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Abstract

Satellite Laser Ranging (SLR) began in the mid-1960s on satellites of opportunity with retro-reflectors intended as a part
of intercomparison tests of satellite tracking techniques. Shortly thereafter, data from these satellites began to work their
way into geodetic solutions and dedicated geodesy experiments. By early 1970s when future requirements for centimeter
accuracy were envisioned, planning began for dedicated, spherical retro-reflector geodetic satellites. Built with high mass-
to-area ratios, these satellites would have important applications in gravity field modeling, station geolocation and fiducial
reference systems, Earth rotation, and fundamental physics. Early geodetic satellites were Starlette, launched in 1975 by
Centre National d’Etudes Spatiales (CNES), and LAGEOS in 1976 by the National Aeronautics and Space Administration
(NASA). Recent geodetic satellites include LARES, launched in 2012, and LARES-2 under development, both by the Italian
Space Agency (ASI). Today, a complex of these ‘geodetic satellites’ from low to high altitude Earth orbits supports many
space geodesy requirements. This paper will discuss the evolution of the geodetic satellites from the early days, through

current programs and out to future needs as we approach our goal for millimeter accuracy.
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1 The early years

The first successful launches of satellites with retro-reflec-
tors were Beacon-B (1964), Beacon-C (1965), and GEOS-1
(1965) by NASA and Diademe-DI1C and D1D (1967) by
CNES (see Fig. 1). These satellites also carried different
combinations of flashing lights, Doppler, S-band, C-band,
and Goddard Range and Range-Rate and were tracked by
optical and radio techniques which were then inter-com-
pared in order to understand system performance and sys-
tematic errors. The optical systems, based originally on
cameras (Baker-Nunn, BC-4, PC 1000, MOTS, AFU 75,
etc.), provided angular satellite positions that were essen-
tially bias free, but were subject to photographic limita-
tions of 1-2 arcsec and were vulnerable to weather condi-
tions. Satellite observations with ten-meter accuracy were
considered as state of the art. By the late 1960s and early
1970s, Satellite Laser Ranging (SLR) data began to appear
in the geodetic solutions on the size and shape of the Earth;
SLR overcame many of the photographic constraints; limi-
tations were now imposed by laser pulse width, detector
rise-time and stability, epoch timing accuracy, and atmos-
pheric propagation modeling. Early systems demonstrated
meter accuracy.
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Fig. 1 Satellites with retro-reflectors launched in the early years

In 1971, the Peole satellite was launched by CNES into
the first low inclination orbit. Major scientific contribu-
tions from the period were documented as a part of the US
National Geodetic Satellite Program—NGSP in (Henriksen
1977). Most important are early models of the Earth’s grav-
itational field from satellite tracking and surface gravimeter
data; early geoid models suitable for geodetic, tectonic,
and altimetry data analysis. Included were also the first
positioning results for globally distributed tracking stations
to an accuracy of 5-10 m leading to the interconnection
of local geodetic datums. In addition, work began on the
observation of the Earth and ocean tidal perturbations of
satellites (Gaposchkin and Lambeck 1971; Smith et al.
1973a, b).

In 1975, NASA launched the GEOS-3 satellite with sev-
eral of the radio tracking techniques, an SLR retro-reflector
array and a radar altimeter, which provided the first satellite
derived global ocean surface topography map. With nar-
rower pulsed Q-switched lasers, improved detectors and
discriminators, the introduction of pulse processing tech-
niques, and modeling of the offset between satellite center
of mass and the retro-reflector array reflection point, rang-
ing capability now approached the decimeter level, and
began playing a key role in orbit determination and instru-
ment validation.

This group of satellites continued to play a role in space
geodesy programs for many years, even as other SLR-ded-
icated satellites were launched; in particular, tracking of
Beacon-Explorer C continues until today for measurements
of the time-varying gravity field.

2 Current geodetic satellites

Interest in very dense, spherical satellites for geodetic appli-
cations emerged at the time of the Williamstown Confer-
ence (Kaula 1969), with the recognition that SLR, although
still in its infancy, had the potential of centimeter accuracy
ranging. Heavy, passive satellites, covered with cube cor-
ners could sense conservative gravitational forces reflecting
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the Earth’s structure and yet minimize the effect of non-
conservative forces, which could be highly variable and
difficult to model. These satellites would act as probes of
Earth’s gravitational field, and therefore their orbital motion
would reflect the distribution of mass inside Earth and in its
fluid envelope. The Earth is a viscoelastic body with solid
and fluid envelopes that are deformed by the gravitational
attraction of the Moon and Sun with a phase lag between
their action and the induced deformation. Satellite motion
would also be influenced by forces due to the gravitational
attraction of the Sun, the Moon and other bodies in the solar
system, which would allow us to study these more complex
systems. The analysis of orbits of many satellites over long
time spans would provide us with a very powerful tool to
study tidal phenomena over a wide range of frequencies.

The passive nature of these ‘geodetic’ satellites and their
spherical shape would significantly reduce the spacecraft
complexity including the need for stabilization and there-
fore power, so that missions lasting many decades or even
generations could be realized. Its spherical shape would also
provide very uniform satellite center-of-mass corrections
for accurate interpretation of the ranging data. These satel-
lites would become the basis for SLR network positioning,
gravity field modeling, tide studies, lunar-solar interaction
modeling, etc., and eventually the SLR contribution to the
International Terrestrial Reference Frame (ITRF) and the
estimation of fundamental constants (see relevant articles
in this issue).

Over time, as SLR tracking accuracy continued to
improve, analysis of geodetic satellite data would also
reveal information about the non-gravitational forces due
to atmospheric drag from the upper terrestrial atmosphere
as well as radiation pressure having solar or terrestrial
origin, or from thermal emission from the satellite surface
itself (Rubincam 1987; Vokrouhlicky and Farinella 1997,
1998). To address this host of applications, we would
need long-term SLR tracking on a stable complex of geo-
detic satellites, at both high and low altitudes. The optical
cross section of these satellites should be as homogene-
ous as possible with cube corners covering the surface
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in a uniform pattern. The configuration should be very
efficient, reasonably economical to fabricate, and observ-
able over very long periods of time. A well-manufactured
sphere would have a well-determined center-of-mass for
accurate determination of its motion.

Over time, the complex of geodetic satellites would
materialize (see Fig. 1).

3 Starlette and Stella satellites

The first dedicated geodetic satellite, Starlette, was launched
by CNES in 1975 to measure and interpret long period per-
turbations in the gravity field, determine precise geodetic
positions, measure perturbations in Earth rotation, and
eventually to study non-conservative effects. An essentially
identical follow-on satellite, Stella, was launched by CNES
in 1993. Starlette, along with NASA’s LAGEOS satellite
launched one year later (1976), helped separate components
of the Earth’s gravity field and enhance temporal coverage
on the Earth’s surface. Characteristics are given in Table 1.
Some historical details can also be found on the launch of
Starlette (Barlier and Lefebvre 2001), especially regarding
the close cooperation between CNES and the Smithsonian
Astrophysical Observatory (SAO), whose Baker-Nunn Cam-
era Network provided the optical acquisition after launch.
Starlette and Stella were designed for maximum mass-
to-area ratio by using a core made from an alloy of depleted
Uranium 238, formed as icosahedrons with 20 triangu-
lar planes. Each triangle formed the base for a spherical

Table 1 Characteristics of past and future geodetic satellites

aluminum cap with three embedded retroreflectors (see
Fig. 2). The satellites provided very stable orbits for data
interpretation and ease of SLR tracking. Both satellites were
launched from the Kourou Launch Center in French Guiana.
The orbital parameters for Starlette were chosen in large
part based on rocket capability and sensitivity of the orbit
to as many tidal waves as possible, and, for Stella, to take
advantage of a piggyback opportunity.
Over time, these satellites have been valuable tools for:

— Determining low-degree/order static and time-varying
components of the Earth gravity field (Biancale et al.

Fig.2 The Starlette/Stella satellites

Starlette/Stella ~ LAGEOS-1/2  GFZ-1 Etalon-1/2 WESTPAC  Larets LARES-1/2*  Ajisai
Launch
Year of launch 1975/1993 1976/1992 1995 1989 1998 2003 2012/2019 1986
Tracking ceased 1999 2002
Agency CNES/CNES NASA/ASI GFZ RSA EOS/RSA IPIE ASI JAXA
COSPAR ID 7501001/ 7603901/ 8601795 8900103/ 9804301 0304206 1200601/ 8606101
9306102 9207002 8903903 -
Satellite
Diameter (cm) 24.0/24.0 60.0 21.6 129.0 24.0 24.0 36.4/40.4 215.0
Mass (kg) 47.3/48.0 411.0 20.6 1415.0 23.0 233 386.8/285.0 685
Number of cubes 60/60 426 60 2146 60 60 92/303 1440
Back coating Yes/yes No Yes Yes Yes Yes No/no No
CoM (mm) 75.0/75.0 242.0-256.0 58.0 552.0-613.0  63.4-64.1 56.2 133.0/165.0 1010.0
Cross-sect. (mm?)  0.65 7.0 0.20 60.0 0.03 0.16 3.3/3.9 12.0
Orbit
Altitude (km) 790-1100/810 5860/5620 400 19120 835 691 1450/5900 1500
Eccentricity (-) 0.021/0.001 0.004/0.014 0.001 0.001/0.002 0.001 0.002 0.001/0.001 0.002
Inclination (°) 49.8/98.6 109.9/52.7 51.6 64.9/65.5 98.0 98.2 69.5/70.1 50.0

*Parameters of LARES-2 according to the present design (Jan 2018)
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2000), including seasonal annual variation in low degree
zonal harmonics (Schutz et al. 1993; Cheng and Tapley
2001; Moore et al. 2005; Blofifeld et al. 2015),

— Determining the impact of the secular gravity field
variations on the inference of mantle rheology and lith-
ospheric thickness (Devoti et al. 2001),

— Determining laser station coordinates (Lejba et al. 2007;
Sos$nica et al. 2014),

— Determining ocean and terrestrial tides and the inferred
tidal deceleration in the lunar mean motion (Cazenave
and Daillet 1981; Eanes et al. 1983; Rutkowska and Jag-
oda 2012),

— Measuring Earth rotation (He et al. 1982; Williamson
et al. 1985; Schutz et al. 1989),

— Calibrating the Jason-1 altimeter (Exertier et al. 2004),

— Studying the effects of the thermosphere total density on
low orbiting satellite (Willis et al. 2005),

— Determining the evolution of the satellite spin axis
inferred by torques caused by the Earth’s magnetic and
gravitational fields (Kucharski et al. 2014).

Starlette and Stella continue to play a role in the refinement
of the long wavelength components of the gravity field and
the Earth’s dynamical flattening. Both satellites have a long
history of continuous, heavy tracking by the International
Laser Ranging Service (ILRS) network (Pearlman et al.
2002).

4 LAGEOS satellites

One of the principal recommendations of the Williamstown
study on Solid-Earth and Ocean Physics (Kaula 1969) was
that NASA should develop techniques for ranging to satel-
lites to an accuracy of +2 cm. Range measurements at this
level of accuracy would allow us to measure tectonic plate
motion (“continental drift”, as it was called at the time),
rotational variations and the wobble of Earth’s axis, terres-
trial body tides, etc. These objectives could be addressed by
measuring time-varying positions of ground stations in a
global network of fiducial points on the Earth’s surface; the
station positions with respect to the Earth’s center of mass;
and the network with respect to an inertial reference (real-
ized by the orbit). Variations in these positions were known
to have time scales ranging from a day (e.g., body tides) to
millennia (tectonic motion).

To observe these effects, it would be necessary to
perform very accurate measurements on a global scale;
each station position would have to be related to all oth-
ers; global sets of observations would have to be obtained
in less than a day; and continuity of observations would
have to be maintained over very long time spans. The con-
clusion was that SLR on a passive, very dense, spherical
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satellite, uniformly covered with retro-reflectors and in a
high-inclination orbit, would be the appropriate choice.
The passive nature of the satellite (no radio emissions or
power needs) would minimize electromagnetic drag, and
selection of an orbit that avoided gravitational resonances
would simplify orbit determination.

The first serious concept considered was the ‘Cannonball
Satellite’, a 3500 kg spherical satellite, made from uranium
238 (Weiffenbach and Hoffman 1970). It was conceived as
a back-up payload for the emergency launch vehicle for Sky-
lab, which was to be on the pad, ready to go in case it was
needed. Cannonball, a relatively inexpensive, passive pay-
load, could be quickly loaded and launched by the already
fueled vehicle if it was not needed for Skylab. Ultimately,
the decision was made not deploy the backup vehicle, and a
dedicated launch was sought. NASA decided that the Can-
nonball Satellite was not required. However, the concept
was strongly endorsed by the science community, so NASA
approved the mission, albeit in a smaller version, since it had
to be launched on a Delta rocket.

The mission was named LAGEOS (LAser GEOdy-
namics Satellite), approved by NASA in 1974; it was
launched in May 1976 (see Table 1). Orbital acquisition
was provided by the Smithsonian Astrophysical Obser-
vatory (SAO) network of NASA-supported Baker-Nunn
Cameras. The LAGEOS satellite, built at NASA Marshall
Space Center, was fabricated from a central brass cube
core covered with two aluminum alloy caps providing
the outer spherical shape. The surface finish was diffuse
(chemically cleaned) to provide a good target for optical
tracking acquisition. The retro-reflector array geometry
limited the variation in single point range correction to an
estimated 3 mm, mainly due to interfering returns from
multiple cubes. LAGEOS is equipped with 422 uncoated
corner cubes made of fused silica and, at the request of
Prof. Charles Townes, four germanium corner cubes for
measurements at infrared wavelengths as well. Because of
the high index of refraction of germanium, four cubes give
coverage at all incidence angles. Initial optical response
characterization of the spacecraft was performed at NASA
Goddard Space Flight Center (GSFC). LAGEOS carries a
small plaque designed by Dr. Carl Sagan containing some
binary arithmetic and some temporal maps and informa-
tion about Earth tectonic evolution that might be inter-
preted some time in the future when and if the spacecraft
is recovered.

The report ‘LAGEOS Orbital Analysis in Support of Val-
idation’ (Gaposchkin 1979) concluded that the LAGEOS
satellite has an extraordinarily stable orbit and the objectives
for its use could certainly be fulfilled.

LAGEOS-2 was a joint ASI/NASA mission built by Ale-
nia Spazio of Turin, Italy, for the Agenzia Spaziale Italiana
(ASI) and deployed from the Space Shuttle Columbia in
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Fig.3 LAGEOS satellites

October 1992 using the new Italian Research Interim Stage
(IRIS) deployment mechanism. The mechanical design of
LAGEOS-2 is nearly identical to LAGEOS (see Fig. 3).
Extensive prelaunch testing of the response of LAGEOS-2
to short optical pulses was performed at GSFC (Minott et al.
1993).

The lower inclination was chosen to provide more oppor-
tunities for simultaneous SLR ground station observations
and to provide the differential node rates to observe the
physics goals of the mission. The combination of the two
LAGEOS satellites greatly enhanced station sky coverage
and provided the foundation for the SLR contribution to
ITRF. Today, two LAGEOS satellites constitute the most
important targets for providing SLR-based operational prod-
ucts such as station coordinates, polar motion and excess
length of day (see relevant ILRS papers in this issue, e.g.,
Luceri et al. 2019).

The most important contributions from the LAGEOS
satellites include:

— Determining laser station coordinates and tectonic plate
motions (Smith et al. 1985; Christodoulidis et al. 1985;
Tapley et al. 1985; Smith et al. 1990),

— Determining very low degree static and time-varying
components of the Earth gravity field (Lerch et al. 1985;
Reigber et al. 1985), including in particular variation in
the the Earth’s oblateness term C,, (Yoder et al. 1983;
Cox and Chao 2002; Dickey et al. 2002; Cheng et al.
2013), the coefficients related to pole excitation functions
C,1, 551 (Chen and Wilson 2008; Cheng et al. 2011) and
Chandler wobble parameters (Nastula and Gross 2015),

— Determining geocenter motion (Chen et al. 1999; Pavlis
1999; Pavlis and Kuzmicz-Cieslak 2009),

— Defining the origin and scale of the ITRF (Pavlis 2002;
Altamimi et al. 2016; Appleby et al. 2016) and the scale
transfer to GNSS (Thaller et al. 2015),

— Determining the most accurate Earth’s gravitational
product GM (Ries et al. 1992; Dunn et al. 1999),

— Verifying the effects of general relativity, including the
frame-dragging effect (Ciufolini et al. 1998; Ciufolini
and Pavlis 2004; Ciufolini et al. 2016),

— Observing the postglacial rebound (Rubincam 1984) and
constraining the mantle viscosity (Peltier 1983),

— Determining Love and Shida numbers describing Earth’s
elasticity (Rutkowska and Jagoda 2010),

— Determining Earth’s polar motion and length-of-day
(Tapley et al. 1985; Dow and Agrotis 1986; Pavlis 1994;
Bourda 2008; Sosnica et al. 2018; Blofifeld et al. 2014),

— Determining changes in global geodetic parameters due
to ocean and atmospheric mass redistribution (Gutierrez
and Wilson 1987; Chao and Eanes 1995; Sos$nica et al.
2013),

— Confirming the Yarkovsky effect and other minor effects
perturbing satellite orbits (Rubincam 1987, 1990; Vok-
rouhlicky and Farinella 1997, 1998).

5 Etalon satellites

Etalon-1 and Etalon-2 were designed and launched to inves-
tigate satellite orbit dynamics of the Russian ‘GLObalnaja
NAvigazionnaja Sputnikowaja Sistema’ (GLONASS) con-
stellation and tailor the geopotential model to these orbits
(see Table 1). The goal of these satellites was to model the
Earth’s gravity field to support the GLONASS program and
at the same time, support international space geodesy pro-
grams, including improvements in the terrestrial reference
frame, Earth rotation parameters, gravity field modeling,
the gravitational constant GM, and the improvement of the
selenocentric gravitational constant (Dick et al. 1993). At the
initial altitude of 19130 km, the orbit was not in resonance
and hence provided unique targets for these applications.

The Etalon satellites were designed and manufactured
by the organization now known as the ‘Academician M. F.
Reshetnev Information Satellite Systems’. Each of the sat-
ellites has a heavy spherical metal body covered with 304
arrays of 7 fused-silica CCR’s each and 2 arrays with 6
CCR’s each (for a total of 2140 CCRs) and 6 germanium,
aluminum-coated retro-reflectors (see Fig. 4). The diffusely
reflecting metal surface between the reflectors permits obser-
vation of the satellites in reflected sunlight. The distribution
of corner cubes over the satellite surface is not uniform for
technical reasons, because some space was needed for the
holders and separation devices (Krebs 2017).

The spherical shape of Etalon satellite, the large mass-
to-area ratio, and the large number of corner cubes resulted
in a reasonably good design. Etalons therefore allow for an
accurate calculation of all non-gravitational forces affecting
the satellite motion and hence the satellite is a good tool for
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Fig.4 Etalon satellites

the recovery of the lowest degree gravity field harmonics.
The satellites are regularly observed by the ILRS tracking
network and along with the LAGEOS satellites they are
used for scientific research, including the definition of the
ITRF and Earth rotation parameters (Torrence et al. 1995;
Appleby 1998).

6 GFZ-1 satellite

The GFZ-1 mission was conceived at GeoForschungsZen-
trum Potsdam (GFZ) in early 1994 as a low-cost, fast reali-
zation project for improving the knowledge of the Earth’s
gravity field (see Table 1). Its basic design followed the well-
proven concept of the passive, spherical satellite configura-
tion, but its main emphasis was put on an orbit of considera-
bly lower altitude than e.g. LAGEOS. The prime contractor,
the Kayser-Threde company in Munich, subcontracted the
Russian Institute for Space Device Engineering (RNIIKP)
for the design, construction and testing of the satellite and
the Russian Space Corporation RKK Energia to provide the
launch. Within a year, the satellite was launched from the
MIR Russian space station using a spring-loaded ejection
mechanism from the airlock. This separation technique pro-
vided a low-eccentricity, well-predicted orbit, which made
it possible for the SLR stations within the ILRS network to
acquire GFZ-1 shortly after launch.

The technical parameters of GFZ-1 were restricted by
the 30 cm diameter of the MIR airlock and weight restric-
tion necessary to keep launch costs low. The satellite
consisted of a bronze spherical body with retro-reflectors
distributed equally over its surface (see Fig. 5). The veloc-
ity aberration correction was provided with a cornercube
design featuring a two-spot far field diffraction pattern for
a single prism. These cornercubes were arranged in sets
of three cubes with each cube contributing 2 of the 6 spots
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Fig.5 GFZ-1 satellite

forming a hexagon of spots for each triad, covering all
possible orientations between GFZ-1 and the SLR ground
stations for the full range of velocity aberration values
between 4.9 and 10.5 arc-sec.

Both the non-polar orbit and the considerably high air
drag at this low altitude introduced orbit acceleration,
which had to be separated from the gravity signals. This
limited the impact of GFZ-1 data on the global gravity
field modeling effort. However, the mission made unique
contributions to the gravity field model as the decaying
orbit passed through resonances around the harmonic coef-
ficients of orders 16, 31, 46, 62 and 77.

The global satellite-only gravity field model GRIM4-
S4G, which included 30 months of GFZ-1 laser data, pro-
vided a spherical harmonics spectral representation up to
degree/order 60 with higher-degree zonal terms (Konig
et al. 1999). A total of 33 SLR stations worldwide con-
tributed to the laser tracking of this mission until its decay
on June 23, 1999.

GFZ-1 data are still used for orbit adjustment tests as a
validation tool for some gravity field model development
(Forste et al. 2009) and for surface force parameterization
for low-orbiting satellites (Konig et al. 1997). GFZ-1 was
the lowest SLR satellite at its time and thus provided a chal-
lenge for the SLR ground stations. It provided the oppor-
tunity for the network to develop tracking techniques that
would be essential for tracking future low-orbiting LEO
missions such as CHAMP, GRACE, ANDE and GOCE.

7 WESTPAC satellite

At the Western Pacific Laser Tracking Network (WPLTN)
Executive meeting in Moscow on December 2, 1995, it was
announced that Electro Optic Systems (EOS) had entered
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into a joint project with the Russian Space Agency (RSA)
to construct and launch a new SLR satellite (WESTPAC,
formerly known as WPLTN-1), designed to overcome the
limitations introduced by multi-cube illumination on all of
the other geodetic satellites, an obstacle to millimeter geod-
esy (Burmistrov et al. 1998). The satellite had a very similar
design to GFZ-1 (see Table 1).

The main purpose of the satellite was to provide the best
possible target for the WPLTN stations and, by implication,
the Keystone Project constructed by the Communications
Research Laboratory (CRL) of the Japanese Ministry of
Posts and Telecommunications (Burmistrov et al. 1998). A
second goal was to test the concept for general use. The
WESTPAC design was an engineering test of a concept to
reduce the centre-of-mass (CoM) correction uncertainty by
making only one cube corner reflector (CCR) visible when
ranging at any moment. The satellite was covered with
retro-reflectors of the Russian Fizeau design with a conical
shade hood to permit only one retro-reflector to contribute
to the return. On average, 0.7 corner cubes contributed to
the return, and therefore the return signal faded in and out
as different reflectors came into view. The satellite was also
well suited for advanced two color-ranging experiments.

Conical shades (see Fig. 6) limited the access angle of
every single CCR to 13°. The clear aperture of a CCR was lim-
ited to 20 mm (at zero incidence angle) by the shade-opening
diameter. As a result of this design, the maximum variation
in the CoM correction value for WESTPAC was only slightly
more than 0.5 mm. However, vignetting of the laser beam by
the shades at nonzero incidence further increased the optical
loss introduced by the shades, making the WESTPAC cross-
section average value as low as 3 x 10%* m?. After separation
from the carrier spacecraft, WESTPAC did not achieve the
intended spin rate (6 rpm); the actual spin rate was too slow

Fig.6 WESTPAC satellite

for proper averaging of the measurement results obtained dur-
ing the normal point period (30 s). Over time in orbit, the spin
rate decreased due to eddy currents induced in the satellite
metal body moving in the Earth’s magnetic field. The reduced
spin rate caused significant outages at the ground stations due
to time gaps between CCR illuminations.

WESTPAC provided a very important test bed for the
engineering concept, but the combination of data outages,
poor data averaging, and low return signal strength made
WESTPAC a difficult target for operational data to support
geodetic applications and routine SLR tracking was discon-
tinued in early 2002.

8 Larets satellite

Larets was designed and built by the Institute of Precision
Instrument Engineering in Moscow, Russia for scientific and
applied research in geodesy and geodynamics and launched
by the Russian Space Agency (see Table 1). It was planned
as the next stage in the development of low-target signature
SLR, and it is a modified version of GFZ-1 and WEST-
PAC satellites. The spacecraft has a spherical brass body
covered with retro-reflectors (see Fig. 7). The corner cubes
are recessed into the brass body to limit the acceptance at
the satellite to a single cornercube (instead of using exter-
nal baffles, as on WESTPAC). The technique was adopted
to increase the target cross-section and eliminate the dead
spaces between cubes, which had led to ranging outages in
the case of WESTPAC. Larets has a much higher rotation
rate than WESTPAC resulting in better data averaging.
The RMS target error of Larets (about 1.5 mm) is
only slightly more than that of WESTPAC, while the

Fig.7 Larets satellite
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cross-section is approximately one-fourth that of Stella and
Starlette, but much higher than that of WESTPAC. The SLR
data yield for Larets is, however, still lower when compared
to Starlette or Stella.

Currently, Larets is the lowest orbiting spherical satellite.
Thus, it is helpful in recovering medium wavelength gravity
field coefficients. However, the sun-synchronous and near-
polar orbit limits the number of observations and makes the
satellite very sensitive to resonances with diurnal and semi-
diurnal tidal constituents. As a result, Larets typically is not
used alone but along with other geodetic satellites for the
recovery of the Earth’s gravity field (BloBfeld et al. 2015;
Soénica et al. 2015).

9 LARES satellites

The LAser RElativity Satellite (LARES), of the Italian
Space Agency (ASI), was launched on February 13, 2012,
using the new ESA launch vehicle VEGA. The primary
purpose of the mission is the support of relativity experi-
ments and Space Geodesy programs (Ciufolini et al. 2016).
In particular, LARES observations combined with data from
LAGEOQOS and LAGEOS-2, and the GRACE gravity field
models, are being used to measure the Earth’s gravitomag-
netic field and the frame-dragging effect with an accuracy
intended to reach the few percent level. Gravitomagnetic and
frame-dragging phenomena are predicted by the theory of
General Relativity (see Ciufolini and Wheeler 1995; Ciufo-
lini 2007), and have been called gravitomagnetic because
of a formal analogy of Einstein’s gravitational theory with
electrodynamics.

A measurement of frame-dragging (Ciufolini and Pavlis
2004) was already obtained using SLR data and the early
GRACE Earth gravity field models. The method to get this
measurement was to use the observables provided by the
nodes of the two LAGEOS satellites. LARES was proposed
to improve this by about an order of magnitude, using the
three observables provided by the nodes of the three sat-
ellites, to eliminate the influence of the uncertainty in the
first two even zonal harmonics, C,, and C,, and to allow the
measurement of Earth gravitomagnetism with an accuracy of
a few percent. The same data were used in exploratory solu-
tions for station coordinates and Earth rotation parameters,
indicating the significant contribution of LARES, 10% to
80% depending on the estimated parameter (Bloffeld et al.
2018).

The LARES orbit, with nearly zero eccentricity, was cho-
sen to minimize the uncertainty due to the non-gravitational
orbital perturbations, whereas the altitude was the maximum
achievable with the first flight of VEGA (see Table 1). An
accurate measurement of frame-dragging with a few percent
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uncertainty was recently obtained using LARES (Ciufolini
et al. 2016).

LARES is a passive spherical satellite (see Fig. 8) cov-
ered with 92 fused silica retro-reflectors (Paolozzi et al.
2015). The satellite is made of a high-density solid tung-
sten alloy that was chosen to minimize the non-gravitational
perturbations and to make LARES, as nearly as possible, a
test-particle freely falling in Earth’s gravitational field. The
corner cubes are arranged in the form of 10 rings around
the polar axis of the body (Kucharski et al. 2012). Unlike
the other geodetic satellites, LARES consists of only a solid
metal body, without a separate inner core. The highest mass-
to-area ratio, and the orbital parameters of LARES, make
it an important addition to the constellation of satellites
being used for the development of the ITRF, GM, and the
determination of the Earth rotation parameters. Moreover,
the high-accuracy LARES observations are very useful for
the recovery and decorrelation of low-degree gravity field
parameters, e.g., the Cy, and Cs, terms. Therefore, LARES
will be included in the operational solutions as the fifth sat-
ellite, together with LAGEOS/LAGEOS-2 and Etalon-1/2,
in generating the official ILRS products, such as station
coordinates, Earth rotation parameters and low-degree gravi-
tational harmonics (see relevant papers in this issue).

ASI has approved the development of another satellite,
LARES-2, to go into a supplementary to LAGEOS orbit
to support the LARES objectives, including the improve-
ment of the ITRF (Paolozzi 2019). This satellite will have a
construction similar to that of LARES, but it will be larger
in diameter and will use smaller Commercial Off The Shelf
(COTS) CCRs to permit a more densely packed array to
reduce ranging discontinuities between adjacent cubes,
thus improving ranging accuracy. The smaller 1-inch cubes
planned for LARES-2 will provide a broader diffraction pat-
tern to avoid the need for CCRs with costly dihedral angle
offsets. Since thermal effects in the CCRs are the primary
source of uncertainty and variation in the range correction

Fig.8 LARES satellite
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in the space environment, the design of LARES-2 uses the
1-inch cubes, significantly smaller than in the 1.5-inch cubes
used on LARES to minimize thermal effects. LARES-2 will
be the first geodetic satellite where the effect of thermal vari-
ations will be within the one millimeter range accuracy goal
(Ciufolini et al. 2017a, b).

The disadvantage of the 1-inch CCRs is their smaller opti-
cal cross-section per unit surface, but you can pack a much
higher number of 1-inch CCRs than 1.5-inch CCRs on the
same spherical surface. Ultimately, the 1-inch CCR option
will reduce the satellite cross-section but not by much. In
the case of LARES-2 with about a 0.2 m radius, the average
optical cross section is 5.3 X 10° m? with 1.5-inch CCRs and
3.9 - 10% m? with 1-inch CCRs, while the range variation is
1.8 mm and 0.8 mm, respectively.

10 Ajisai satellite

Ajisai (also known as Experimental Geodetic Payload or
Experimental Geodetic Satellite, EGS) was launched on
August 12, 1986, by the National Space Development
Agency of Japan—(NASDA), later reorganized as Japan
Aerospace Exploration Agency—(JAXA). The main objective
of the mission was the precise positioning of fiducial refer-
ence points on the Japanese Islands and testing NASDA’s
two-stage launch vehicle.

The satellite is equipped with 1440 1.9-inch (48.5 mm)
uncoated fused silica corner cube reflectors, arranged in
the form of 15 rings around the symmetry axis (see Fig. 9).
Ajisai is also equipped with 318 spherical mirrors used
for the optical or CCD observations and for photometric
measurements to determine Ajisai’s spin rate (Otsubo et al.
1999). The mass of the satellite is 685 kg, and the diameter

Fig.9 Ajisai satellite

is 215 cm. The mass-to-area ratio of Ajisai is less favorable
in comparison with other geodetic satellites. Ajisai has a
considerable sensitivity to non-gravitational forces perturb-
ing its orbit. On the other hand, the layers of aluminum nets
and a partly hollow interior minimize the magnetic torques
affecting other geodetic satellites made of solid metal. Ajisai
is the fastest spinning object among the geodetic satellites.
Its specific construction prevents the Earth’s magnetic field
from inducing eddy currents in the body, hence minimizing
the slowdown of its spin and stabilizing the orientation of
the spacecraft.

Ajisai is used along with other spherical satellites for the
recovery of Earth’s gravity field (Sengoku 1998; Cheng and
Tapley 2001) as well as for the determination of station coor-
dinates and Earth rotation parameters (Lejba and Schillak
2011; So$nica et al. 2014).

High repetition-rate SLR observations offer new possi-
bilities for the post-processing of the range measurements
on large-size spacecraft, such as Ajisai, in particular for the
isolation of the reflections from individual CCRs in the high-
rate data. The large separation of the retro-reflectors and the
stable spin rate of Ajisai enable designation of the range
measurements to specific retro-reflectors, hence the forma-
tion of the normal points which most closely approximate
the physical distance between the ground station and the
center of mass of Ajisai. The method developed by (Kuchar-
ski et al. 2015) eliminates the satellite signature effect from
the distribution of the post-fit range residuals and improves
the average single-shot RMS per normal point to 3.05 mm
and the normal point RMS per pass to 0.06 mm. Such sub-
mm distance measurements will be very useful for future
geodetic applications as soon as all perturbations affecting
Ajisai’s orbit are handled in a proper manner and when more
SLR stations start providing kHz data.

11 BLITS

The heavy, spherical, passive satellites covered with corner
cubes have addressed many of the ranging issues needed to
reach sub-cm ranging performance. Careful data averaging
can take us a bit farther. However, as we approach millimeter
and sub-millimeter requirements, spacecraft signatures will
impose limitations.

Spherical satellites are launched with a high spin rate,
which provides spatial and temperature averaging over the
satellite. Over time, the spin rate slows down, reducing
spatial and temperature averaging, which introduces small
biases in the range data, and more complicated perturba-
tions in the orbit. In the case of LAGEOS, the original spin
pattern has been lost and the motion has become more com-
plicated. The array structure becomes evident in the pattern
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and must be somehow modeled or filtered in order to extract
the highest-accuracy range measurements.

One interesting concept that overcomes the problem with
the slowing down of the spin rate and the reflection from
multiple cubes is the application of the Luneburg Sphere.

The BLITS (Ball Lens In The Space) satellite was
designed by the Federal State Unitary Enterprise - Insti-
tute for Precision Instrument Engineering (FSUE-IPIE) in
Russia, and launched on September 17, 2009. The main
purpose of this satellite was the experimental verification
of the Luneburg lens satellite concept. The satellite had a
radius of 85.16 mm and a mass of 7.53 kg. The uncertainty
of the reflection center relative to the center of mass posi-
tion was less than 0.1 mm (best defined of all the geodetic
satellites). The retro-reflector was freed from the polariza-
tion effects, and the Earth magnetic field did not affect the
satellite orbit and spin parameters as the satellite was made
of glass (Kucharski et al. 2011). Due to the virtually non-
existent target error, the RMS of the laser range residuals
to BLITS were almost at the same level as to the ground
targets. However, the number of SLR observations from
BLITS was lower than that for Starlette or Stella, due to
reflections from only one satellite hemisphere, declining
reflectivity caused by aging, and low optical cross-section
of about 0.1 Mm?.

BLITS consisted of two concentric outer
hemispheres(see Fig. 10): the outer made of a low-refrac-
tion-index glass, and an inner ball lens made of a high-
refraction-index glass. One hemisphere of external surface
was aluminum-coated and protected by a varnish layer.
Therefore, BLITS demonstrated a new concept of geodetic
satellites, which is an alternative for the classical structure of
a spherical body equipped with silica or germanium corner
cubes. BLITS was launched into a sun-synchronous near-cir-
cular orbit with a mean altitude of 832 km and an inclination

Fig. 10 BLITS satellite
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of 98.8°. On January 22, 2013, BLITS was probably hit and
destroyed by a space debris fragment.

BLITS observations were mostly used for gravity field
recovery (BloBfeld et al. 2015); however, its sun-synchro-
nous orbit and low mass-to-area ratio made the satellite very
sensitive to resonances with diurnal tidal constituents and
non-gravitational orbit perturbations, all of which limited the
accuracy of BLITS products. Moreover, BLITS’ low cross-
section prevented its use in high-altitude orbits, thence the
motivation for a new design of its successor, BLITS-M, to
be discussed in the next section.

12 New concepts of geodetic satellites

Several concepts of future geodetic satellites are currently
being considered. Such satellites should, on the one hand,
maximize the mass-to-area ratio (to minimize the influ-
ence of non-gravitational accelerations on the orbit) and,
on the other hand, minimize the spacecraft signature effect
(to reduce the uncertainty in the range extrapolation to the
satellite center of mass).

One of the considered concepts of zero-signature target
is the BLITS-M satellite (a spacecraft similar to BLITS, but
with increased mass to 17 kg, increased radius to 110 mm
and a 2.5 times increased cross-section compared to BLITS.
The satellite is made of radiation-resistant glass with high-
reflectivity dielectric interference phase-shift coating instead
of aluminum coating which was used for BLITS (Sokolov
et al. 2016). BLITS-M will be launched into an orbit of
1500 km altitude in 2019.

Another concept is the Geodetic Laser Autonomic Spher-
ical Satellite (GLASS), made of glass to avoid induction of
eddy currents and thus preventing the satellite spin slow
down (see Fig. 11). GLASS will have a diameter of 210 mm
and a mass of 17 kg; it will not be a fully zero-signature tar-
get, but the signature effect will be very small, in the range
of 0.6-1.0 mm (Sokolov et al. 2016). Further increasing the
satellite mass will further reduce the impact of non-gravita-
tional perturbing forces.

This trend is consistent with LARES-2 that has a pre-
dicted signature effect below 1 mm and a mass-to-area ratio
second only to LARES; this is due to the material to be used
for the LARES-2 body, which, at the time of this writing,
will likely be either a nickel or a copper alloy. The accuracy
of the CoM correction depends on the uniformity of the
distribution of the CCRs on the surface of the satellite. In
the case of LARES-2 for instance, a random distribution of
CCRs (i.e. a distribution which is not along rows or paral-
lels) resulted in the highest uniformity. Furthermore, the use
of smaller CCRs will approximate the spherical surface bet-
ter than larger CCRs. To eliminate systematic effects on the
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Fig. 11 Concept of BLITS-M (top) and GLASS (bottom)

range correction, the orientation of the CCRs with respect
to their axes is randomized.

Degnan (2016) proposed several concepts for future geo-
detic satellites that meet the high-accuracy requirements. In
his reference, future satellites should have a reduced range
of accepted incidence angles to limit return signals to single
CCRs through the use of hollow retroreflectors or recessed
hollow or solid retroreflectors, and should maximize the
packing density of retros to achieve the necessary optical
cross-section with the maximized mass of the satellite.

13 Summary

SLR tracking of geodetic satellites became an exceptional
contributor to science in particular after the launch of the
first two satellites specifically designed for geodetic appli-
cation of SLR, i.e., Starlette in 1975 and the LAGEOS in
1976. SLR to geodetic satellites enabled confirmation of
the theory of plate tectonics through the determination of
SLR station positions and allowed definition of the precise
value of one of the fundamental constants in physics and
astronomy, i.e., the standard gravitational parameter of the
Earth GM, through the high-accuracy satellite orbit recon-
struction. Even today, SLR is indispensable in defining the
origin and scale of the global reference frame, determin-
ing the Earth’s long-wavelength gravitational potential (in

particular the oblateness term), and observing Earth rota-
tion parameters. These products are essential in climate
change and terrestrial environment studies, that allow us to
monitor and better understand the mechanisms of change in
the hydrosphere, cryosphere, and above all, mean sea level
variations. Even in the era of such dedicated missions as
GRACE and GRACE-FO, the SLR products are still consid-
ered the standard for the long-wavelength scales. The SLR
tracking of geodetic satellites remains fundamental in many
fields of space geodesy due to the relatively unperturbed
orbits of geodetic satellites and the precision of laser obser-
vations at a level of a few millimeters. Thus, SLR plays a
fundamental role in establishing global networks and deriv-
ing geodetic parameters of superior quality. Finally, the long
time series of precise SLR observations allow verification
and confirmation of particular aspects of the theory of gen-
eral relativity, e.g., the Lense-Thirring effect (Ciufolini and
Pavlis 2004; Ciufolini 2007).
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