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Determination of global terrestrial reference frames (TRFs)

Combination of different space geodetic techniques

(Altamimi et al., 2016)
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Determination of global terrestrial reference frames (TRFs)

GNSS SLR VLBI DORIS

→ Different sensitivity and suitability of the different techniques to the TRF-defining
parameters (origin, scale, orientation) (Sillard and Boucher, 2001)

Datum realization of ITRF2014

Origin: SLR

Scale: weighted average of SLR and VLBI scale

Orientation: w. r. t. previous realizations
X Y

Z
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Datum realization of global TRFs

GPS/GNSS does not contribute to the realization of the ITRF2014 . . .

origin mainly due to systematic effects including uncertainties in solar radiation
pressure modeling, (e. g., Rodriguez-Solano et al., 2014; Glaser et al., 2015)

scale since present satellite phase center offsets (PCOs) were derived with fixed
ITRF and, therefore, dependent on SLR and VLBI scale (Schmid et al., 2007)

→ No independent network scale realization by GPS/GNSS
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Motivation – Global terrestrial reference frame (TRF)

→ For Earth system monitoring: e.g., global sea level rise of about 3.1 ± 0.4 mm/yr
(Cazenave et al., 2018, IPCC Special Report 2019, Oppenheimer et al., 2019)

Requirements on TRF

Accuracy: 1 mm

Long-term stability: 1 mm/decade

set by the Global Geodetic Observing
System (GGOS ) (Gross et al., 2009)

State-of-the-art

Accuracy: 8.8 mm (scale), 3 mm (origin)

Long-term stability: 2 mm/decade

International Terrestrial Reference Frame
ITRF2014 (Altamimi et al., 2016)

→ Current accuracy does not fulfill required accuracy

→ Investigation of potential improvements of future GNSS constellation “Kepler” on
reference frame by simulations
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Datum realization of global TRFs

Previous studies

GNSS can contribute to the realization of origin and scale of a terrestrial reference
frame, especially in long-term (Heflin et al., 2002; Rülke et al., 2008; Glaser et al., 2015; Haines

et al., 2015)

Relation network scale ⇔ satellite phase center offsets (PCOs):
scale change [ppb] = 7.8 · ∆z-PCO [m] (Zhu et al., 2003)

Possibility to transfer independent scale information to GPS/GNSS

via LEOs (e.g., GRACE, TOPEX/Poseidon, Haines et al., 2015; Männel, 2016)
via calibrated antenna pattern for Galileo (IGS repro3 for ITRF2020, Rebischung, 2019;

Villiger et al., 2019)
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Datum realization of global TRFs

In this study

We assess by simulations the potential of the future GNSS constellation
“Kepler” on the TRF origin and scale, as well as on the Earth rotation
parameters.
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Next generation GNSS constellation “Kepler”

(Glaser et al., 2020)

Project: “Advanced Technologies for
Navigation and Geodesy” (DLR, GFZ)

• 24 MEOs in 3 orbital planes

→ Galileo-like
→ Positioning/navigation

• 6 upper LEOs in 2 perpendicular polar
planes

→ Linking MEO planes

X Optical frequency references and
inter-satellite links (ISLs)

(Giorgi et al., 2019)

www.hgf-advantage.de www.kepler.global
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Simulation setup

1. Simulations of GNSS observations

White noise
Code: 50 cm (ground stations, LEOs)
Phase: 5 mm (ground stations), 3 mm (LEOs)
Inter-satellite ranges: 1 mm

1-day arcs over time span of 10 days

124 globally distributed stations

Simulated Kepler station network

2. Recovery of GNSS observations

Generation of daily normal equation
systems (NEQs) for different scenarios

3. Stacking and solution

Reduction of daily NEQs
e.g., tropospheric parameters, ambiguities

Stacking and datum realization

Estimated parameters (not all):
station positions, satellite PCOs

7p-Helmert transformations to assess
scale
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Simulation scenarios

→ Assessment of Kepler constellation by different simulation scenarios

Simulation of Kepler constellation and ground stations with

1 MEOs → Galileo

2 MEOs+ISLMEO (inter-satellite links)

3 MEOs+LEOs

4 MEOs+LEOs+ISLMEO

5 MEOs+LEOs+ISLMEO+ISLLEO

6 MEOs+LEOs+ISLMEO+ISLLEO+CLKfix (satellite clocks fixed) → Kepler
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Results: Geocenter

Standard deviations of realized origin

(Glaser et al., 2020)

Improvement w. r. t. MEO-only

Factors X Y Z

+ISLMEO 3 3 13
+LEO 3 2 14
+LEO+ISLMEO 3 3 17
+LEO+ISLMEO+ISLLEO 3 3 20
Kepler 8 8 43

→ Kepler constellation very beneficial for
origin realization, especially in weak Z
direction
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Sensitivity analysis: geocenter and solar radiation pressure parameters

Correlation matrices for geocenter estimates in X ,Y ,Z and parameters of solar radiation
pressure model (Glaser et al., 2020)
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Results: Scale realization

(Glaser et al., 2020)

→ Assessed by reference system effect
(Sillard and Boucher, 2001, Eq. 18)

→ All PCOs fixed to “true values”

Scale improvement w. r. t. MEO-only

+ISLMEO -19%
+LEO -23%
+LEO+ISLMEO -26%
+LEO+ISLMEO+ISLLEO -28%
+LEO+ISLMEO+ISLLEO+CLKfix -34%

→ Kepler constellation beneficial for
network scale realization
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Results: Impact of biased MEO z-PCO on network scale

(Glaser et al., 2020)

→ All MEO z-PCO biased by -2 cm

→ All PCOs (MEO/LEO) fixed

Results

MEO-only: -2 cm ∆z-PCO → scale
change of 0.9 mm
(Agreement with Zhu et al., 2003)

MEO+LEO solution with smallest
scale change
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Results: Impact of biased LEO z-PCO on network scale

(Glaser et al., 2020)

→ All LEO z-PCO biased by -1 cm

→ All PCOs (MEO/LEO) fixed

Results

MEO+LEO: -1 cm LEO ∆z-PCO →
2.3 mm scale change

Inter-satellite links (MEO-LEO)
significantly reduce scale change below
0.1 mm
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Results: Impact of biased LEO z-PCO on network scale (MEO+LEO)

(Glaser et al., 2020)

How accurate LEO z-PCOs for scale
change below 1 mm?

→ All LEO z-PCO biased by
−[10, 5, 4, 3, 1] mm

→ All PCOs (MEO/LEO) fixed

Result

LEO ∆z-PCO 4 mm and better
→ scale change below 1 mm

Approximation: scale change [mm] =
0.22 ·∆z-PCO [mm]
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Results: Earth rotation parameters

Standard deviations of estimated ERP: xp , yp ,

UT1-UTC (Glaser et al., 2020)

ERP improvement w. r. t. MEO-only

Factors xp yp UT1

+ISLMEO 2.0 1.6 2.1
+LEO 2.4 2.7 2.0
+LEO+ISLMEO 1.7 2.1 2.5
+LEO+ISLMEO+ISLLEO 2.8 3.6 2.4
Kepler 4.2 4.7 6.6

→ Kepler constellation beneficial for ERP
estimation
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Conclusions

Simulations of a future GNSS constellation “Kepler” for reference frame determination

Realized origin

Improvements in formal errors by factors of 8 in X and Y , and 43 in Z for Kepler
w. r. t. Galileo
Kepler allows complete de-correlation of geocenter and solar radiation pressure
parameters

Network scale

Improvements in formal errors by up to 34% w. r. t. Galileo
Satellite phase center offsets can be freely estimated with Kepler

Earth rotation parameters: Improvements in formal errors by factors of 4 in xp, 5
in yp, and 7 in UT1 w. r. t. Galileo

→ Kepler constellation very beneficial for reference frame determination
→ Improvements mainly by LEOs and ISLs between MEOs
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I will be available during the chat on Wed, 06 May, 08:30-10:15 for discussion.

You can also contact me via email:

susanne.glaser@gfz-potsdam.de

www.hgf-advantage.de

Acknowledgements
This work was performed in the project ADVANTAGE (Advanced Technologies for Navigation and Geodesy),
and funded by the “Impuls- und Vernetzungsfond” of the Helmholtz Association under research grant ZT-0007.

Funded by

Glaser et al. (GFZ),
Future GNSS constellation simulations EGU 2020 05/06/2020 24 / 26



Introduction Strategy Results Conclusions References

References I

Altamimi, Z., Rebischung, P., Métivier, L., and Collilieux, X. (2016). ITRF2014: A new release of the International Terrestrial Reference Frame
modeling nonlinear station motions. Journal of Geophysical Research: Solid Earth. 2016JB013098.

Cazenave, A. et al. (2018). Global sea-level budget 1993–present. Earth System Science Data, 10(3):1551–1590.

Giorgi, G., Schmidt, T., Trainotti, C., Mata-Calvo, R., Fuchs, C., Hoque, M., Berdermann, J., Furthner, J., Günther, C., Schuldt, T., Sanjuan, J.,
Gohlke, M., Oswald, M., Braxmaier, C., Balidakis, K., Dick, G., Flechtner, F., Ge, M., Glaser, S., König, R., Michalak, G., Murböck, M.,
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