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Low Earth Orbiters (LEOs) 
GRACE GOCE 

Gravity Recovery And 
 Climate Experiment  

Gravity and  
steady-state Ocean 
 Circulation Explorer 

But there are many more missions equipped with GPS receivers … 
Jason Jason-2 MetOp-A Icesat COSMIC 

CHAMP 

CHAllenging 
Minisatellite Payload  

http://de.wikipedia.org/w/index.php?title=Datei:ICESat1.jpg&filetimestamp=20060331191429
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LEO Constellations 
Swarm TanDEM-X Sentinel 

and of course, in the near future  
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LEO Precise Orbit Determination (POD) 

cm-precision 

mm-precision 

μm-precision 
(with inter-satellite data) 
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Global Navigation Satellite Systems (GNSS) 

GPS 

Other GNSS are already existing (GLONASS) or being built up (Galileo, Beidou), but  
there are no multi-GNSS spaceborne receivers (with open data policy) in LEO orbit yet. 

Galileo 
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Introduction to GPS 

GPS: Global Positioning System 
 
Characteristics: 
 
- Satellite system for (real-time) Positioning and Navigation 
 
- Global (everywhere on Earth, up to altitudes of  5000km) and at any time 

 
- Unlimited number of users 

 
- Weather-independent (radio signals are passing through the atmosphere) 
 
- 3-dimensional position, velocity and time information 
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Global Network of the International GNSS Service (IGS) 

IGS stations used for computation of final orbits at 
UBERN (CODE) in June 2016 (Dach et al., 2009) 
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Parameters of a Global IGS Solution 

 
- A large parameter estimation problem needs to be solved to determine GPS 

satellite orbits together with many other parameters on a routine basis  
- Thanks to this continuous effort performed by the Analysis Centers (ACs) of the 

International GNSS Service (IGS) many scientific applications are enabled 
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Performance of IGS Final Orbits 

1 cm !! 
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GNSS Solar Radiation Pressure Modeling 

Old Extended CODE Orbit Model (ECOM) was represented by  

and 

with , 
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GNSS Solar Radiation Pressure Modeling 

Satellite seen from the Sun, 
Sun perpendicular to orbital plane. 
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GNSS Solar Radiation Pressure Modeling 

Satellite seen from the Sun, 
Sun lies within the orbital plane. 
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GNSS Solar Radiation Pressure Modeling 

The following patterns can be recognized: 
 
- The solar panels are always pointing to the Sun and thus only cause a 

constant perturbation in D-direction 
 

- If the Sun is perpendicular to the orbital plane, no periodic solar radiation 
pressure perturbations are expected  
 

- If the Sun is within the orbital plane, a twice-per-revolution periodic signal is 
expected in D-direction (and a once-per-revolution periodic signal in X-
direction) 

 
- The more a GNSS satellite body deviates from a sphere, the more 

pronounced are the periodic signals (less pronounced for a cube - GPS, 
more pronounced for a cylinder - Glonass) 
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with 

New Empirical GNSS Radiation Pressure Model 

New Extended CODE Orbit Model (ECOM2) is still represented by  

, 

but now with 

(Arnold et al., 2015) Δu = u - us 
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New GNSS Reprocessing in the frame of EGSIEM 

(Sušnik et al., 2017) 

More than 250 globally 
distributed tracking stations 
homogeneously reprocessed 
for 2003-14 
 

Such products are a prerequisite for LEO  
POD and gravity field recovery! 

-   
 

Rigorous combined processing  
scheme of GPS and GLONASS  
measurements applied 
 

-   
 

Products are GNSS (GPS &  
GLONASS) satellite clock 
corrections (30-sec, 05-sec), 
GNSS satellite orbits, Earth 
rotation parameters, station 
coordinates 

-   
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GNSS Orbit Validation by Satellite Laser Ranging (SLR) 

ECOM2 reduces systematic GNSS orbit errors (GLONASS-M, 2003-14): 

(Sušnik et al., 2017) 

ECOM 

ECOM2 
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Computation of GNSS Clock Corrections 

(Bock et al., 2009) 

The final clock product  
with 5 min sampling is 
based on undifferenced 
GPS data of typically 
120 stations of the IGS 
network 

The IGS 1 Hz network 
is finally used for clock 
densification to 5 sec 
The 5 sec clocks are interpolated to 1 sec 
as needed for 1 Hz LEO GPS data 
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Availability of Reprocessing Products 

- All Reprocessing Products covering GPS-only (1994-2001) and combined 
GPS+GLONASS (2002-2014) are publicly available at 
 

   http://www.aiub.unibe.ch/download/REPRO_2015 
 
- A detailed analysis strategy summary may be found at 

 
   CODE_REPRO_2015.ACN 
 
- The use of the Reprocessing Products should be referenced as 

 
 Sušnik, A., R. Dach, A. Villiger, A. Maier, D. Arnold, S. Schaer, A. Jäggi (2016):  
 CODE reprocessing product series. Published by Astronomical Institute, 
 University of Bern. URL: http://www.aiub.unibe.ch/download/REPRO_2015; 
 DOI: 10.7892/boris.80011 

http://www.aiub.unibe.ch/download/REPRO_2015
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GPS Signals 

Signals driven by an atomic clock 

Two carrier signals (sine waves): 

Bits encoded on carrier by phase 

- L1: f = 1575.43 MHz, λ = 19 cm 
- L2: f = 1227.60 MHz, λ = 24 cm 

modulation: 

- C/A-code (Clear Access / Coarse 
Acquisition) 

- P-code (Protected / Precise) 
- Broadcast/Navigation Message 

(e.g. Blewitt, 1997; Teunissen and Montenbruck, 2017) 
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Carrier Phase Observation Equation 

Tropospheric delay  
Ionospheric delay  
Phase ambiguity  

Receiver clock offset wrt GPS time  

Distance between satellite and receiver  
Satellite clock offset wrt GPS time  

Relativistic corrections  
Delays in satellite (cables, electronics)  
Delays in receiver and antenna  
Multipath, scattering, bending effects  
Measurement error  

Not existent for LEOs 
Cancels out (first order only) 
when forming the ionosphere- 
free linear combination: 

are known from ACs or IGS  
Satellite positions and clocks  
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Geometric Distance 

at emission time  

Geometric distance is given by: 

Inertial position of LEO antenna phase center at reception time  

Inertial position of GPS antenna phase center of satellite  

Signal traveling time between the two phase center positions 

Different ways to represent   : 

- Kinematic orbit representation 

- Dynamic or reduced-dynamic orbit representation 
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Satellite position  (in inertial frame) is given by: 

Transformation matrix from Earth-fixed to inertial frame 

LEO center of mass position in Earth-fixed frame 

LEO antenna phase center offset in Earth-fixed frame 

Kinematic Orbit Representation 

Kinematic positions 
  

are estimated for each measurement epoch: 

- Measurement epochs need not to be identical with nominal epochs 

- Positions are independent of models describing the LEO dynamics. 
 Velocities cannot be provided 
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Kinematic Orbit Representation 

A kinematic orbit is an 
ephemeris at discrete 
measurement epochs 

Kinematic positions are 
fully independent on the 
force models used for 
LEO orbit determination 
(Švehla and Rothacher, 2004) 
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Kinematic Orbit Representation 

Excerpt of kinematic Swarm-C positions at begin of 1 June, 2016 

Measurement epochs 
      (in GPS time) 

Positions (km) 
 (Earth-fixed) 

Clock correction to 
nominal epoch (μs), 
e.g., to epoch 
00:00:20 
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Dynamic Orbit Representation 

Satellite position  (in inertial frame) is given by: 

LEO center of mass position 

LEO antenna phase center offset 

LEO initial osculating orbital elements 

LEO dynamical parameters 

- One set of initial conditions (orbital elements) is estimated per arc. 
 Dynamical parameters of the force model are estimated on request. 

Satellite trajectory 
  

is a particular solution of an equation of motion 
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Dynamic Orbit Representation 

Equation of motion (in inertial frame) is given by: 

with initial conditions 

The acceleration 
  

consists of gravitational and non-gravitational perturbations 
taken into account to model the satellite trajectory. Unknown parameters 
of force models may appear in the equation of motion together with deterministic 
(known) accelerations given by analytical models.  
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Osculating Orbital Elements 

Ω 

ω 

(Beutler, 2005) 
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Perturbing Accelerations of a LEO Satellite 

Force Acceleration 
(m/s²) 

Central term of Earth‘s gravity field 8.42 
Oblateness of Earth‘s gravity field 0.015 

Atmospheric drag 0.00000079 

Higher order terms of Earth‘s gravity field 0.00025 
Attraction from the Moon 0.0000054 
Attraction from the Sun 0.0000005 
Direct solar radiation pressure 0.000000097 
… …  

Accurate non-gravitational force modeling is challenging and currently exploited 
for the various satellites of the Sentinel constellation. For gravity missions the 
non-gravitational accelerations are measured with on-board accelerometers. 
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Dynamic Orbit Representation 

Dynamic orbit positions 
may be computed at any 
epoch within the arc 

Dynamic positions are 
fully dependent on the 
force models used, e.g., 
on the gravity field model 
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Reduced-Dynamic Orbit Representation 

Equation of motion (in inertial frame) is given by: 

Pseudo-stochastic parameters are: 

- additional empirical parameters characterized by a priori known statistical 
properties, e.g., by expectation values and a priori variances 

- useful to compensate for deficiencies in dynamic models, e.g., deficiencies 
in models describing non-gravitational accelerations 

Pseudo-stochastic parameters 

- often set up as piecewise constant accelerations to ensure that satellite 
trajectories are continuous and differentiable at any epoch 
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Reduced-Dynamic Orbit Representation 

Reduced-dynamic orbits  
are well suited to compute 
LEO orbits of highest 
quality in an efficient way 
(e.g. Jäggi et al., 2017) 

Reduced-dynamic orbits  
heavily depend on the 
force models used, e.g., 
on the gravity field model 

(Jäggi et al., 2008) 
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Reduced-dynamic Orbit Representation  

Excerpt of reduced-dynamic Swarm-C positions at begin of 1 June, 2016 

Clock corrections 
are not provided 

Position epochs 
  (in GPS time) 

Positions (km) & 
Velocities (dm/s) 
   (Earth-fixed) 
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LEO Sensor Offsets 

Offset wrt satellite reference frame (SRF) is constant 
Offset wrt center of mass (CoM) is slowly varying ~ Nadir pointing 

~ Flight direction 
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LEO Sensor Offsets 

Phase center offsets  : 

- are needed in the inertial or Earth-fixed frame and have to be transformed 
from the satellite frame using attitude data from the star-trackers 

- consist of a frequency-independent instrument offset, e.g., defined by the 
center of the instrument‘s mounting plane (CMP) in the satellite frame 

- consist of frequency-dependent phase center offsets (PCOs), e.g., defined 
wrt the center of the instrument‘s mounting plane in the antenna frame (ARF)  

- consist of frequency-dependent phase center variations (PCVs) varying 
with the direction of the incoming signal, e.g., defined wrt the PCOs in the 
antenna frame  
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Spaceborne GPS Antennas: GOCE 

CMP 

L1 PCO 
L2 PCO 

L1, L2, Lc phase center offsets  

Measured from ground calibration   
in anechoic chamber 

Lc PCO 

mm 
Lc phase center variations 

flight 
direction 

Empirically derived during orbit determination 
according to Jäggi et al. (2009) 
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Spaceborne GPS Antennas: Swarm 

Swarm GPS antenna 

Multipath shall be minimzed by  
chokering 

mm 
Lif phase center variations 

flight 
direction 

Empirically derived during orbit determination 
according to Jäggi et al. (2009) 
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Spaceborne GPS Antennas: GRACE 

(Jäggi et al., 2009) 

GRACE-B 
(occultation antenna switched on) 

flight 
direction 

GRACE-A 

Generalized Orbit Determination 

mm mm 
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Visualization of Orbit Solutions 

It is more instructive 
to look at differences 
between orbits in well 
suited coordinate 
systems … 

m 

m 

m 
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Co-Rotating Orbital Frames 

R, S, C unit vectors are pointing: 

- into the radial direction 

- normal to R in the orbital plane 
- normal to the orbital plane (cross-track) 

T, N, C unit vectors are pointing: 

- into the tangential (along-track) direction 

- normal to T in the orbital plane 
- normal to the orbital plane (cross-track) 

Small eccentricities: S~T (velocity direction) 

(Beutler, 2005) 
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Orbit Differences KIN-RD (Swarm-C) 

Differences at  
epochs of kin. 
positions 
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Orbit Comparisons (Sentinel-1A) 

(Peter et al., 2017) 

- Shown are daily 
mean differences 
between various 
POD centers 

- Systematics are 
revealed due to 
different modeling 
approaches 

- Comparisons help 
to understand the 
strengths and the 
weaknesses of the 
more dynamic and 
the more kinematic 
POD approaches 

Radial Along-track 

Cross-track β-angle 

Shadow 
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Pseudo-Stochastic Accelerations (GOCE) 

First drag-free  
flight on 7 May 
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Impact of New Reprocessing Products 

(Sušnik et al., 2017) 

(RMS of fit of ionosphere-free carrier phase measurements) 

Reduction of carrier phase residuals of GRACE kinematic positions due to the 
new reprocessing products. 
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For GOCE systematic effects around the geomagnetic equator were observed in 
the ionosphere-free GPS phase residuals 

Phase observation residuals 
(- 2 mm … +2 mm) mapped 
to the ionosphere piercing 
point 

 

Geoid height differences 
(-5 cm … 5 cm);      
Nov-Dec 2011 

 

Degradation of kinematic positions around the geomagnetic equator  propagates 
into gravity field solutions. 

 

 
 

=> affects kinematic positions 

R4 period 

 

Ionospheric (Side-) Effects in GPS Data 

(Jäggi et al., 2015) 
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(Differences wrt GOCO05S, 400 km Gauss smoothing adopted) 

Systematic signatures along the geomagnetic equator may be efficiently reduced 
for static Swarm gravity field recovery when screening the raw RINEX GPS data 
files with a ΔLgf criterion. 

Original GPS Data 
(13 months) 

Screened GPS Data 
(13 months) 

Screened GPS Data 
(18 months) 

Situation for Swarm 

(Jäggi et al., 2016) 
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Systematic signatures along the geomagnetic equator are not visible when using 
original L1B RINEX GPS data files from the GRACE mission.  

(Differences wrt GOCO05S, 400 km Gauss smoothing adopted) 

Original GPS Data 
(Swarm) 

Original GPS Data 
(GRACE) 

Situation for GRACE 

(Jäggi et al., 2016) 
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GRACE-B, doy 060-090, 2014 

 

     Significant amounts of data are missing in GRACE L1B RINEX files  
=> problematic signatures cannot propagate into gravity field. 

Swarm-A, doy 060-090, 2014 

 

     Swarm RINEX files are more complete (gaps only over the poles)   
=> problematic signatures do propagate into the gravity field. 

 

L1A 

Data Gaps in RINEX Files 

(Jäggi et al., 2016) 
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Validation Concepts by Satellite Laser Ranging (SLR) 

(Flohrer, 2008) (Hackel et al., 2017) 
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Left:    Monostatic telescope (1-m) of the SLR station in Zimmerwald, Switzerland 
Right:  Bistatic Telescopes (15-/40-cm) of the SLR station in Potsdam, Germany 

Examples of SLR Stations in Europe 

© GFZ (Ploner et al., 2015) 
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Examples of SLR Stations in Europe 

Zimmerwald: 
• Largely automated operations 
• Multi-purpose telescope also used  
  for astrometry (space debris search)  
• 100 Hz Nd:YAG SLR system 
• Pulse length: 60 ps, energy: 8 mJ 

Potsdam: 
• Deddicated system for SLR 
• 2‘000 Hz Nd:YAG SLR system 
• Pulse length: 10 ps, energy: 0.4 mJ 
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ILRS Station Performance 
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SLR statistics: 

Mean ± RMS (cm) 

 
 

Reduced-dynamic 

Kinematic 

Classical SLR Orbit Validation (GOCE) 

(Bock et al., 2014) 
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Ambiguity-resolution is not only a key for differential baseline determination (not 
shown in this lecture), but also for classical POD using undifferenced GPS data. 

Ambiguity-
fixed solution 

Classical SLR Orbit Validation (Sentinel-3A) 

(Montenbruck et al., 2017) 

Ambiguity-
float solution 
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Different Quality of SLR Stations 

(Arnold et al., 2017) 

 

The quality of SLR data differs significantly for different stations. Corrections are 
needed to use the data from all stations. 
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Different Quality of SLR Stations 

(Arnold et al., 2017) 
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Subtleties in Modeling SLR Range Data 

Different Reflectors at Different LEOs:  

CHAMP/GRACE/TerraSAR-X Sentinel-3 Jason-1/2 

© GFZ © IPIE/ESA/Eumetsat © ITE 

(Arnold et al., 2017) 
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State-of-the-Art SLR Validation 

Lessons learnt for LEO SLR validation: 

- New reference frame SLRF2014 reduces issues in SLR data. However, 
selected stations are still suffering from bad coordinates and range biases.  

- Systematic orbit and station errors affect the modeled SLR range and need 
to be separated in long-term analyses for a proper assessment of the orbit 
quality of state-of-the-art (ambiguity-fixed) precise orbits. 

(Arnold et al., 2017) 
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Time-Variable Gravity Field from Kinematic Positions 

(Dahle et al., 2017) 

- Kinematic positions may be used to recover the long wavelength part of 
the Earth’s gravity field, including the most pronounced time-variable signal. 

- This will be needed to bridge the gap between the dedicated GRACE and 
GRACE-FO missions. One single mission is, however, not sufficient. 

                                     gaps in GRACE 
                                            time series 

 
 

                                           first TL update 
 
 

Amazon Greenland 
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Time-Variable Gravity Field from Kinematic Positions 

GPS 
GRACE 

(Zehentner et al., 2016) 

A multitude of LEO 
missions is needed 
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GRACE 

Kin. Pos. SLR + Kin. Pos. 

Time-Variable Gravity Field from Non-Dedicated Data 

Combination of kinematic position 
solutions with SLR further reduces 
spurious signals and will be used to 
bridge the (hopefully small) gap 
between GRACE and GRACE-FO. 
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Thank you for your attention 
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