, 
accurate station positions and velocities, instrument valida-
tion, satellite dynamics, and time transfer. Tracking contin-
ues on some satellites that are no longer mission-active to 
study the orbit of mission debris and help predict trajectories 
of reentry.

Fig. 1   Simple schematic of a 
laser ranging system
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1.3 � Role of SLR in the space geodesy systems

SLR is the only space geodesy technique that operates in the 
optical region of the electromagnetic spectrum, reducing its 
susceptibility to range biases due to atmospheric refraction. 
In addition, SLR ranging is unaffected by transit through the 
Earth’s ionosphere, whereas longer wavelength techniques 
such as VLBI and GNSS must account for ionosphere refrac-
tion. SLR measures and provides the total round-trip range 
to the target satellite whereas the other satellite techniques 
effectively measure range differences over a count interval 
(in the case of DORIS Doppler) or provide one-way pseu-
dorange and carrier phase measurements in the case of 
GNSS (Seeber 2003). SLR’s major shortcomings include 
its inability to penetrate clouds and an initial capital cost.

As measured in the quarterly performance reports for the 
ILRS network for 2017, more than half of the ILRS sta-
tions provide data whose normal point precision ranges from 
2.5 to 15 mm for LAGEOS, and 2.5 to 12 mm for a more 
compact target such as Starlette (e.g., see https​://ilrs.gsfc.
nasa.gov/netwo​rk/syste​m_perfo​rmanc​e/globa​l_repor​t_cards​
/perf_2017q​4_wLLR.html). SLR provides cm level orbital 
accuracy and brings a unique ability to detect small changes 
through the analysis of long-term stable time series of data. 
Laser ranging stations operate in both day and night time and 
the data are available to the user in near real-time through 
the ILRS data centers (Noll et al. 2018).

The space segment is a totally passive retroreflector array 
that supports long-term data histories. For example, SLR 
data from LAGEOS-1 are available at the NASA Crystal 
Dynamics Data Information System (CDDIS) from 1976 
onward, Starlette and Ajisai data are available beginning in 
1977 and 1986, respectively, and data for LAGEOS-2 are 
available since 1992. Other satellites such as LEO altim-
eter spacecraft are usually tracked throughout the satellites’ 
operational lifetimes, for example 1992–2006 for TOPEX/
Poseidon, and 2002–2012 for Envisat (Noll 2010; Noll et al. 
2018).

An additional advantage accrues to SLR from the ability 
to precisely measure the tracking reference point compared 
to the other satellite techniques. This is valuable for the 
determination of site ties for the Terrestrial Reference Frame 
(TRF). For SLR, the ranging point of origin (also referred to 
as the “invariant point”) is located at the intersection of the 
azimuth, elevation, and collimation axes of the telescope. 
While the invariant point may not be directly observable in 
local site surveys, its location can be deduced from geom-
etry and symmetry calculations or by indirect determination 
through observation of targets mounted on the telescope as it 
is rotated in different orientations (Sarti et al. 2004; Dawson 
et al. 2007). In contrast, for DORIS and GNSS, the track-
ing point or electronic phase center is realized virtually and 
varies with both azimuth and elevation, as well as with the 

characteristics of the antenna (e.g., Schmid and Rothacher 
2003; Schmid et al. 2016; Tourain et al. 2016).

1.4 � Principle of satellite laser ranging

The fundamental observable in satellite laser ranging is the 
measurement of the round-trip flight time of a laser pulse 
emitted by a laser transmitter, reflected at the satellite, and 
received at the satellite laser ranging station. Following See-
ber (2003) and Beutler (2005), the SLR range equation can 
be written in simplified form as follows:

where t is the time of emission of the laser pulse from the 
satellite laser ranging station, c is the speed of light in vac-
uum, �⃗R(t) is the position of the SLR station at time t, r⃗(t) is 
the position of the satellite center of mass, Δt1 is the propa-
gation time up to the satellite from the SLR station, Δt2 is the 
propagation time from the satellite back to the SLR station, 
�TROP is the troposphere refraction correction, �REL is the 
relativistic correction due to space curvature (the Shapiro 
correction), �SYS is the system delay in the ground system, �τ 
is the error in the epoch time measurement, and �R includes 
the residual range errors in the ranging system.

The propagation times, Δt1 and Δt2 , are determined 
using an iterative procedure (e.g., Montenbruck and Gill 
2001). The troposphere refraction correction for SLR data 
is computed using in situ meteorological data, and a tropo-
sphere refraction model suitable for the optical wavelengths 
(Mendes and Pavlis 2004), although ray-tracing can also be 
used (e.g., Hulley et al. 2007). The system delay, �SYS , is 
determined through ground calibration, either by routine 
ranging to a set of ground targets, or through internal cali-
brations within the laser ranging system. The residual range 
errors, �R, can include any omitted system delays (e.g., opti-
cal or electrical), or uncertainties in specifying the correc-
tion from the SLR reflection point to the SLR reference point 
on the satellite.

The SLR stations provide data at pulse repetition rates 
of between 10 Hz (the stations of current NASA network) 
to kHz rates for some stations (e.g., Herstmonceux, Graz, 
Potsdam). The raw data are aggregated into normal points 
as discussed by Sinclair (1997). The purpose of forming nor-
mal points is to detect and eliminate blunders and reduce the 
amount of data for subsequent processing. Since the obser-
vations within a tracking pass are correlated, a compressed 
observation provides sufficient information to model satellite 
dynamics for precise orbit determination. Nonetheless, the 
high-rate data are still useful for studies of satellite attitude 
dynamics, in refining center of mass corrections for geodetic 
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satellites and for other studies. It is now ILRS policy that 
stations should submit both normal point data and full-rate 
data to the ILRS data centers for the satellites that they track.

2 � Overview of the ILRS

The mission of the International Laser Ranging Service 
(ILRS) is to coordinate satellite laser ranging measure-
ments through network operations, data archive and access, 
interactions with mission contacts, technique development, 
data analysis, and scientific interpretation. The global satel-
lite and lunar laser ranging data and their derived products 
support geodetic and geophysical research activities impor-
tant to the maintenance of an accurate Terrestrial Reference 
Frame. Furthermore, these data are of sufficient accuracy to 
satisfy the objectives of a wide range of scientific, engineer-
ing, and operational applications and experimentation.

The ILRS is a voluntary organization made up of contrib-
utors from over 75 organizations in 30 countries. The ILRS, 
like its sister organizations within the International Asso-
ciation of Geodesy (IAG), the International GNSS Service 
(IGS) (Dow et al. 2009), the International VLBI Service for 
Geodesy and Astrometry (IVS) (Schuh and Behrend 2012), 
and the International DORIS Service (IDS) (Willis et al. 
2010), operate under a model of community management; 
they develop standards, monitor performance throughout the 
organization, and define and deliver data and data products 
on an operational basis. The services are guided by a Terms 
of Reference which details the vision, objectives, structure, 
and operation, and specifies the data and products provided 
by the service to ensure consistency over time. This coopera-
tion of the many international organizations over the years 
has led to a very successful model; the individual contribut-
ing organizations are able to leverage their respective limited 
resources to all levels of service operation. The services also 
contribute to the activities of the International Earth Rota-
tion and Reference Systems Service (IERS) for the realiza-
tion and maintenance of the International Terrestrial Refer-
ence Frame (ITRF) (Altamimi et al. 2016).

2.1 � Establishing the service

The IAG established the ILRS as one of its official services 
in July 1999. Before that date, international cooperation in 
SLR activities took place within satellite and lunar laser 
ranging (SLR/LLR) sub-commission of the International 
Coordination of Space Techniques for Geodesy and Geody-
namics (CSTG) (Pearlman et al. 2002). The sub-commission 
facilitated information exchange and cooperation in many 
areas of SLR activities, e.g., tracking campaigns, distribu-
tion of laser ranging data and information, and advances in 
technology. However, generation of consistent end products 

for the general user community and international organiza-
tions such as the IERS had not been performed on a routine 
basis. Therefore, the CSTG and the IAG recommended fol-
lowing in the footsteps of the Global Positioning System 
(GPS) community, who had established the International 
GPS Service (IGS, now the International GNSS Service) in 
1992, and created an international organization under the 
IAG for laser ranging activities. A draft Terms of Reference 
for the International Laser Ranging Service was accepted by 
the CSTG in 1997. A Call for Participation in the ILRS was 
issued in January 1998. The CSTG reviewed and approved 
those responses received for the various components of the 
ILRS and in mid-1999 the IAG approved the official launch 
of the ILRS as an international IAG service supporting 
global scientific laser ranging activities.

2.2 � ILRS organization

The ILRS organization, shown in Fig. 2, consists of “opera-
tional” components required to achieve the goals of the ser-
vice: Observing Stations, Operations Centers, Data Centers, 
Analysis Centers, a Central Bureau, and a Governing Board. 
Participating organizations collaborate at all levels within 
the service to ensure efficient operations and consistent and 
timely delivery of data and derived products to a global user 
community.

Observing stations The stations approved as part of the ILRS 
network are authorized to range to the satellites on the cur-
rent priority list. Stations must follow established guidelines 
for ranging to these satellites as well as other operational 
requirements in system configuration, laser safety, data 
transmission, among others. Data must meet accuracy, quan-
tity, and timeliness requirements. The network is organized 
into three regional subnetworks: National Aeronautics and 
Space Administration (NASA), EUROpean LASer Network 
(EUROLAS), and the Western Pacific Laser Tracking Net-
work (WPLTN); these subnetworks coordinate observations 
with their stations where practical and appropriate.

Operations Centers (OCs) OCs, located at the EUROLAS 
Data Center (EDC) in Germany and NASA in the USA, 
interface with the ILRS subnetworks/stations to collect SLR 
data, both normal point and full-rate, and provide high-level 
quality control on submitted data in standard formats. Sta-
tions transmit their data on a sub-daily basis (ideally) to the 
OCs; these data are then merged into hourly and daily files 
and forwarded to Data Centers for archive.

Data Centers (DCs) OCs forward data and analysis centers 
submit their derived products to the DCs. DCs then provide 
a publicly accessible archive of laser ranging data and offi-
cial ILRS products derived from these data. The two ILRS 
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data centers at EDC and the Crustal Dynamics Data Infor-
mation System (CDDIS) are considered the primary access 
point for the global user community to laser ranging data and 
official ILRS products.

Analysis Centers (ACs) SLR and LLR Analysis Centers 
(ACs) and Associate Analysis Centers (AACs) utilize the 
SLR data to generate ILRS derived products on an oper-
ational basis, typically daily or weekly depending on the 
product, using accepted standards. These official ILRS 
products include positions and velocities of ILRS network 
stations, Earth Orientation Parameters (EOPs), and precise 
orbits for selected satellites (LAGEOS and Etalon). AACs 
generate specialized products, such as station data quality 
reports. A list of currently approved ILRS ACs and AACs 
is maintained on the ILRS Web site at: https​://ilrs.gsfc.
nasa.gov/scien​ce/analy​sisCe​nters​/index​.html and listed in 
Tables 1 and 2.

Central Bureau (CB) The ILRS CB is responsible for the 
coordination and management of ILRS activities and for 

the communication with service components and the out-
side community. The CB establishes operating standards 
for its components and promotes compliance with these 
standards. The CB monitors network operations, coor-
dinates satellite tracking, maintains the list of satellites 
tracked and their priorities, maintains the ILRS Web site 
and associated documentation, generates reports on data 
production and station data quality, and organizes work-
shops (both the bi-annual International Workshop on Laser 
Ranging and ILRS Technical Workshops). The ILRS CB 
is managed by NASA Goddard Space Flight Center and 
meets typically every month to address current issues and 
monitor operations throughout the service.

Governing Board (GB) The eighteen-member ILRS GB 
defines official ILRS policy and is responsible for the 
direction of the service. The GB provides final approval for 
official ILRS products, additions to the satellite tracking 
list, and approves new standards and procedures proposed 
by components within the ILRS. The chair of the GB 
maintains contact with other services and organizations. 

Fig. 2   The official components of the ILRS showing their internal and external interactions

https://ilrs.gsfc.nasa.gov/science/analysisCenters/index.html
https://ilrs.gsfc.nasa.gov/science/analysisCenters/index.html
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The GB membership consists of representatives from the 
ILRS components as well as representatives from external 
organizations, namely the president (or delegate) of IAG 
Commission 1 (Reference Systems) and from the IERS. 
Likewise, the GB appoints ILRS representatives to exter-
nal bodies: an analysis and LLR representative to the IERS 
Directing Board and a representative to the Global Geo-
detic Observing System (GGOS) Consortium.

The ILRS has established Standing Committees (SCs, 
formerly Working Groups) to focus on specific areas of the 
service, providing focused technical expertise and recom-
mendations to the Central Bureau and Governing Board 
on policy, procedures, and future direction. The current 
ILRS SCs are:

•	 Analysis SC Develops, maintains, and coordinates the 
submission of the suite of standard ILRS products; pro-
vides feedback on the performance of the ILRS net-
work.

•	 Data formats and procedures SC Develops, maintains, 
and reviews standard procedures for generation and 
reporting of SLR data.

•	 Missions SC Reviews and provides recommendations 
on applications submitted by missions requesting laser 
tracking and the priority for this support.

•	 Networks and engineering SC Provides technical exper-
tise in station performance analysis and coordinates 

engineering improvements across the global SLR net-
work; communicates with both analysts and stations in 
data quality and quantity improvements.

•	 Transponder SC Provides advice, evaluation, and coor-
dination on support of transponder missions for space 
geodesy and other scientific applications.

Each of the ILRS Standing Committees has developed 
tools and Web sites that reach out to the users and the public, 
to provide information on their specific areas, data, products 
and interests. Additionally, the ILRS portal maintained by 
the CB and hosted on Goddard’s CDDIS facility, provides 
numerous pages with detailed information on all topics 
related to laser ranging. The content is mostly at the scien-
tific level, but there are additional references that cover the 
topics at a layman’s level, for the benefit of non-experts and 
the public. More details on the ILRS portal and the archival 
facilities of the ILRS can be found in this issue’s article by 
Noll et al. (this issue).

3 � ILRS products

The establishment of the ILRS set priorities for several 
actions to be undertaken by the various components and 
associates of the service. One of these was the development 
of standardized products that were in great demand from 

Table 1   SLR analysis centers AC title and supporting agency Code

Bundesamt für Kartographie und Geodäesie (BKG) Germany BKG
Deutsches Geodätisches Forschungsinstitut (DGFI) Germany DGFI
ESA/ESOC, Germany ESA
Helmholtz Centre Potsdam German Research Centre for Geosciences (GFZ), Germany GFZ
ILRS primary Combination Center (ASI) ILRSA
ILRS backup Combination Center (JCET) ILRSB
Italian Space Agency, Centro di Geodesia Spaziale “G. Colombo” (ASI/CGS), Italy ASI
Joint Center for Earth System Technology/Goddard Space Flight Center (JCET/GSFC) Greenbelt, 

Maryland, USA
JCET

NERC Space Geodesy Facility (NSGF) formerly RGO Satellite Laser Ranging Group, United 
Kingdom

NGSF

Table 2   LLR analysis centers AC title and supporting agency

Forschungseinrichting SatellitenGeodasie/Institut fuer Erdmessung (FESG/IFE) Germany
Istituto Naz. di Fisica Nucleare - Laboratori Naz. di Frascati(INFN-LNF), Italy
Jet Propulsion Laboratory, Pasadena, California, USA
Paris Observatory Lunar Analysis Center, France
Russian Academy of Sciences/Institute of Applied Astronomy (RAS/IAA), Russia
University of Texas Analysis Center for LLR, Austin, Texas, USA
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the user community. Until then, ad hoc analyses of SLR 
and LLR data were largely the work of a small number of 
groups, mostly associated with specific missions (e.g., Star-
lette, LAGEOS, etc.), the development of specific products 
(e.g., the prelaunch gravity model for the TOPEX/Poseidon 
mission), or international campaigns that used such data 
to monitor Earth geophysics and geodynamics (e.g., the 
1980–1985 MERIT campaigns: Monitor of the Earth Rota-
tion and Intercomparison of Techniques Project, Wilkins 
2000). During the first decade of LAGEOS’ mission, laser 
ranging provided a wealth of data and helped verify several 
geophysical models that were mostly conjectures up until 
then. The diversity and breadth of these findings is demon-
strated by the first collection of such works in the Journal of 
Geophysical Research (JGR) Special Issue on “LAGEOS 
Scientific Results”, vol. 90, B11, published by the American 
Geophysical Union in 1985. From this international collec-
tion of works, it was clear that station positioning and tec-
tonic motion, along with Earth rotation and polar motion 
were some of the key areas where SLR could contribute, 
along with the more obvious Precision Orbit Determination 
(POD), gravitational model development and tides. By the 
time the IERS was formed there was a clear need for stand-
ardized products released on a regular schedule, developed 
based on the IERS Standards and Conventions and sup-
ported by a well-regulated organization. To meet this need, 
the ILRS formed an “Analysis Working Group” (AWG), cur-
rently called the “Analysis Standing Committee” (ASC), that 
was tasked to develop the required products and analysis 
standards, and the evaluation and validation of candidate 
groups that would eventually support these operations.

The first official product that was adopted for develop-
ment was that of averaged station position estimates over 
a 4-week period, along with daily EOP estimates, namely 
polar motion and excess length of day. This product was 
based on tracking data from the two cannonball satellites 
in high orbits, LAGEOS and LAGEOS-2 (Pearlman et al. 
this issue). As IERS and ITRS needs evolved, the ini-
tial (“monthly”) product changed to a weekly resolution, 
adopted by the ILRS AWG at the 2003 ILRS Technical 
Workshop, in Kötzting, Germany. Weekly products were 
first released in early 2004. By that time, the usefulness of 
Etalon data for EOP determination was recognized and the 
two Etalon satellites were added to the group of targets used 
in support of the official product. As the participating AC 
operations became more efficient/automated with time, and 
the official products saw wide acceptance with their contri-
bution to ITRF model development, other users requested 
similar products that would support their needs. In late 2007, 
the IERS Rapid Service/Prediction Center for EOP (hosted 
by the US Naval Observatory) showed interest in getting 
“as fresh as possible” EOP observations to help improve 
their EOP forecasts. Initially, a second version of the official 

weekly product was generated, one that was based on a fixed 
datum to ensure the consistent alignment of the delivered 
EOP to the reference frame underlying the USNO forecast 
series (which is that of the prevailing ITRF). Over the next 
few years, the AWG developed a new version of the weekly 
product that was delivered daily, based on a 7-day arc analy-
sis, using the SLR data collected over the past 7 days. In 
other words, this was the “weekly” product generated now 
daily, after “sliding” the first day of the arc by one day every 
day. Since adjacent arcs share 6 days in common, the results 
are not independent at all. However, after testing this prod-
uct for several years, it was determined by the AWG and 
USNO that the polar motion estimates for the penultimate 
day of the arc, as well as the length of day estimate of the 
day prior to that, were the most robust and stable estimates 
for use in their forecast, having the best possible accuracy, 
yet with only 1–2 days delay. This was the main reason for 
developing such a product. To distinguish the new product 
from the former weekly series, it was named “daily” and the 
adoption of this series as the official ILRS AWG product 
was set for May 1, 2012. Although it is unlikely that one 
would use SLR orbits to determine their position in a mode 
similar to the GNSS PPP technique, there were several other 
uses of these precise orbits for the SLR targets used in the 
official ILRS products. It was thus agreed to generate such 
an orbital product based on the combination of the inputs 
from the individual ACs. As in the case of the EOP product 
for USNO, it was decided to generate the orbits in a well-
defined Earth-fixed frame, that of the prevailing ITRF, so 
that they would be useful to as wide a group of users as pos-
sible. The corresponding “inertial” versions could be easily 
obtained by use of the widely available official IERS EOP 
series, which are by construction consistent with the ITRF. 
The orbital product was first released to the public in March 
2016. In recent years, the ILRS ASC focused its activities 
on the recovery of systematic errors in the data as well as 
the monitoring of such in the collected data for keeping the 
results up to date. Although the initial SLR contributions to 
the ITRF were adjusting for measurement systematic errors 
in the initial contributions, the AWG had decided in 2002 
to restrict this to non-core sites only, to improve stability 
of station height estimates. Recent studies pointed out that 
such systematics are largely responsible for the scale differ-
ence between the SLR and VLBI reference frames (Appleby 
et al. 2016), so the ASC decided in late 2015 to a reanalysis 
project for the period 1993 to present, where systematics 
would be adjusted on a weekly basis and for all stations. 
These results would eventually form a basis for determining 
the long-term systematics at each site, to be applied a priori 
the next time an ILRS contribution for the development of 
a new ITRF is generated. Furthermore, since such system-
atics change in time and cannot be assumed perfect, a new 
operational product will deliver updates at weekly intervals, 
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which will extend the current data base into the future. This 
service will be initiated in late 2018.

Looking to the future, the ASC is now testing the inclu-
sion of data from the latest and most accurate in terms of 
its design, cannonball target LARES (Ciufolini et al. 2012). 
With the inclusion of LARES, the gamut of official prod-
ucts will be expanded to include weekly averages of the low 
degree and order harmonic coefficients of Earth’s gravita-
tional field model. These terms are strongly affected by mass 
redistribution within the Earth System and a high-resolution 
time series is a very useful tool for geophysical studies. At 
the same time, to achieve the best result in analyzing SLR 
data, one needs to have these terms adjusted, if the temporal 
variations cannot be modeled from another source (e.g., a 
geopotential mapping mission like GRACE and GRACE-
FO), something rather impossible for operational products 
(near real-time requirement). Once LARES becomes part of 
the target group supporting the IERS/ITRF, a corresponding 
orbital product will be added to the weekly releases. Future 
improvements in the operational official products foreseen at 
present include the modeling of loading corrections due to 
Earth’s fluid envelope, affecting both instantaneous station 
positions and the orbits of the target satellites. Although the 
ITRS prefers to not have these corrections included in what 
is contributed to their ITRF development projects, inclu-
sion of such corrections improves the stability of the weekly 
time series of station positions and by large removes peri-
odic signals, primarily in station heights. The ASC views 
this improvement as something that will further enhance 
the quality and usefulness of the official product, even if 
that requires an extra effort during the re-analysis steps for 
the generation of the ITRS-preferred version without the 
corrections.

It is widely recognized that the current ILRS tracking 
network is deficient in terms of station geographic distribu-
tion and utilized equipment, and cannot meet the GGOS 
goals for future ITRF accuracy (Kehm et al. 2018). Plans for 
improvements in both areas are well documented in various 
publications (e.g., Merkowitz et al. 2018). Theoretically, the 
present network can deliver weekly estimates of the origin of 
the TRF with a precision of ~ 0.5 mm in the equatorial com-
ponents and ~ 1.0 mm in the axial component. In practice, 
however, the accuracy of the delivered products is about one 
order of magnitude worse. The main reason behind this are 
unaccounted systematic errors in the measurement models as 
well as the dynamics of the system. Based on the results from 
the recent reanalysis for the development of ITRF2014 (Luc-
eri et al. 2015), the stability of the weekly averaged positions 
of the core network is at about 1.7 mm over 1993–2014. 
The accuracy of the orbital products depends on the satel-
lite target. For LAGEOS and LAGEOS-2, the error is esti-
mated at ~ 5 mm radial, ~ 20 mm cross-track and ~ 25 mm 
along-track. For the Etalon satellites, the accuracy is about 

one order of magnitude worse due to the limited data con-
tribution (~ 10% that of the LAGEOS data). The hardware 
improvements that are now slowly being implemented at 
most of the stations plus the addition of new, state-of-the-art 
systems in some key locations filling long-outstanding gaps, 
are expected to vastly improve the coverage of all target sat-
ellites in the near future, with concomitant improvements in 
the ILRS official products.

4 � The ILRS network

4.1 � Current network

The ILRS coordinates activities for an international net-
work of satellite laser ranging (SLR) and lunar laser rang-
ing (LLR) stations. The network is comprised of a global 
consortium of stations that range to ILRS-approved targets 
for science and engineering applications. Since the ILRS 
does not provide direct funding, stations are typically associ-
ated with a host nation’s space or scientific research program 
and are frequently co-located with other observatory systems 
(e.g., GNSS receivers, VLBI antennas, DORIS instruments, 
or gravimeters). Co-location of geodetic techniques is vital 
for the determination of the terrestrial reference frame. Sta-
tions are strongly encouraged to include a co-located GNSS 
receiver whose data are also provided to the IGS. As of early 
2018, five SLR stations are at sites that host all four geodetic 
techniques (Badary, Greenbelt, Hartebeesthoek, Wettzell, 
and Yarragadee), and twelve other SLR stations are at sites 
that host three of the geodetic techniques.1

LLR is currently performed at only a small subset of the 
network (stations in Grasse (France), Matera (Italy), and 
Apache Point (New Mexico, USA)).

As of early 2018, the ILRS network consisted of nearly 40 
continuously operating SLR stations tracking those satellites 
approved by the Governing Board. This network of globally 
distributed sites is required for accurate monitoring of satel-
lite orbits and proper sampling of geodynamic parameters 
such as Earth rotation parameters, the geocenter, and the 
scale of the terrestrial reference frame. About fifteen sta-
tions are designated as “the core network” for ILRS, used 
to transform the entire network to the terrestrial reference 
frame. These stations are selected by virtue of the quality 
and quantity of their data, their geographic location, as well 
as their stable long-term performance. The current and near-
term-planned stations of the ILRS network are shown in 
Fig. 3.

1  A list of geodetic co-locations for operational stations of the SLR 
network is maintained at the URL: https​://ilrs.gsfc.nasa.gov/netwo​rk/
stati​ons/activ​e/index​.html.

https://ilrs.gsfc.nasa.gov/network/stations/active/index.html
https://ilrs.gsfc.nasa.gov/network/stations/active/index.html
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4.2 � ILRS station operations

The ILRS has established station requirements, data product 
delivery formats and procedures, and data quality standards 
that participating stations should follow. At the discretion of 
the ILRS CB, a station may be designated as an operational 
or engineering station. Operational stations participate (or 
plan to participate) in IAG activities at least half of their 
operating time; engineering stations perform engineering 
and development work that can be considered relevant to 
the IAG activities of the ILRS. Currently, the ILRS requires 
stations to work toward a pass performance standard of at 
least 3500 passes per year, with at least 200 passes per year 
on each of the primary satellites used for producing the 
ILRS contribution to the reference frame (LAGEOS-1, -2, 
and LARES).

The stations approved by the ILRS for ranging activities 
are required to follow ILRS guidelines. In general, lower 
altitude satellites have higher tracking priorities due to the 
shorter times that they are visible over a tracking station. 
However, there are exceptions based on scientific consid-
erations for specific satellites and targeted observing cam-
paigns. The ILRS stipulates that, member stations should: 
(1) range only to those satellites authorized by the ILRS, (2) 
adhere to restricted tracking procedures, maintain site and 
system configuration log files, (3) maintain aircraft avoid-
ance and other safety procedures, (4) adhere to ILRS data 
delivery requirements, and (5) strive to produce the highest 
quality SLR measurements.

ILRS stations obtain tracking priorities from the ILRS 
Web site and satellite orbit predictions from an operations 
or data center. Stations develop ranging schedules based on 
priorities and field of view and resulting data are submitted 
to an ILRS operations center. After data quality checks are 
performed, the ranging data are then submitted to ILRS data 
centers for archival and distribution to analysis centers and 
the general user community.

The ILRS CB issues “report cards” on a monthly and 
quarterly basis to provide statistics on the performance of 
network stations. The reports tabulate, by station, the pre-
vious 12 months of data quality, quantity, and operational 
compliance using the established ILRS guidelines. Each 
report contains two types of tables: a table of performance 
parameters based on data volume, on-site processing sta-
tistics, and operational compliance issues; this table also 
includes plots of the global data set (e.g., pass totals, minutes 
of data, data RMS, etc.). A second table summarizes station 
performance parameters based on AC rapid orbital analy-
sis results. Stations can consult these reports to assess and 
monitor their contribution to the global SLR tracking effort.

4.3 � Future network and applications

The current ILRS network has regions of very high con-
centration (e.g., Europe) and areas of little or no coverage 
(e.g., southern hemisphere). The challenges for the ILRS 
network are to continue implementing newer technologies 
at the current stations and build new stations in regions with 

Fig. 3   The green symbols depict those stations currently contributing to the ILRS network on an operational basis; green circled sites indicate 
the “core sites” contributing to the reference frame analysis; yellow symbols show sites planned for operation in the near term (1–3 years)
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little to no coverage. Working with international partners, 
the ILRS hopes to see the implementation of new systems 
and upgrades of existing systems to overcome the present 
mix of new and old technologies, thus enabling more stand-
ardization in system hardware and operations.

The NASA Space Geodesy Project is in the process 
of setting up new single-photon-sensitive SLR systems 
(SGSLR for Space Geodesy Satellite Laser Ranging) on 
Maui (Hawaii), McDonald Observatory (Texas) and in coop-
eration with the Norwegian National Mapping Agency, at 
Ny-Ålesund (Svalbard). These systems will be co-located 
with, or in near proximity to, the new VGOS (VLBI) system, 
as well as multi-constellation GNSS and DORIS, constitut-
ing GGOS Core Sites to support reference frame require-
ments. The prototype SGSLR system (NGSLR) presently at 
GSFC will also be replaced by the production model. These 
SLR systems will operate at 2 kHz, and use state-of-the-art, 
single-photon-sensitive detectors, event timers, and an auto-
mated control system. Fabrication is underway and initial 
operations are scheduled for the 2019–2022 timeframe (see 
Merkowitz et al. 2018). Also in planning is a second phase, 
working with local partners, to replace legacy NASA SLR 
with new systems at sites in Australia, South Africa, Brazil 
and Tahiti over the latter part of the next decade. Discussions 
are underway on additional partnership sites (see Merkowitz 
et al. 2018).

The Russian network is also expanding to help cover geo-
graphic voids. New stations are operational in Brasilia and 
Hartebeestoek (co-located with a NASA legacy system); 
new installations are underway at Ensenada (Mexico), Java 
(Indonesia) and Gran Canaria (Spain) (private communica-
tion, Natalia Parkhomenko to Michael Pearlman, April 10, 
2018). The primary application for the Russian systems is 
tracking support for the GLONASS constellation, but with 
a secondary task of supporting other GNSS constellations 
and GGOS requirements. The co-location of a new Russian 
SLR system with the NASA system at Hartebeesthoek and 
with an existing Russian station in Mendeleevo is a new 
concept to locate two “Tochka” SLR systems at key loca-
tions to enhance tracking coverage. A Tochka system is also 
to replace the current SLR system at Irkutsk. These Russian 
SLR systems operate at 300 Hz; they are very compact and 
are in production at the Joint-stock Company « Research-
and- Production Corporation in Moscow,(for more details 
see https​://cddis​.nasa.gov/2017_Techn​ical_Works​hop/docs/
prese​ntati​ons/sessi​on2/ilrsT​W2017​_s2_Marty​nov.pdf).

Several other organizations have plans to install new 
stations or upgrade existing systems. Two new stations, 
in testing in India (Ponmundi and Mt. Abu), are planned 
for operation in the late 2018 timeframe (private com-
munication, Tom Varghese to Michael Pearlman, May 24, 
2018). A new station is nearing completion in Metsahovi 
(Finland); the BKG TIGO system from Concepcion, Chile, 

is being upgraded and installed as the Argentine-German 
Geodetic Observatory (AGGO) at La Plata (Argentina) 
and the Chinese station in San Juan (Argentina) is being 
upgraded; both are expected to be operational in 2018 
(private communication, Hayo Hase to Michael Pearlman, 
February 26, 2018; private communication, Chengzhi Liu 
to Michael Pearlman, November 27, 2017). A new station 
in Wuhan, China is planned for operation in 2018.

Many stations in the network are moving to lower 
energy systems with orders of magnitude higher repetition 
rates (100 Hz to several kHz), compared to legacy SLR 
systems (Wilkinson et al. and McGarry et al. this journal 
issue). Stations are also installing new detector technology 
to benefit tracking of geodetic satellites, such as single-
photon avalanche diodes, micro-channel plate photomul-
tiplier tubes and other innovative devices (silicon photo-
multipliers, nanowires etc.) (Wilkinson et al. this journal 
issue). When tracking, higher repetition rate stations can 
take data more quickly to form normal points, economiz-
ing in time that is used on other targets; faster slewing 
between targets permits increased pass interleaving, lead-
ing to overall increased data yield. Figure 4 shows how 
satellites can be interleaved during tracking operations.

More stations are working on system automation, 
implementing autonomous stations, and remote operation, 
thereby reducing associated costs for staffing. Environ-
mental monitoring and situational awareness is integral to 
system automation to ensure instrument integrity and laser 
operation safety. Communication in a near real-time con-
figuration enables information-sharing among participat-
ing stations and can lead to development of more efficient 
satellite scheduling and tracking scenarios.

New applications for ILRS stations are mentioned 
briefly in this article and are discussed in more depth in 
companion articles in this journal issue. These include 
time transfer activities (Exertier et al. this issue), two-way 
interplanetary ranging (Degnan 2002; Smith et al. 2006), 
space debris tracking (Kirchner et al. 2013), and satel-
lite dynamics studies (Andrés et al. 2004; Kucharski et al. 
2014a).

As the ILRS strives to meet the goal of mm accuracy, 
stations will attempt to improve data quality by improving 
data precision and reducing system biases. An example that 
shows how the ILRS strives to improve data quality is by 
characterizing the long-term stability of the ILRS stations 
with respect to range biases. Range bias and precision are 
influenced by the characteristics and performance of the var-
ious subsystems which comprise the SLR system such as the 
laser, detector, timing receiver, and the retroreflector array 
on the satellite, as well as electronic or other optical delays. 
They must be accommodated to minimize errors in the ITRF 
products, particularly TRF scale (c.f. Appleby et al. 2016). 
We show in Fig. 5 the long-term errors on LAGEOS-1 and 

https://cddis.nasa.gov/2017_Technical_Workshop/docs/presentations/session2/ilrsTW2017_s2_Martynov.pdf
https://cddis.nasa.gov/2017_Technical_Workshop/docs/presentations/session2/ilrsTW2017_s2_Martynov.pdf
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-2 from a preliminary systematic analysis by the ILRS stand-
ing committee over 1993–2017 based on SLRF2014 (an 
SLR-specific derivative of ITRF2014). The twin challenges 
are to characterize these effects in historical data while also 
communicating and working with the stations to implement 
the technical changes to improve long-term stability and 
minimize range bias errors in the future.

5 � The space segment

5.1 � Passive reflector arrays

Laser ranging targets on satellites require an array of pas-
sive, optical corner cubes, whose physical characteristics 
impose an angular offset on the return beam to compensate 
for the velocity aberration impressed by the moving satellite. 
The corner cubes are typically made from radiation-resistant 
quartz for long life and mounted in a frame to minimize 
thermal gradients that would cause optical distortion. For 
Earth-orbiting satellites, the velocity aberration may range 
from 50 μrad at LEO altitudes down to ~ 25 μrad at GNSS 
altitudes (Degnan 1993, see Fig. 24). Some typical arrays 

are shown in Fig. 6. Geodetic satellites are passive spheres, 
densely covered with corner cubes to present approximately 
the same high cross section and effective reflection point in 
all orientations (see Paolozzi et al. this issue). The tighter 
the packing of the cubes, the smaller the effect of the opti-
cal (and range) discontinuities between cubes. GNSS sat-
ellites have small flat arrays [e.g., for Beidou see Zhong 
et al. (2014)] that are built to the ILRS specifications of an 
effective cross section of 108 m2 (Dell’Agnello et al. 2011).2 
LEO satellites (e.g., GRACE, GOCE, Cryosat-2, Jason-1, 2, 
3, SARAL) use pyramid-shaped arrays, consisting of four 
to nine prisms symmetrically arranged around a central axis 
to provide suitable range returns over a variety of orienta-
tions (Neubert et al. 1998; Shargorodsky 2002; Costes et al. 
2010).3 Even for these small arrays, the range correction 
as a function of incidence angle and orientation can vary 
by ± 5–8 mm, and must be accounted for in precise orbit 
determination. The range corrections can be computed using 
appropriate modeling and through knowledge of the ret-
roreflector characteristics and geometry (e.g., Montenbruck 

Fig. 4   Example of pass interleaving at Yarragadee station on Nov. 5, 2017 (LEO, LAGEOS, HEO, ALL)

2  See https​://ilrs.gsfc.nasa.gov/docs/retro​refle​ctor_speci​ficat​
ion_07041​6.pdf.
3  The Jason retroreflector arrays were manufactured in the U.S. by 
Honeywell Technology Solutions Inc. (HTSI).

https://ilrs.gsfc.nasa.gov/docs/retroreflector_specification_070416.pdf
https://ilrs.gsfc.nasa.gov/docs/retroreflector_specification_070416.pdf
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and Neubert 2011; Arnold 2015), and refined by empirical 
analysis of SLR observation residuals (e.g., see Arnold et al. 
2018, Fig. 3; Cerri et al. 2010, Fig. 5).

Recent missions supported by the ILRS include low-
orbiting microsatellites and cubesats, carrying small 
arrays, which require special attention due to limited sta-
tion visibility and air drag. The challenge for these mis-
sions, which generally operate at lower altitudes in a higher 
drag environment, is to provide operational predictions 
with sufficient accuracy with which to initiate and main-
tain SLR tracking.

5.2 � Active receivers and transponders in space

SLR with retroreflector has the benefit of a passive, long 
lived target in space; however, it has the disadvantage of an 
R−4 return signal strength dependence on range (R), limit-
ing most laser ranging systems to satellites at GNSS and 
synchronous altitudes. Lunar ranging systems can operate on 
arrays on the Moon at the single-photon level. If the remote 
target is a transponder, with an optical (laser) receiver and 
an optical (laser) return link, the range dependence is now 
R−2, greatly extending ranging capability, and providing the 

Fig. 5   Long-term mean systematic measurement errors of the ILRS network tracking systems: Preliminary results from the analysis of 
LAGEOS-1 and -2 SLR data over the period 1993–2018

Fig. 6   Laser ranging targets, left to right: retroreflector array on 
GRACE satellite (Earth sensing application; figure credit: GFZ)); 
LAGEOS satellite (geodynamics applications; photo credit: NASA); 

Galileo satellite (navigation applications; figure credit: ESA); ret-
roreflector array on Beidou satellite (navigation applications) Photo 
credit: Chinese Academy of Sciences
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opportunity to range to Mars and interplanetary missions 
(Degnan 2002). Success has already been achieved with 
optical links to satellite receivers on spacecraft on route to 
Mercury (Smith et al. 2006), to Mars (Degnan 2007), and 
to the Lunar Reconnaissance Orbiter orbiting the Moon, 
shown in Fig. 7 (Mao et al. 2017). The links to Mars (80 
million km) and the Moon (384 thousand km) were one-way 
links, but, in the case of the Messenger mission on route to 
Mercury, a two-way transponder link was established at the 
distance of 22 million km. The time of arrival of the Earth-
generated pulse at the spacecraft was communicated back to 
Earth and combined with the arrival times of pulses at Earth 
from the Messenger Laser Altimeter (MLA) to compute the 
range between the stations with a precision of about 20 cm. 
Applications of two-way optical transponders include solar 
systems science, general relativity, and accurate ranging and 
time transfer for improved Lunar and Interplanetary Mission 
Operations (Degnan 2002).

6 � Lunar laser ranging

Lunar laser ranging (LLR) has a weak return signal due to 
the 1/(distance)4 link dependence. LLR stations have a low 
rate of single-photon returns except for the newer APOLLO 
site in the USA, using a 3.5 m aperture telescope that facili-
tates multiphoton returns.

The first tests were off the surface of the Moon (no reflec-
tors) (Smullin and Fiocco 1962; Grasyuk et al. 1964) and 
evaluated the energy link equations. The first lunar reflector 
was placed on the Moon on July 21, 1969, by NASA Apollo 
11, marking the birth of LLR, followed by Apollo 14 and 
Apollo 15 (1971) and French arrays on Soviet unmanned 
rovers Lunakhod 17 (1970) and Lunakhod 21 (1973) (see 
Figs. 8 and 9).

The first LLR measurement used the Lick Observatory 
3.1-m telescope (Faller et al. 1969), this was followed by 
the Air Force Cambridge Research Laboratories Lunar 
Ranging Observatory in Arizona (AFCRL 1970), the Pic 
du Midi Observatory in France (Calame et al. 1970), the 
Crimean Astrophysical Observatory of the USSR Academy 

of Sciences (to Lunakhod 1 in December 1970) (Kokurin 
et al. 1972) and the Tokyo Astronomical Observatory (Kozai 
1972).

Fig. 7   Lunar Reconnaissance 
Orbiter (LRO) (left); Jason-2 
spacecraft with T2L2 timing 
experiment and SLR retroreflec-
tor array onboard (right) Figures 
credit: NASA

Fig. 8   Laser reflector locations on the Moon Figure credit: J. 
Mueller/U. Hannover/Institut fuer Erdmessung

Fig. 9   Laser reflector installed by Apollo 11 mission Photo credit: 
NASA
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The small LLR network is limited to the Northern Hemi-
sphere. The Apache Point Observatory (New Mexico) (Mur-
phy 2009) and the French station Centre d’Etudes et de 
Recherche en Géodynamique et Astronomie (CERGA) oper-
ating at the Observatoire de la Côte d’Azur (OCA) close to 
Grasse produce regular data. CERGA recently implemented 
infrared LLR leading to an effective data increase (Courde 
et al. 2017). The McDonald Observatory (Fort Davis, Texas, 
U.S.A.) station is inactive although it was a major long-term 
data contributor (e.g., see Hoffman and Müller 2018, Fig. 2). 
Several stations are in development. A station is being built at 
HartRAO (South Africa) utilizing an ex-OCA 1 m aperture tel-
escope (Tsela et al. 2016). The German Geodetic Observatory 
located at Wettzell, Germany (Federal Agency for Cartogra-
phy and Geodesy) recently tested an LLR system. The Italian 
SLR/LLR system located at Matera recently produced data. In 
addition, the Kunming Station (Yunnan Observatory) reported 
ranging to Apollo 15’s retroreflectors using a 1.2 m telescope 
(personal communication, Li Zhulian to Michael Pearlman, 
January 22, 2018). Within 5 years at least one station will be 
active in the Southern Hemisphere and several more will be 
added to locations in the Northern Hemisphere.

LLR contributes to lunar science and is used in the devel-
opment of the planetary and lunar ephemerides. There are 
links back into the solar system ephemerides resulting from 
LLR measurements of the lunar fluid core; the lunar dynami-
cal model for the JPL Planetary and Lunar Ephemerides 
DE430 includes coupling between lunar fluid core rotation 
and the mantle (Folkner et al. 2014). LLR allows tests of 
general relativity. Violation of the Equivalence Principle 
can be tested as LLR data can be used to determine whether 
the Earth and Moon fall toward the Sun at the same rate, 
notwithstanding mass, composition, and gravitational self-
energy differences (Williams et al. 2012; Murphy 2013). 
Tests of possible temporal variation of the gravitational con-
stant and estimates of geodetic precession and the param-
eterized post-Newtonian (PPN) parameters and can be made 
using LLR data (e.g., Hoffman and Müller 2018).

A better geometric distribution to reduce biases and more 
efficient reflectors with better ranging accuracy character-
istics have been proposed during the last decade and some 
designs toward this goal have been made (cf. Currie et al. 
2011; Turyshev et al. 2013).

7 � Other applications

7.1 � One‑way ranging and time transfer

Time-of-flight measurements using short-pulse lasers offer 
the potential of reaching time or coherent frequency phase 
transfer to the picosec (ps) level. Aside from the benefit 
of time synchronization and ranging accuracy to the SLR 

network, it will allow for improved tests of the equation 
of gravitational redshift (fundamental physics); provides a 
path forward toward a unique time scale (promising much 
higher resolution for our reference frames); and will facili-
tate efforts to transport and compare frequency over large 
distances by providing synchronous time and a spatial 
reference.

When ranging to a remote, passive retroreflector array, a 
clock resolution for the estimation of the measurement epoch 
of 50 nanosec is sufficient to support ranging precision better 
than 0.1 mm as desired by GGOS. GPS disciplined oscil-
lators operating at a stability level below 1 part in 1012 are 
sufficient for the purpose of standard commercial items.

For one-way ranging or time transfer to a satellite, one 
needs to recognize that the satellite-borne clock runs at a 
different rate from the clock on the ground (due to effects of 
relativity). The range is measured from the start epoch at the 
station (on the ground) to the stop epoch (at the satellite), 
which are in different reference frames, and the start and stop 
detectors use different clocks. The measurement requirement 
now becomes 1 ps for the epoch to reach sub-mm accuracies. 
We also need to recognize that the epoch of the outgoing 
laser pulse will have been registered by the local clock after 
some delay caused by electronics and cables, which may 
amount to many ps (Schreiber and Kodet 2017). The combi-
nation of one-way and two-way ranging allows us to separate 
the range from the offset of the clock in space, and to isolate 
and correct biases in the epoch recording path. Experiments 
with T2L2 on Jason-2 have shown that time transfer among 
ground stations can be achieved to the level of 100 ps; stud-
ies to remove system biases are presently underway (Exertier 
et al. 2017). Atomic clocks in space such as ACES (Heß 
et al. 2011) will further enhance timing capability.

7.2 � Tracking space debris

Some stations in the ILRS network provide an excellent, rel-
atively low cost, means of tracking and providing precision 
orbit determination on selected high-priority space debris 
targets when compared with alternate approaches based on 
radar (e.g., Laas-Bourez et al. 2012; Kirchner et al. 2013).

In 2012, the ILRS established a Space Debris Study 
Group (SDSG) to coordinate debris laser ranging activi-
ties, to initiate new experiments, and to provide support for 
SLR stations to extend their capabilities for space debris 
laser ranging. A dedicated server has been installed in Graz 
to allow storage and fast exchange of debris ranging data, 
debris orbit predictions, etc. Participating stations started 
with defunct satellites with retroreflectors (e.g., TOPEX/
Poseidon). Some stations have recently added hardware (i.e., 
more powerful lasers) to their stations in order to range to 
non-cooperative targets with smaller optical cross sections.
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Space debris laser ranging techniques offer a host of new 
tools that provide added capability to our understanding of 
satellite dynamics and the improvement in orbit prediction 
accuracy—important in the case of predicted conjunction 
events:

•	 When added to simultaneously taken light curves on a 
debris target, laser ranging measurements can determine 
target spin and attitude, and their effects on orbital pre-
diction (e.g., Kucharski et al. 2014b, 2017).

•	 Laser multi-static experiments (one transmitter and mul-
tiple spaced-apart receivers) also help to improve orbital 
prediction accuracy (Wirnsberger et al. 2015).

•	 Pointing information from low cost camera systems pho-
tographing a sunlit space debris particle against the stel-
lar background is being used to track (“chase”) the target 
with laser-based distance measurements (Wagner et al. 
2016).

Space debris laser measurements are still in an early 
stage, but offer significant potential. Space debris observa-
tions need to become more operational and easier to handle 
for stations willing to contribute. Extending observations 
to daylight would allow for a more continuous coverage of 
space debris targets and would permit a larger network of 
stations to focus on selected high-priority targets that would 
significantly increase the orbit prediction accuracy.

8 � The role of the ILRS in Earth science 
and GGOS

The IAG established the Global Geodetic Observing System 
(GGOS) in 2004 to improve our understanding and modeling 
of the effects of global change. This will require precise, 
consistent and stable reference frames, and better standards 
and models for Earth geometry and kinematics, gravity field 
and dynamics, and orientation and rotation (Plag and Pearl-
man 2009). The approaches used by GGOS are the:

•	 Combination and integration of all available observa-
tions, methods, etc.;

•	 Combination of physical measurements and geometric 
techniques, and the

•	 Improvement in our understanding of the interactions 
within “System Earth”.

The reference frame pervades all of these. The most strin-
gent requirements on reference frame performance are the 
monitoring of sea level rise, although other data products 
are not far behind. The requirement for sea level measure-
ment is 1 mm reference frame accuracy and 0.1 mm/year 
stability over 10 years (NRC 2010). This has been adopted 

by GGOS with the following caveats: The frame should be 
accessible 24 h/day, distributed worldwide, so that users 
anywhere on the Earth could position their measurements 
in the consistent, enduring system. The reference frame is 
developed through a globally distributed ground network 
of core and co-located SLR, VLBI, GNSS, and DORIS sta-
tions, locally tied together with accurate site ties to connect 
the measurement results from each technique. The availabil-
ity of more than one technique on satellite targets (e.g., laser 
arrays on GNSS satellites, VLBI tracking of the latter, etc.) 
provides an additional “tie” of these techniques, and it can 
be exploited to identify possible systematic errors in either 
technique’s data (see Thaller et al. and Riepl et al. this issue). 
The space segment consists of SLR satellites (LAGEOS, 
LARES, Etalon), GNSS satellites, DORIS satellites, and 
quasars. The combination of different techniques, allows us 
to exploit the strengths of each and mitigate the weaknesses. 
SLR uniquely provides the Earth center of mass and with 
VLBI, the reference frame scale.

9 � Conclusions and outlook

The SLR network is growing, and data quality is improving. 
The new QC procedures are revealing errors early in the 
process to avoid corruption of the products. The more rapid 
feedback to the stations from the Analysis Standing Com-
mittee and the repeated Clinic Sessions at the Workshops 
are educating and motivating the field crews to improve their 
performance.

The network still has inadequate coverage in some geo-
graphic areas, primarily in Latin America, Africa, and 
oceanic regions. Germany, China, Russia, and the US have 
been willing to deploy sites overseas to help fill some gaps. 
Several groups have plans to continue with more sites, but 
finding suitable locations can be a challenge due to weather, 
logistics and political issues. In addition, the operating levels 
of many of the stations are rated as poor, at too low level 
to make any real contribution to ILRS data products, most 
notably, the GGOS reference frame.

As more missions (including more GNSS satellites and 
more low-orbit microsats) demand SLR coverage, station 
schedules are becoming saturated. Where stations have 
done so, interleaving of satellite passes has significantly 
increased satellite coverage. In addition, the Russian Pro-
gram approach to add a second SLR system at particularly 
strategic locations (e.g., Hartebeesthoek, Tahiti, etc.) also 
offers promise for significant improvement in coverage and 
capability.

Reducing system measurement biases is an essential 
step to reaching reliable mm accuracy. Of the space geod-
esy techniques, laser ranging has the unique capability of 
measuring range directly and unambiguously. However, 
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even with careful calibrations, it is susceptible to incipient 
systematic errors due to uncompensated hardware, opera-
tional procedures, and exogenous effects. As we improve our 
understanding of the performance of every individual system 
component and their interactions, we refine our modeling of 
the system response and/or we decide on changing to better 
understood components.

The web-based tools are providing a powerful means of 
identifying anomalous behavior and better understanding the 
causes. As these move from development to the operational 
mode, they should be useful diagnostic tools for both station 
operations and analysis.

Although new systems and upgrades of legacy systems 
are underway, the network still needs to overcome its pre-
sent mix of new and old technologies. We will work toward 
more standardization in system hardware and operational 
procedures; or at least, better understand the impact of the 
differences and how we can better combine the results. Much 
work has already been done by the experts on modeling the 
range effects from some of the spherical geodetic satellites 
for all the combinations of hardware configurations and 
operational parameters, but reaching mm accuracy still poses 
some challenges.

One strategy under consideration is spatially and tempo-
rally distributing tracking priorities among the stations to 
try to smooth out the data yield to reduce overabundance of 
data on some satellites and a dearth on others.

The trend in technology improvements is from legacy 
systems to higher repetition rate systems (100 Hz to several 
kHz), and the use of event timers capable of handling mul-
tiple pulses in flight, versus single stop Time Interval Units 
(TIUs). Some systems are going to pulse widths as narrow 
as 10 ps. The event timers would also support one-way rang-
ing, lunar ranging, time transfer, interplanetary ranging, and 
other applications. One-way ranging and time transfer will 
require the improvement in epoch accuracy down to 1 ps.

Laser ranging is a very powerful technique contributing 
to numerous scientific and engineering research and appli-
cation areas. Though it is primarily used for precise orbit 
determination of satellite targets, something that is possible 
with several other techniques, SLR is the only technique that 
accurately defines the origin of the international reference 
frame used by all entities requiring accurate positioning. 
Furthermore, along with VLBI they define the scale of that 
frame. Finally, the “positioning-navigation-timing” triad is 
completely covered by SLR, since it provides the means for 
highly accurate time transfer across the continents. Lunar 
and interplanetary applications and research have already 
delivered impressive results and promise a lot more to come. 
This paper reviewed the history, status and future plans of 
the International Laser Ranging Service. Much more infor-
mation and related publications are available through the 
service’s comprehensive Web site: https​://ilrs.gsfc.nasa.

gov, as well as the other articles in this dedicated special 
issue. We encourage the reader to explore the wide breadth 
of material available for a more complete picture.
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