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INTRODUCTION

Main product of SLR is contribution to the ITRF ( and ):
 The precise frame is used daily by a huge number of individuals and
organizations ( ).

e Surveying; aircraft navigation; vehicle SatNav, automated crop harvesting,
responding to disaster emergencies, etc., etc....

Additionally:
* Improve understanding of the dynamics and modelling of GNSS orbits;
e Calibration and validation of ocean and ice altimetry missions;
e Static and time-varying gravity field;
* Earth orientation and rotation;

* Plate tectonics and crustal deformation;

®

e relativity and lunar science.



INTRODUCTION

The of SLR is the stability of the orbits due to custom designed
satellites = high sensitivity to the low-degree gravity field harmonics and their long-
term changes in time.

This includes geocenter motion, the motion of the solid Earth with respect to the
center of mass of the entire Earth system, which is important for realizing the origin
of the ITRF.

As an , SLR is insensitive to moisture in the atmosphere, and
so has relatively small systematic errors associated with signal propagation - more
robust estimation of station height.

On the other hand, SLR has working in cloudy conditions (and/or during
daylight hours). It is also an expensive, bulky technique -






HISTORY OF SATELLITE LASER RANGING

wasa Beacon-B <

1964 1965 1967 1975 1976

First satellite in orbit with First «pure» geodetic SLR satellites
retro-reflectors. designed to reduce non-gravitational Lense-Thirring-Effect
First successful SLR forces, which simplifies the orbit
observation. modeling and enables geodetic and AN /éy‘*‘"*’
. . N 5
geophysical studies. P L/\fi"’j““’gj Emme\njc’:?g_ %
- otsdam #a
D RGOS | Wettzell p o
. . . . Photo credits: F. Ricci and |.
Reflection of Ruby Laser Radia- - Determine station coordinates [_ZT/ { M(E;:rtce?a % &
{l tion From Explorer XXII - Monitoring plate tectonic popE——
| We hove detcoted sofiected radiati i o - —
o eth:"eorbﬁt;c; B::cﬁif Expl(::et;?g Confirmation qf general relativistic predictions ‘ g‘% *};
tellite after it was illyminated by a Q- (e.g., Lense-Thirring-Effect) ¢ v 3
‘|spoiled ruby laser. This satellite was rymry

1 Taunched from the Pacific Missile Range on - Contribution to a stable ITRF

" October 9, 1964, into an orbit with an incli- . . . ‘ f
nation of 79.7°, an apogee of 1100 km, and - Determine the time-variable Earth’s gravity

March H—m
G AN s oce
G H "

perigee of 939 kn. It is provided with a field IO e cun i
) B
! Py
Fax &
e U
References: = [1] . September November
[1]: Plotkin et al., 1965 o Figure 3.1: Transformation from the ICRF through the CIP to the ITRF.

[2]: Smith et al., 1990

[3]: Altamimi et al.,
2016

Curtesy of dr. Linda Geisser, AIUB, Bern, Switzerland

®



HISTORY OF SATELLITE LASER RANGING

[nternational Laser Ranging Service
1999

Establishment of the ILRS to

- Collect, archive and provide
satellite and lunar LR data

- Set and develop new standards,
e.g., formation of normal points

- Generate products to support
geodetic and geophysical
researches

24. August 2022
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Start of the development Most densiest object in our
from Hz to kHz laser solar system with the main
ranging systems purpose to

- Support relativity
experiments

- Improving geodetic
products.

Future

New or upgraded
stations located in
- India

Norway
Finland

- USA

New satellite missions:

- GENESIS (ESA)
-
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Satellite LAGEOS LAGEOS-2 LARES Starlette Stella LARES-2

Inclination 109.8° 52.6° 69.5° 64.9° 50° 50° 98.6° 70.16°

Perigee (km) 5,860 5,620 1,460 19,120 1,490 810 800 5,890

LEO

Satellite Jason-3 ICESat-2 GRACE-FO Sentinel-3A/-3B SWARM SARAL

Inclination 66° 92° 89° 98.65° 92° 98.55°

Perigee (km) 1,336 496 500 814.5 720 814
HEO/GNSS

Satellite GLONASS Galileo BeiDou QZSS IRNSS GPS-llI

Inclination 65° 56° 55.5° 45° 29° 55°
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Perigee (km) 19,140 23,220 42,161 32,000 42,164 12,550



MEASUREMENT PRINCIPLES OF SLR

1. Emitting ultra-short laser pulses
(=> start the timer)
2. Laser pulses travel through the

Retro-reflectors

Spherical SLR satellite
atmosphere '
3. Laser pulses are reflected at the FWHM= 10ps
satellite

4. Laser pulses are detected
(=> stop the timer) \
5. Time-of-flight: At \

1
d = ECA“' Adgiq+ Adqt e

Acronyms: / T~
* FWHM: Full Width . . . .
At Halt Maximum Corrections related to | Station Signal propagation
Satellite

Curtesy of dr. Linda Geisser, AIUB, Bern, Switzerland



SYSTEMATIC ERRORS IN SLR

Global Geodetic Observing System (GGOS) goal is to reach the millimeter accuracy and
stability of 0.1 mm/year -> major obstacles are station-satellite measurement biases
and on-ground-board coordinate offsets.

Ideally, SLR stations should at most exhibit small and constant systematic error to high
precision, however:

e Systematic errors in range -> (calibration and/or synchronization issues, hardware
malfunctioning, intrinsic device limitations...);

» Systematic errors affecting the epoch of the observations -> (SLR stations work to
~100ns accuracy with respect to UTC, via GNSS);

e Systematic errors in (e.g., satellite center of mass offsets, force model
deficiencies...).

BGS
References: U

[5]: Luceri et al., (2019)



SYSTEMATIC ERRORS IN SLR

Range biases:

* An operational definition of range biases would simply identify them with whatever values are
obtained when an explicit allowance for the presence of range errors is made in the
observation equations of a least squares system of SLR data.

* In terms of information content, range biases are scalars with no preferred orientation pointing
to their origin.

* Identifying the actual causes of estimated biases is a difficult, separate problem that may
require in-depth knowledge of hardware systems, operation procedures, measurement
process, signal behavior and modeling issues, as well as having available all the relevant meta-
data and ancillary information.

* From analysis point of view range biases are to be fully known and understood ->
they are with the station heights, their presence can ‘corrupt’ the estimatio/n_\
cererences,  OF site coordinates -> these ultimately define the scale and the geocenter of the ITRF. &

[5]: Luceri et al., (2019)



SYSTEMATIC ERRORS IN SLR
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HISTORY OF STANFORD COUNTERS AT HX
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RANGE BIASES (LAGEOS 1)

It is interesting to look at the RB results:
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RANGE BIASES (LAGEOS 1)

It is interesting to look at the RB results:
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RANGE BIASES (LAGEOS 1)

It is interesting to look at the RB results:
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FINALLY — HERL HEIGHT TIME SERIES 1993-2022

All known corrections applied to each normal point.

RB solved-for along with reference frame - at the expense of some increase in noise,
essentially bias-free. Standard errors shown in plot are result of full covariance analysis.
Outliers excluded from fit based on large STD. error, shown on plot without error bars.
Annual, semi-annual and linear terms fitted to time series.

! Linear term is -0.12 +/- 0.04 mm/yr; Modeled GIA signal
B for this forebulge (collapsing) site is ~ -0.4mm/yr.
So, a significant discrepancy still remains between
o ’ { measurement and model?.
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SYSTEMATIC ERRORS IN SLR

Center of Mass offsets:

* A particularly important modeling issue in SLR is the determination of the reflection point of
the laser pulses on the retroreflector array, relative to satellite center of mass.

Compared to the transmitted laser
pulse, the satellite retroreflection is
broadened and deformed due to
reflection from multiple cube corner
reflectors (so-called

).

Acronyms:

* CCR: Cube corner
reflectors

References:

[7]: Otsubo et al., (2003)
[8]: Rodrigez et al., (2019)
[9]: Kucharski et al., (2014)
[10]: Rodrigez et al., (2019)
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SYSTEMATIC ERRORS IN SLR

Center of Mass offsets:
* A particularly important modeling issue in SLR is the determination of the reflection point of

the laser pulses on the retroreflector array, relative to satellite center of mass.

e Center of mass offsets depend on:

— The geometry and physical characteristics of the retroreflector arrays:

(front) (side) ETALON
AJISAI 8.s! fused silica
Y n=1.46 27.0
fused silica 42.0 alminium coating
n=1.46 on back faces
no coating - .
on back faces 19.1
LAGEOS
fused silica
n=1.46 9.4

on back faces

no coating /

®
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SYSTEMATIC ERRORS IN SLR

Center of Mass offsets:
* A particularly important modeling issue in SLR is the determination of the reflection point of
the laser pulses on the retroreflector array, relative to satellite center of mass.

e Center of mass offsets depend on:

— The geometry and physical characteristics of the retroreflector arrays.
— And on a number of features of the ground stations and their mode of operation.

®

References:
[7]: Otsubo et al., (2003)



ILRS HANDLING OF SYSTEMATIC ERRORS

An innovative approach to handling systematic errors in the network for the ILRS contribution to
the ITRF2020 was developed:

* Pilot project called delivered a series of
estimates of long-term mean biases for each station (based on weekly solutions), along with
the time intervals of applicability and their statistics.

« These were subsequently analyzed for breaks and “jumps” which when identified, triggered
the calculation of the mean of these estimates in each period, along with its standard
deviation.

e All results of the SSEM PP were entered in a special edition of the Data Handling File which
was distributed only to the AC teams supporting the development of the ITRF2020.

provided satellite/station specific values.

References:

[5]: Luceri et al., (2019)
[10]: Rodrigez et al., (2019)
[11]: Pavlis et al., (2022)
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ILRS HANDLING OF SYSTEMATIC ERRORS
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How do we use SLR observations to yield “useful” products?

The key is precise orbit determination and Least Squares parameter estimation.
* In , the same process as for SLR, GNSS, DORIS:
all the acting on a satellite

- Conservative — Earth’s gravity field, Lunar-solar tides and planetary gravity
attraction

- Non-conservative — solar radiation, atmospheric drag, heating

Vector-summing each force, gives us the
. twice to get position;

- Constants of integration are the (estimated) initial state vectors of the satellite

At the same time compute the partial derivatives of satellite position w.r.t. all the forces
acting.

(Ges)
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How do we use SLR observations to yield “useful” products?

 Numerical integration is carried out in a geocentric, inertial reference frame (J2000);
- vyields time-dependent x, y, z coordinates of the satellite(s) in same frame;

- for each observational epoch at each station, the expected range is computed and
compared with the observed range;

e Least-squares adjustment then carried out to improve the force model and, more
importantly, the of the tracking stations (in Earth-fixed
system), together with

Software package for this analysis of SLR normal points has been built and is constantly
developed/improved at SGF (famously known as SATAN).



SUMMARY

* Understanding and mitigation of systematic errors
within SLR plays great role (although sometimes not that
straightforward...).

* Accurate satellite tracking leads to a consistent global
reference frame within which truly global environmental
changes may be studied.

* Yes - SLR is an important geodetic technique!




Thank you!
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