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* The Earth is dynamic. We must continuously monitor it because we need
to know the ‘place in space’ of the Earth and satellites and at all times for
accurate and reliable satellite services.

* Important geodetic ground infrastructure for reference frame creation
includes Very Long Baseline Interferometry, Satellite Laser Ranging, Global
Navigation Satellite Systems, DORIS and gravimetry. These techniques are
complementary.

e Current geodetic ground infrastructure challenges include a northern
hemisphere bias, aging technology and an overreliance on in-kind support.

e Stronger governance systems are needed both internationally and within
Member States.

STRONGER.
TOGETHER.




Global Geodesy Supply Chain
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Space geodetic techniques
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International Celestial Reference Frame (ICRF)

International Celestial Reference Frame (ICRF) Earth
- . Axis of
Rotation

Ouasars

The International Earth Rotation and Reference
Systems Service (IERS) was created in 1988 to
establish and maintain a Celestial Reference
Frame, the ICRF. The ICRF is defined by the
position of significant celestial objects.
Perhaps the mostimportant of these

are the so called radio-loud quasars.

These are super massive black

holes at the centre of galaxies

that radiate huge amounts of Earth
energy. A guasar typically emits Mass
radiation with a unigue signature Centre

- a pattern across the radiation
spectrum. These quasars, to all
intents and purposes, appear as
fixed points in the sky and thus as

fixed reference pointsin the ICRF. Mean

Equinox —
12000.0

Mean
Equator
J2000.0

J2000.0is a standard Julian equinox and

epoch - January 1, 2000at 12:00 TT. X
IERS iers.omg ‘ = _a
Rupert W Brown Sepbem ber 2021 _

https://geoscienceaustralia.github.io/ginan/theory.html



International Terrestrial Reference Frame (ITRF)

International Terrestrial Reference Frame (ITRF) Earth
Axis of

International . Rotation

Reference
Meridian

The IERS also maintains the Terrestrial Reference
Frame, the ITRF. The ITRF is based on three axes,
X, Y and Z with the origin placed at the Earth's
centre of mass. The ITRF rotates with and

as the Earth rotates across a day. A position in X,
Y and Z coordinates can be converted to
geographical coordinates (Longitude, Latitude
and Height) using a geodetic datum such as
WGS84 (world) or GDA2020 (Australia).

Curiously the Earth is not a perfect sphere. It's 4 -
radius is bigger at the equator than it is at the \ f_ S,
poles. It also has lumpy gravity. If you ran an N BT sl e .
altimeter over Earth and plotted out all the points .
of equal gravity, the picture would look a bit like a
potato. This gravity potato is called the geoid.

The relationship between the
ICRF and ITRF is defined by
Earth Orientation Parameters (EOP).

The Internetionsl Reference Meridian runs
spproximately 100 m to the west of the

IERSinrs.omg original Gresnwich Mean Meridian

Rupert W Broswn December 2021

https://geoscienceaustralia.github.io/ginan/theory.html



Geodetic techniques

Gravimetry - Levelling, Altimetry,

GNSS T Tide Gauges
Earth’s shape —!—

Gravity field / = Vertical reference system
DORIS .
Zero value for height | Height component
Laser

Mass Transport Sea level
Water cycle
Climate monitoring _

image credit:
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ITRF Observation Techniques
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Very Long Baseline Interferometry (VLBI)

The same signal emitted by
extragalactic radio sources is
captured by multiple radio
telescopes on Earth.

.
-
~
.
.
~-

)
VD

Quasars

.
-
-----
-
~
..

.
-
-
-
L]
e
~u
-~
-
-~
-

;. [eiels
image by
GGOS

The signal arrives at the
telescopes at different times;
i.e., with a time delay.

i |€—| clock 2

clock 1

The distance (baseline)
between the radio telescopes
is calculated using the
detected time delays.

The time delay is
detected by comparing
the records at different
telescopes (correlation
processing).

The joint processing of
time delays and
baselines of a global
network of radio
telescopes allows the
determination of precise
positions of the radio
telescopes and the
orientation of Earth in
space.

\
https://ggos.org/item/vlbi (created by Laura Sanchez)

Recording of electromagnetic radiation from very
distant objects in space (quasars) in the microwave
frequency range

Interferometric method: At least two telescopes
required, highest time requirements (atomic clocks
required)

Determination of the exact travel time difference by
correlating the recorded data after measurement at a
correlator

Calculation of the baselines between the VLBI stations

Based on the times recorded at different locations, it is
possible to determine the orientation of the Earth, spin-
rate of the Earth and the distance between the
antennas (which can be 1000s of km apart) with

millimeter precision. STRONGER.
TOGETHER.



https://ggos.org/item/vlbi

International VLBI Service

for Geodesy and Astrometry
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Very Long Baseline Interferometry (VLBI)

ICRF3 5/X

- rﬂﬂh.m o o Defining

mmmw m-:h..,.
i SR AT ATL Ty

Ve %

S, et "-._‘-'

"\. --%-P"'

-45"
-75° —
Y =N \Q https://ggos.org/item/celestial-reference-frame/
~
‘/V s> "\’ (Charlot P. et al, (2020) The third realization of the International Celestial Reference Frame by very long baseline interferometry. STRONGER.
\(“ % p‘/ Astronomy and Astrophysics, Vol. 644, A159, 28 p., DOI: https://doi.org/10.1051/0004-6361/202038368) TOGETH ER
N\N~—Z



https://ggos.org/item/celestial-reference-frame/

Radio telescopes operated by BKG

20 m RTW (Wettzell) = _‘

T
13 m TWIN-Teleskope (Wettzell)

S A N S s
S T e =

9 m Radioteleskop O‘Higgins

6 m Radioteleskop AGGO
(La Plata)

Image Credits: BKG STRONGER.
TOGETHER.




Satellite Laser Ranging (SLR/LLR)

The emission of the
pulse triggers an Event
Timer Unit that records

the precise epoch of

that instant. The

reflected pulse

; detection triggers again
o the unit and the range is
s v inferred as %% the time-
Transmitted interval between the two
pulse epochs, corrected for
calibration constants,
atmospheric delay, etc.

Earthbound observatories emit ultra-short
laser pulses towards retroreflector arrays
on satellites or the moon surface, which
reflect the pulses back towards their origin.

satellite with
corner cube
reflectors

Orbit
Reflected

pulse Laser

transmitter

Pulse
m Laser

The pulse roundtrip
time interval is
measured with an

accuracy of a few _
picoseconds. )J'_.
Received start
pulse
=P \lf v
Measurement of the pulse's i Event Timer
roundtrip travel time Unit (ETU)

y

SLR range observations enable the
accurate determination of orbital
trajectories, the position and velocity
of the tracking stations, Earth's

- polar motion and variations in the
"dos” length-of-day.

https://ggos.org/item/slr-lIr (created by Laura Sanchez)

Satellite Laser Ranging operators fire lasers from ground
observatories at satellites and measure the time it takes for the
laser light to return.

Based on the time delay, geodesists can monitor the orbits of
satellites with centimeter accuracy.

For some satellite applications, it is important to know
precisely where a satellite was when it transmitted a signal to
ensure accuracy and reliability (e.g. GNSS).

Satellite Laser Ranging is also used to define the diameter of
the Earth, strength of the gravity field, centre of the mass of
the Earth (the point satellites orbit around), and the centre of
the global coordinate reference frame.

STRONGER.
TOGETHER.



https://ggos.org/item/slr-llr

International Laser Ranging Service

* current SLR
& Stations in process and planned

Current and Planned ILRS Network

Gaps in geographic coverage
remain

Different vintage Systems
Different weather conditions
Different staffing levels

New Stations (2023-2024)
Yebes, Spain
Ishioka, Japan

Future Stations (2024-2027)
La Plata, Argentina

San Juan, Argentina
Metsahovi, Finland
McDonald, TX, USA

Ny Alesund, Norway

Mt Abu, India

Ponmundi, India

Irkutsk (Tochka), Russia
Mendeleevo (Tochka), Russia

source: ilrs.gsfc.nasa.gov




Laser Ranging Systems of BKG

AGGO-SLR (La Plata),
50 cm Teleskop, monostatisch

WLRS (Wettzell), 75 cm Teleskop, monostatisch

SOSW (Wettzell)
50 cm Empfangsteleskop
16 cm Sendeteleskop

=) STRONGER.
=/ TOGETHER.







Global Navigation Satellite Systems

(1) The system operator
calculates satellite orbits and
clock synchronization using
ground stations with known
coordinates.

(2) The operator loads the
calculated orbits and satellite -
clock corrections to the
satellites.

(3) Orbits and clock
corrections are broadcast
together with a very stable
time stamp from an atomic
clock, so that a receiver can
continuously determine the
time when the signal was
broadcast.

(4) The difference between the
time of arrival and the time of

The broadcast information has an

time of the signal, which, usually employed for navigation

multiplied by the speed of light, applications. For the precise

provides the distance (Or observation Of the Eal'th, QBOdESIStS

range) satellite - receiver. calculate orbits and clock corrections —
o . with a very much higher accuracy (in

(5) With information about the the centimetre and picosecond

ranges to four satellites and the ranges). This requires the

|‘?Cat"|3” of the ;-"-attr?"'te when the simultaneous determination of station

signal was sent, the receiver positions, satellite orbits and Earth

can compute its own three- orientation parameters in a single STRONGER.

dimensional position. consistent calculation.

TOGETHER.

https://ggos.org/item/gnss/ (created by Laura Sanchez)



https://ggos.org/item/gnss/

International GNSS Service
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(source: igs.org)




Doppler Orbitography and Radiopositioning

Integrated by Satellite (DORIS)

DORIS ground stations emit radio signals,
which are captured by several satellites
carrying DORIS receivers

|

When a satellite
approaches a
station, the
frequency of the
received signal is
higher than the
frequency of the
signal originally ’
emitted by the -

When the satellite
moves away from
the station, the

_
* Doppler Orbitography and Radiopositioning Integrated by

Satellite (DORIS) is a French satellite system used to help
determine and monitor satellite orbits and for positioning.

* The principle of DORIS is similar to GNSS but in reverse.

* Active ground-based radio beacons send out a signal which
is detected by receiving satellites.

* A frequency shift of the signal occurs, which is caused by the

lower than the
frequency of the
original signal

-~
~
~
e,
-
-----
-
-
.
LY
-

station

! movement of the satellite (Doppler effect).
-9&—0“‘“ : * Broadcast on 2 frequencies (400 and 2036 MHz) allows
A determination of signal propagation delays through

3 atmosphere
% Rer“:_ewedt:eq"t':”w Time of closest approach
8| wransmitied frequency Froquencies aro thb same) e Orbit determination of Earth observation satellites
o time * Coordination determination of beacon on the Earth's

v

By plotting the frequency received by
the satellite as a function of time, the

¥ slope of the curve at the time of closest

approach allows to calculate the
distance between the ground station
and the satellite

With these observations, DORIS allows
the precise determination of satellite
orbits and ground station positions as
well as the orientation of Earth in space

eceived frequency lox
than the transmitted

frequency

ver

Doppler
curve

https://ggos.org/item/doris (created by Laura Sanchez)

surface
Co-location with other space methods and contribution to

GGRF

STRONGER.
TOGETHER.



https://ggos.org/item/doris
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Gravimetry

Principle
* Gravimetry instruments observe the
gravitational acceleration

* Two different kind of gravimeters:
* Absolute, e.g. free fall gravimeter
* Relative, e.g. spring or superconducting

gravimeter,

e Types of measurements:
* Terrestrial

* Airborne

Credit: Micro G Lcoste e Satellite

Geoid, the physical
Purpose shape of the Earth
* Determination of physical shape of the Earth
defined by gravitation equipotential surface
e Determination of the Centre of Mass of the

Free Fall Gravimeter

=) Farth STRONGER.
= L . .
N\N\=Y  Monitoring of geophysical dynamics TOGETHER.




Geodetic Observatory Wettzell, Germany
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Integration of space techniques

VLBI

Geodetic Observatory Wettzell

GNSS

Local Tie

SIS (I Y

Co-location sites and local ties play a fundamental role for the
integration of different space geodetic observation techniques

=) STRONGER.
=/ TOGETHER.




Local tie survey network

* Precise link between the

oLk

* Provides tie vectors between
the space techniques

/4 \ i []d individual observing
/ \\ . - , u g components

<N

* Allows data combination from
the geodetic techniques

Local surveying network of
Fundamental Geodetic N
Observatorium Wettzell

* Proof of local stability of the
reference points

50 Meter

N STRONGER.
74 TOGETHER.




Time and Frequency

7z TN

Cesium clocks

Hydrogen maser
max. Stability
<10% sec.

Geodetic observations depend on precise frequency and
time keeping
Instruments have to be connected to precise frequency and
time keeping
Atomic clocks at geodetic observations
* Accuracy up to picosecond (ps) level
* Time synchronisation between different geodetic
techniques
e Contribution to UTC
e Contribution to timekeeping comparison
GNSS systems
* work with own timekeeping
* Time transmission and synchronisation across different
observation sites in the world
* UTC time transfer and synchronisation

STRONGER.
TOGETHER.




Collocation of the techniques

ITRF: International Terrestrial Reference Frame

o 1 Technique

® 2 Techniques

© 3 Techniques

@ 4 Techniques

Only one
continent has at
least three sites
where VLBI and
SLR are
collocated.

The global
geodesy supply
chain is not
robust.



Contributions from space techniques

Different techniques allows
independent measurements.

Each technique is unique and
have different contributions to
geodetic products.

©BKG

Type of Parameter

VLBI

GNSS

DORIS

SIR

Quasar Coordinates (ICRF)

Nutation

Polmotion

uTl

Long ofthe day (LOD)

Subdaily Eart Rotation Parameters (ERP)
ERP Oceantide amplitudes

Coordinates and Velocities (ITRF)

Geocenter
Gravitation Field
Satellite Orbits
LEO Satellite Orbits

m @ = oem |

lonosphere

Troposphere

Time Transfer and Synchronization




Resources

* Further reading on ITRF and ICRF -
https://geoscienceaustralia.github.io/ginan/theory.html
* Geodetic techniques and Services of the International Association of Geodesy -

https://ggos.org/services/



https://geoscienceaustralia.github.io/ginan/theory.html
https://ggos.org/services/
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