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Multi-GNSS in 2017

GNSS Status
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*) Status May 2017, brackets indicate satellites not declared healthy/operational

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”
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Lars Prange: Update on the AIUB contributions to multi-GNSS related projects: MGEX orbit and clock solution

Astronomical Seminar, 21 November 2016, Bern, Switzerland

Height above geocenter [km]

Multi-GNSS: the systems 2017
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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
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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.qg., 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)

Recommended Actions

In order to ensure high-accuracy multi-GNSS applications the following action items are proposed from the point
of view of science:

e The PNT advisory board recommends to minimize bureaucratic obstacles hindering the use of all GNSS signals
and it endorses all measures to mitigate or to avoid interference.

e The PNT advisory board recommends that all future GPS satellites should be equipped with SLR reflectors for
independent orbit validation.

e The PNT advisory board recommends free access to GPS satellite information needed for precise orbit
determination and expresses its expectations towards other GNSS providers to act in the same sense.

e The PNT board endorses all monitoring and coordinating activities for scientific GNSS applications of the IGS
and International Committee on GNSS (ICG), in particular in the area of multi-GNSS.

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

Galileo 10V Satellite Metadata

Table of Contents

¥ Section 1: Introduction
¥ Section 2: Galileo IOV Reference Frame
¥ Section 3: Attitude Law
> Subsection 3.1: Yaw Steering Law
> Subsection 3.2: Yaw Steering Law (ANTEX Reference Frame Convention)
2 Section 4: Mass and Centre Of Mass
2 Section 5: Navigation Antenna Phase Centre Corrections
> Subsection 5.1: Antenna Reference Point (ARP)
> Subsection 5.2: Measured Phase Centre Offsets and Variations
> Subsection 5.3: ANTEX PCVs
2 Section 6: Geometry
2 Section 7: Laser Retro Reflector Location

> Section 8: Satellite Group Delay
> Subsection 8.1: Measured Satellite Group Delay

> Subsection 8.2: Differential Code Bias
2 Section 9: Glossary
> Section 10: GNSS Bibliography

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-freguencx observation on BDS-3
International Association of Geodesy Pl
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Multi-GNSS: Latest developments

IGS White Paper on Satellite and Operations Information
for Generation of Precise GNSS Orbit and Clock Products

O. Montenbruck on behalf of the IGS Multi-GNSS Working Group

Abstract

The International GNSS Service (IGS) provides precise orbit and clock solutions for GNSS
satellites that support a wide range of science and engineering applications with numerous
benefits for society at large. All IGS data and products are made freely available to the
scientific community and the general public. To best fulfill its mission, the IGS depends on
information from the GNSS providers concerning the characteristics of individual types of
satellites as well as their operations. This white paper describes the parameters needed to
ensure the highest possible performance of IGS products for all constellations and motivates
the need for provision of satellite and operations information by the GNSS providers. All
information requested by the IGS is considered to be sufficiently abstract such as to neither

interfere with the GNSS providers' safety and security interests nor with intellectual property
rights.

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)

Iltem Type | Used for Desired properties Relevance | Availability of provider
information
Mass S/C Maodeling of non-gravitational Accuracy 0.1-1.0% (1-10kg) High GAL
forces (radiation pressure, Variation over time Low GAL
Earth radiation pressure,
antenna thrust)
Center-of-mass SIC Modeling of antenna and laser | 0.1-1.0 cm in all axes High GLO,GAL,QZS
(in s/c frame) reflector coordinates relative
OPS to the reference point of all Variation over time Low GAL
orbit products
Laser reflector position | S/C Madeling of satellite laser 0.1-1.0cm High GLO,BDS,GAL,QZS
in (s/c frame) ranging observations
GNSS antenna phase | S/IC Modeling of the effective point | 1 cm; to be supplied for each individual antenna and | High (GPS),(GLO),(GAL),Q7ZS
center location (in s/c of signal emission signal frequency
frame) Direction dependent phase center variations (1 mm) | Medium (GPS), (GAL)
Panel model S/C Maodeling of solar and Earth Dimension of solar panels (1-10%) High (GAL)
radiation pressure Dimensions of satellite body (six surfaces, 1-10%)
Optical properties (absorption, specular and diffuse
reflection; 1-5%)
Distance of panels from body (for BeiDou and
QZSS)
CAD model (coarse; for complex structures with Low/ -
relevant shading) Medium
Radiated antenna S/C Madelling of antenna thrust Accuracy 20W Low (QZS)
power OPS Variation over time Low -
Attitude SIC Modelling of antenna offset, Nominal attitude law outside eclipses (1-2 deg) High GPS,GLO,BDS,
phase wind-up and radiation GAL,Q7S,IRNSS
SiC, pressure Attitude during noon and midnight turns in the High (GPS),(GLO),(GAL)
OPS eclipse season
(not applicable for BeiDou, QZSS)
oPS Epochs of mode transition (yaw steering vs normal High -
mode; for BeiDou and QZSS)
Orbit maneuvers oPS Modeling of orbit Time (5s) and Delta-VV (0.1-1cm/s) High (BDS) | -
discontinuities Medium
(others)

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

Orbit Comparison Galileo: CODE vs. Wuhan University
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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
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Fig. 8. Satellite laser ranging residuals (gray: without a priori model; blue/red: with a priori box-wing model in YS/ON mode). The gray shaded areas
indicate time periods with ON mode. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

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.
_ m— pu—,
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http:http://www.igs.org

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

The IGS Multi-GNSS Network
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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

[nstitution Abbr. Constellations SP3 CLK SNX ERP BSX

CNES/CLS GRM GPS+GLO+GAL 15 min 30s X — —

CODE COM GPS+GLO+GAL+BDS+QZS 15 min 5 min - X X

GFZ GBM GPS+GLO+GAL+BDS+QZS 5 min 30s — X X

JAXA QZF GPS+QZS 5 min — — — —

TUM TUM GAL+QZS 5 min — — — —

Wuhan Univ. WUM  GPS+GLO+GAL4+BDS+QZS 15min 5 min — X -

""" L L L L L L L L
COM [ -
GBM |-

GFM -
GRM |- | 1
QZF |-
TUM
WUM |-
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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

Orbit and Clock Products
(Agency  |ID_[GNSS |Sampl (O/C) [Notes |

CNES/CLS grm GRE 15min/30 s  + SNX for ~120 stations
CODE com GRECJ 15 min/5S min  + BSX
GFZ gbm GRECJ 5 min/30 s + ERP, + BSX
JAXA JAX GRJ 5 min/30 s + SNX for ~140 stations
TUM tum EJ 5 min/(5 min)  SP3-only, no CLK
Wu wum GRECJ 15 min/5min  + ERP
i
gfm
grm
JAX
gzf
tum
mum
Jan' . .J:.ul ..... Jalnl — JII.I|. - .J;nl ‘ .Jll.ﬂ‘ — Jalml — lJ:.I|. - .Jelm. - .J:.l| — IJEIm — .Jul
2012 2012 2013 2013 2014 2014 2015 2015 2016 2016 2017 2017

From Steigenberger & Montenbruck (2017)
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MGEX Analysis

Table 9: RMS values derived from orbil comparisons for the time period 1 January — 30 June 2016. All values are given in cm.

GPS  GLONASS Galileo BeiDou QZSS
10V FOC MEO IGSO  GEO YS ON
Radial 1-3 4-11 6-—10 4-10 3-11  11-23 54 10-24 30-71
Along-Track 2-4 4-12 10-18 10-19 10-21 24-39 208 28-57 84133
Cross-Track  2-3 3-9 9-20 6—14 6-10 17-23 410  16-39 59-156
D 3-6 6-17 16-29 14-26 12-26 32-5I 510 40-73 123-240

Consistency | SLR MGEX Analysis Website
(3D RMS) -Signal Transmissions

Galileo 10-20 cm 10 cm *Product Availability

BeiDou 20-40 cm 10cm MEOQ/IGSO *Clock time series
few m 50cm GEO +SLR Residuals

QZSS 40-80 cm 30 cm *Orbit Comparisons

http://mgex.igs.org/analysis/
Top: from Montenbruck et al (2017a), bottom: from Steigenberger & Montenbruck (2017)
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MGEX, SLR Validation

Table 10: SLR residual offsets and standard deviations for the time period 1 January — 30 June 2016. All values are given in cm.

GLONASS Galileo BeiDou Q7SS
10OV FOC MEO IGSO GEO
coM 05+50 —-434+45 —-354+43 34465 —28+145 —2.0426.0

GBM 1.0+£55 —-174+80 -30£82 —-03x35 L1+ 65 —4471L420 15.4 & 26.5
GRM 0.2+52 -—-03+45 -—-13x47

QZF ~13.8 +16.2
TUM —6.1+88 —46+386 8.1+ 289
WUM 10+54 —-20+42 62490 —-25+42 344 82 —37.741+29.2 13.1 +25.8
2500 T T T T T T . .
= AL IC SLR is the only independent
2000 - — BDS IGSO GAL FOC B H : H
g Ln B e validation technique for
2 1500 ] GNSS- and RNSS-derived
£ 1000} orbits. All, except the GPS
* ol satellites, have SLR
] reflectors! Offsets indicate

8L Y88 58838888¢ orbit model deficiencies!
COCOCO0O0OWWWWWWwWwiWwwwws

From Montenbuck et al.

Figure 4: Number of SLR normal points of the new satellite navigation systems
for the time period 1 January — 30 June 2016 as used for the analysis in Table 10. (20 178.)
Satellites are identified by their space vehicle number (SVN).
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MGEX@CODE

e CODE, Center for Orbit Determination in Europe, is one of at CODE U|tra_Rapid Solution
present ten Analysis Centers of the IGS. CODE is formed as a

joint venture of

* the Astronomical Institute of the University of Bern (AIUB), ) )
* the Swiss Federal Office of Topography (swisstopo), CODE Rapld Solution
* the Institut fiir Kartographie und Geodasie (BKG), and

¢ the Institut fiir Astronomische und Physikalische Geodasie of
TU Miinchen (IAPG, TUM).

CODE Final Solution

Schweizerische Fidgenossenschaft
U Confédération suisse
AIUB Cunfederaz?one Sbvuzera . .
szt Shtihdain ik Reprocessing Solution (CODE and AIUB)
@ ’ Knllui_;?ﬁml‘ifuntl Geodiisie m

Technische Universitat Miinchen CO D E M G EX SOl u tion

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,
ERPSs, 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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ftp://ftp.unibe.ch/aiub/CODE_MGEX

MGEX@CODE
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x Y
Satellite-fixed Cartesian coordinate system (x,y,z), unit vector e_,, pointing from satellite

to Sun is perpendicular to solar panels under Yaw-steering, where z-axis points to
Earth, y-axis is perpendicular to e

sun®

normal mode

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
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Lars Prange: Update on the AIUB contributions to multi-GNSS related projects: MGEX orbit and clock solution

Astronomical Seminar, 21 November 2016, Bern, Switzerland

MGEX@CODE

SLR residuals of QZS-1 with SRP models (1 day solutions)

YA ECOM2 .
— 400 | NA ECOM-N vi
g NAECOM-NvZ =
% 300 | :
= ] g ! .
o
w200 F .
E 100 ! - : m ¥ o= ) -I "
@0 " .. 3 . L 2 . . .h ;_
0} = lﬂ o < [ [
230 235 240 245 250

Yaw-Steering SRP (red) is not sufficient for ON mode
Experimental ECOM-N... models (green, blue) better represent SRP
Additional Challenge: switching epochs between YS and ON are unknown
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MGEX@CODE

RMS of linear clock fit [ns]
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Satellite orbits may also be validated by satellite clock corrections for those
satellites which have high-accuracy oscillators. Figure shows the median of
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))

the daily
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RMS clock fit in ns

MGEX@CODE

Sol 00 - sat 501 Sol BC - sat 501
1-day 3—.day 5-day 1-day 3-day 5-day
51 ] B 5
4 244
£
3 é 3
o
[S]
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2 = 2
o
i HIN ° ® . ) | ° o
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MJD

MJD

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

Available online at www.sciencedirect.com

2 s ADVANCES IN
o ScienceDirect SPACE

RESEARCH
(a COSPAR publication)

Advances in Space Research 59 (2017) 2088-2100

www.elsevier.com/locate/asr

Semi-analytical solar radiation pressure modeling for QZS-1
orbit-normal and yaw-steering attitude

Oliver Montenbruck **, Peter Steigenberger *, Francesco Darugna *"

* Deutsches Zentrum fiir Luft- und Rawmfahrt (DLR), German Space Operations Center ( GSOC), Miinchener Strafie 20, 82234 Wefling, Germany
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SRP-model for QZS-1, based on sparse available information.
Strong motivation to have as accurate as possible satellite
metadata available.
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