
International Association of Geodesy
26-Jun-17 1

Multi-GNSS: Update, Latest Developments 
and

Science Issues in Transition Document 
Gerhard Beutler, Ruth Neilan, Matt Higgins, Arve Dimmen

Astronomical Institute, University of Bern (AIUB)
IAG representative on PNT Advisory Board

additional material provided by

O. Montenbruck1), P. Steigenberger1), R. Dach2), L. Prange2), 

1) DLR, DE, 2) AIUB, CH

19th PNT Advisory Board Meeting 
June 29, 2017 

Baltimore Marriott Inner Harbor at Camden Yards
110 South Eutaw Street
Baltimore, MD 21201

USA 



International Association of Geodesy
26-Jun-17 2

Contents

!Multi-GNSS in 2017
!Latest developments in Multi-GNSS
!Science in the transition document: key points
! IGS White Paper on Satellite Metadata
!Science in the transition document: 

recommendations
!Additional material:

" MGEX: status within the IGS
" MGEX@CODE: update



International Association of Geodesy
26-Jun-17 3

Multi-GNSS in  2017
Status: May 2017
4 global systems (GPS, 

GLONASS, BeiDou-3, 
Galileo), 

3 regional systems (QZSS, 
IRNSS, BeiDou-2)

GPS, GLONASS, BeiDou-
2, IRNSS operational 
with 31, 24, 14, and 6 
satellites, respectively

Galileo with 11(18) satel-
lites, BeiDou-3 (5), 
QZSS, soon with 2 
satellites, are “under 
construction”

From Steigenberger & Montenbruck (2017) 
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Multi-GNSS: the systems  2017

Close to 100 GNSS & RNSS
satellites have different 
characteristics (semi-major
axes a, eccentricities e,  
inclinations i) and different 
signals, tracking modes.

QZSS and Galileo FOC1 
satellites have elliptic orbits
(e≈≈≈≈0.075, e≈≈≈≈0.16, 
respectively)

From Prange et al. (2015).
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Transition: key points

GNSS is fundamental for Earth and atmosphere sciences. From the permanent 
IGS tracking network (top, left) the ITRF positions/velocities (top, right), polar 
motion (bottom, left) and variations of Length of Day (bottom, right) are 
derived. Final IERS products include all space techniques!
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Transition: key points

IGS products enable, e.g., precise orbit and gravity field determin-
ation – the latter in combination with GRACE inter-satellite link. 

Left: GRACE twin satellites, right: gravity anomalies from GRACE
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Transition: Recommended Actions (I)

Recommendations from the science part of the 
transition document
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Multi-GNSS: Latest developments

Left: Publication of satellite meta data for Galileo IOV satellites in Dec. 2016

Right: Successful launch of QZS-2 on June 1, 2017 (publication of metadata imminent)

Moreover: first dual-frequency observation on BDS-3
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Multi-GNSS: Latest developments

Montenbruck et al (2017c) IGS White Paper on Metadata asking system providers for 
information concerning mass, center of mass, antenna & reflector data, solar panels, 
radiated power, satellite attitude, and maneouvres

# White paper should be endorsed by PNT!
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Transition: Recommended Actions (II)

In view of the now available IGS White Paper on GNSS 
metadata, we recommend that
! the board takes note of the IGS White Paper
! the board endorses/encourages its application for GPS   
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MGEX: Orbit Validation

Documentation of an orbit model change by Wuhan AC towards end of 2016. 
Much improved consistency in 2017 (from Steigenberger & Montenbruck
(2017)). Example illustrates consequences of incorrect/missing GNSS-
metadata.
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Knowledge-based vs. Empirical Models

A priori box-wing model for QZS-1, based on metadata 
combined with empirical model ECOM (blue), without a 
priori model (red). From Montenbruck et al. (2017b). 
Bottom-line: the better the a priori knowledge, the better the 
results. 
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Additional Material

The following slides document 
! The work the MGEX experiment/pilot and 
! the work of one of its analysis centers (CODE)
! A semi-empirical model for the QZS-1 satellite 
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The MGEX ground-tracking network

Currently, about 190 Multi-GNSS stations track a combination of 
Galileo, Beidou, QZSS, in addition to GPS and GLONASS (from 

Steigenberger & Montenbruck (2017) ).
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MGEX Analysis

MGEX Analysis Centers (ACs) and products (orbits, clocks, 
coordinates of ground tracking network, Earth rotation parameters, 

intersystem biases); from Montenbuck et al (2017a)
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MGEX Analysis

From Steigenberger & Montenbruck (2017) 
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MGEX Analysis

Top: from Montenbruck et al (2017a), bottom: from Steigenberger & Montenbruck (2017) 
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MGEX, SLR Validation

SLR is the only independent 
validation technique for 
GNSS- and RNSS-derived 
orbits. All, except the GPS 
satellites, have SLR 
reflectors! Offsets indicate 
orbit model deficiencies! 

From Montenbuck et al. 
(2017a)
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MGEX@CODE

Ultra-Rapid solutions are available four times/day with a latency of 
three hours, rapid solutions once per day with a latency of about 
half a day, final solution once per week with a latency < 1 week, 
MGEX solution once per week, with a latency < 1 week 
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MGEX@CODE

CODE participates as COM Analysis Center in the IGS MGEX 
(Multi-GNSS Experiment and Pilot Project).

COM regularly analyzes five systems, namely 
! GPS (G), GLONASS (R), Galileo (E), Beidou (C), QZSS (J) 

About 80 satellites and 140 permanent sites of the MGEX 
network contribute to the COM solutions.

COM solutions include satellite orbits, satellite clock correction, 
ERPs, inter-system biases

In the long term CODE plans to incorporate all GNSS into its 
routine solutions.

In the framework of the COM solutions CODE contributes to 
implementing ``exotic’’ satellite attitude/SRP models 

Public access to MGEX monitoring results via FTP:
=> ftp://ftp.unibe.ch/aiub/CODE_MGEX/
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MGEX@CODE   

Satellite-fixed Cartesian coordinate system (x,y,z), unit vector esun pointing from satellite 
to Sun is perpendicular to solar panels under Yaw-steering, where z-axis points to 
Earth, y-axis is perpendicular to esun.

QZS-1 and most BeiDou satellites switch to orbit normal (ON) steering mode, when the 
Sun is close to the satellites’ orbital planes.

CODE developed purely empirical models ECOM, ECOM2, ECOM-N for motion under orbit 
normal mode 

۞

esun
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MGEX@CODE

YawYawYawYaw----SteeringSteeringSteeringSteering SRP (SRP (SRP (SRP (redredredred) ) ) ) isisisis notnotnotnot suffisuffisuffisufficientcientcientcient forforforfor ON modeON modeON modeON mode
Experimental ECOMExperimental ECOMExperimental ECOMExperimental ECOM----NNNN………… modelsmodelsmodelsmodels ((((greengreengreengreen, , , , blueblueblueblue) ) ) ) betterbetterbetterbetter representrepresentrepresentrepresent SRPSRPSRPSRP
Additional Additional Additional Additional ChallengeChallengeChallengeChallenge: : : : switchingswitchingswitchingswitching epochsepochsepochsepochs betweenbetweenbetweenbetween YS and ON YS and ON YS and ON YS and ON areareareare unknownunknownunknownunknown

SLR SLR SLR SLR residualsresidualsresidualsresiduals of QZSof QZSof QZSof QZS----1 1 1 1 withwithwithwith SRP  SRP  SRP  SRP  modelsmodelsmodelsmodels (1 (1 (1 (1 daydaydayday solutionssolutionssolutionssolutions) ) ) ) 
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MGEX@CODE

Satellite orbits may also be validated by satellite clock corrections for those 
satellites which have high-accuracy oscillators. Figure shows the median of 
the daily RMS of clock estimates w.r.t. linear clock models for different 
satellite types. Large values indicate modeling problems and/or actual clock 
quality problems (Prange et al. (2017))   
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MGEX@CODE

QZS-1 moving under ON-Mode from MJD=57256 onwards, Sun in 
orbital plane for MJD=57275, 1-, 3-, and 5-day solutions.

Left: ECOM-2, Right: modified ECOM-N. Median of clock-RMS is < 1 ns 
(~30cm) for all solutions.

The solutions are remarkable in so far, as no a priori models were 
neede/used; only definition of ON- and YS-modes required. 
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Multi-GNSS: Latest developments

SRP-model for QZS-1, based on sparse available information. 
Strong motivation to have as accurate as possible satellite 
metadata available.


