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Present day observation techniques

VLBI and GNSS
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In 2020 about 100 or slightly more GNSS satellites will be available
to be utilized for ERP determination




GNSS View: GNSS satellites visible for mobile phone at
Vienna airport (25.1.2017)

Sats in view (>5°) in Viena, 25/1/2017, ~17:30

Position Radar

HDOP D42  Visible GNSS 37
VOOP. 075 Q280  GPS:11 GLO:12
BDS.? GAL;5 $35.0

Time : 2017/01/25 17:32
UTC: 2017,/01/25 1632

Source: GNSS View android application

Precise Orbit Determination +
Precise Point Positioning

request

accurate + stable Time Scales

+

consistent Spatial Coordinate Systems

+

adequately precise Transformation Models

Why ?




Introduction: Relevant Reference Systems

Satellite Orbit Determination -> Quasi-Inertial Frame

Site Positions -> Earth-Fixed Frame
Observations -> Frame invariant
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Physical Time Scales (Atomic Times/ blue)
and Dynamic Time Scales (Earth Rotation/yellow)
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Figure 2.14. Time scales in satellite geodesy Source: Seeber,2003

GPST-UTC = 14 s (1.1.2006) http://www.leapsecond.com/java/gpsclock.htm

GPST-UTC = 15 s (1.1.2009) GPST-UTC = 17 s (1.7.2015)
GPST-UTC = 16 s (1.7.2012) GPST-UTC =18 s (1.1.2017)




GNSS Satellite Time Systems

GPS-Time : TAI-19s

GLONASS Time : UTC + 3h

Galileo System Time : TAI-19 s

Beidou Time : TAI-33s

Passive Hydrogen
Maser

18 Kg mass

70 W power

On-board Atomic Clocks

Navigation P/L:
130 Kg / 900 W

Types of Atomic Clocks

Rubidium Clock

« Cheaper and Smaller

« Better short-term stability
(European RAFS s=5.0*10"14 at
10000 sec)

« Subject to larger frequency
variation caused by environment
conditions

H-Maser Clock

« outstanding short-term and long

Rubidium Atomic term frequency stability (10-1%)

« frequency drift
Frequency Standard Caesium Clock
3.3 Kg mass « Better long-term stability (10-14)
30W power « shorter life time

« not used in Galileo




Future of clock-stability

Clock stability is related to the resonance frequency of the clock

GALILEO Hydrogen Maser

Frequency stability of Galileo —hydrogen maser better than 10 E-14
Resonance frequency 1.4 GHZ

How many seconds the clock keeps 1ns
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Optical clocks

Laser clocks -> resonace frequency : 600 Tera Hz
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Celestial Inertial System ( Realized by VLBI -> ICRF)
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History of astrometry

130 BC Hipparchus precession 50 asec/yr
1718 Halley proper motions 1 asec/yr
1729 Bradley annual aberration 20 asec
1730 Bradley 18.6 yr nutation 9 asec

1838 Bessel parallax ~asec
1930s Jansky, Reber radio astronomy

1960s several groups VLBI invented

1970s VLBI sub asec
1980s " few masec
1990s " < masec
2000s " 100 pasec
2010s Gaia optical astrometry 70 pasec for V.., 18 quasar
2010s ICRF3 VLBI 20-70 pasec

modified from Chris Jacobs (2013)

Why VLBI for celestial reference
frames?

e Point source at infinity as a direction reference
e Advantage: sources do not move
— billions of light years away
e But price to be paid
— very weak sources 1 Jy = 102 Watt/m?/Hz
— needs lots of sq. meters 10 to 100 m antennas
— lots of bandwidth 0.1 to 4 Gbps
— low system temperature T, = 20 - 40 Kelvin




How are sources and positions found?

» Single dish surveys: a (big) single radio
telescope sweeps the sky to search for point-
like sources
— 10 arcsec positions

* Connected element array surveys such as the
Very Large Array (VLA) or ATCA

— positions improved to 10s of mas
e VLBI
— mas positions

hitp //www narrabri atnf csito an/public/

International Celestial Reference
System

e ICRS defines barycentric coordinate system
(quasi-inertial system)

— origin in the barycentre (centre of mass of the solar
system)

— orientation defined by sources (old: axes defined by
mean equinox and mean equator at J2000.0)

— (in agreement with the optical FK5 and the
corresponding error - 50 mas)

e "quasi-inertial" with practically no accelerations
— but galactic rotation




International Celestial Reference
Frame

ICRF is the realisation of the ICRS by positions of
compact extragalactic radio sources

IAU is the international governing body for the
CRF

— ICRF1 accepted as fundamental CRF effective 1 Jan
1998

— ICRF2 accepted as fundamental CRF effective 1 Jan
2010

Ongoing work towards ICRF3
— IAU WG on ICRF3 (Chair: Chris Jacobs, JPL; Patrick

Charlot)

ICRF2

Source positions from gsf2008a solution
3414 sources

295 defining sources

Different number of observations

— 1966 sources observed in 1 session

— 2197 sources only observed in VLBI Calibrator
Survey (VCS) sessions

Noise floor of ICRF2 at 40 pas (significantly

better than ICRF1)
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Declination (deg,

Dec & {iazg)
0 <o 100

200 < o < 300

ICRF-2 1000 < o

Ma et al, IERS, 2009 Right Ascension (hours)

3414 sources in ICRF2: huge improvement compared to 608 sources in ICRF1
about 2200 single sessions survey sources (VLBA Calibrator Survey)
Deficiency: ICRF2 is sparse south of about -40 deg

ICRF2

e 39 special handling sources in ICRF2
— positions estimated once per session

— treatment of special handling sources as global
parameters could distort reference frames

1739+522

RA [mas]

4l L
1990 2000 2010
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Core shift

e Wavelength dependent shift in radio centroid
(core)

R pV, Optical Emission
Emission / X-Ray Emission Narrow-Emission-Line Clouds
/ Broad-Emission-Line Clouds /
/ / Helical Magnetic Field

mm-Wave Core
Shock/Superluminal Knot (Radio to Gamma-Ray)

\ Acceleration and
0 Collimation Zone

108 10° 107 Schwarzschild Radii

R~0.1-1 pas 1mas Credit: A. Marscher, Proc. Sci., Italy, 2006.

Overlay image: Krichbaum, et al, IRAM, 1999.
Montage: Wehrle et al, ASTRO-2010, no. 31p.

Source structure

S-band X-band K-band Q-band
2.3 GHz 8.6 GHz 24 GHz 43 GHz
13.6cm 3.6cm 1.2cm 0.7cm

(c) Charlot
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Towards ICRF3

* |CRF3 expected for 2018 (from VLBI)
— with contribution from TU Wien

e Then, optical realisations expected (GAIA)

* Optical catalogues will have to be linked to
radio catalogues

launched fall
2013

Relation: Celestial (Inertial) — Terrestrial System

Earth orientation parameters

\Z 1 Momentaner
) ) ) { Rotations-Pol
are defined as rotation angles, which

connect €k¢$§\
e errestrial co-rotating reference system // “’ ~~
:Ar/]ith the -(I;elest:al ilnertialts;st?emf yt /'%;/‘lﬁ““"‘s§

by means of the relationship

[
() = PNUXY 7). ("Eaﬁ‘

Po.... Precession {

U......Rotation (Parameter: UT1-UTC) \ “‘ e
X,Y...Polar motion (Parameter: Pole coordinates x,y) \ X ‘ I /

N...... Nutation (Parameter: Nutation offekie, Ady) .~

These 5 Earth orientation parameters are linearly digren
(just 3 rotation angles theoretically independent) ==

Equinox-Transformation Model -> distinguishes to new
CIO method (non-rotating origin) mainly by the argument
of U matrix
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The ITRF is defined

Origin : Center of Mass of the Earth
Scale: SI Meter / based on Sl second

Orientation: BIH 1984; no-net rotation condition =
Orientation of the reference system has no residual global rotation

Realization of the ITRS = ITRF

ITRF (International Terrestrial Reference Frame): more than 300 global
stations; Coordinate accuracy better than 5mm; plate-motion causes
coordinate changes up to 8cm /year

most recent realization: ITRF2014 (T=2010.0)

ITRF 2014 models linear motion + postseismic deformations
(no periodic signals)

Plate motion

1207

14



Earth orientation data

IERS > Data / Products / Tools

ITRF

The International Terrestrial Reference Frame (ITRF)

The International Terrestrial Reference Frame (ITRF) is 2 set of points with their 3-dimensional cartesian coordinates which realize an ideal
reference system, the International Terrestrial Reference System (ITRS), as defined by the |UGG resolution Ho. 2 adopted in Vienna, 1991,

The [TRS.C Centres provide also alternative of the ITRF
Contents  cartesian stations coordinates and velocities
Geophysical fluids data » Earth Orientation Parameters (TRF2008 only)
pr— o site catalogue
— » DOMIES idenification numbers (see “Documentation”)
Data analysis tools
» local ties (see "Documentation’)
« realizstions: ITRF89, [TRFO0, ITRFY1, ITRFO2, ITRFY3, ITRFY4, ITRFES, ITRFOE, ITRFA7, ITRF2000,
T ITRF2005, ITRF2008, ITRF2014
e Accuracy  Uncertainties are given inthe solutions. )
P ez http://www.iers.org/
Search IERS Messages: Updates  From one to several years
Message search
Public access € fto/itrtian.fripubitrf/
© hitplitrtignfriTREsolutionsfindex.ohp
:
JIERS Components © fwipier
£ Login ITRF92 © Primary [TRF92 station positionsivelocities
g Subscription
7t FAQs ITRF93 © Primary [TRFO3 station positionsivelocities
) Glossary ITRF94. € Primary [TRF94 station positionsivelocities
lag Acronyms
Primary [TRF96 station positionsivelocities
& stomap ITRF96 © Primary [TRF96 station positionsivelocities
§ Legal & Privacy ITRFO7 © Primary [TRFO7 station positionsivelocities
=1 Contact
ITRF2000 € Primary ITRF2000 station
€ Local ties used in ITRF2000
ITRF2005 © [IRF2005 description
ITRF2008 © [IRF2008 description
ITRF2014 © [IRF2014 description
Fomne ITRF92- simple tables
ITRF2000
ITRF2008 Stationen
2
Sy
e
N
http://itrf.ensg.ign.fr/
— ———————ITRF2008 Velocity Field
o o e
P == T ==

Major plate boundaries are

shown in green

i S

Zuheir Altamimi




Transformation parameters between ITRF frames

R1|R1 R2|R2

(0.001%) | (0.001%)
(0.0014%y) | (0.001*fy)

ITRF92 ITRF93 -02 -07 -0.7 -0.39 +0.80
-0.29 +0.04 +0.08 -0.11 -0.19

ITRF93 ITRF94 -06 +05 +1.5 +0.39 -0.80
029 -0.04 -0.08 +0.11 +0.19

ITRF94 ITRF96 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0

ITRF96 ITRF97 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0

Table: Transformation parameters among ITRF framegademwith
the7/14-parameter Helmert model

R3|R3

(0.001%)

(0.0014%y)

-0.96 +0.12

+0.05 0.0

+0.96 -0.04

-0.05 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

1988

1988

1997

1997

Transformation parameters between ITRF frames

From To

ITRF2000 ITRF2005 -0.01 +0.08 +0.58
+0.02 -0.01 +0.18

ITRF2005 ITRF2008 +0.05 +0.09 +0.47 0.0 0.0
-0.03 0.00 0.00 0.0 0.0
ITRF2008 ITRF2014 -0.16 -0,19 -0.24 0.0 0.0
0.00 0.00 +0.01 0.0 0.0

Table: Transformation parameters among ITRF frameagerwith
the7/14-parameter Helmert model

0.0 - 0.040
0.0 -0.008
0.0 -0.094
0.0 0.0

0.0 +0.020
0.0 -0.030

2000

2005

2010
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GNSS Coordinate Broadcast Systems

GPS: WGS84 (G1674) World Geodetic System 84

GLONASS: PZ 90.11 ( Parametry Zemli 90)

Galileo: GTRF (Galileo Terrestrial Reference Frame)

Beidou: CGS2000 (China Geodetic Coordinate System 2000)

*All GNSS Broadcast Frames are realisations of the ITRS (within the current ITRF

at the +/-2cm level)

*Precise Ephemeris refer to the current ITRF at the epoch of date. Therefore

positions determined by GNSS in PPP-mode refer to this realisation.

GPS Control Network

\Gresnland

United Kingdom

South Korca @)
sahrzin i
cuam @A
Ecuador @ e Kwajalein
o %
ssgension DiggoGardia
Tahiti
@ argentina South Africa amtratia o,
zalans
% Master Control Station ot Alternate Master Control Station
A Ground Antenna 2\ AFSCN Remote Tracking Station

@ Air Force Monitor Station @ NGA Monitor Station

Source: http://www.gps.gov/systems/gps/control
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GLONASS Control Network

—K**GLONASS System Control Center
—KKrasnoznamensk, Moscow reg.
—SSateII_iljcée operation

o T**TT&C stations
—SSt.Petersbourg reg.
—SSchelkovo, Moscow reg
—YYenisseysk
—KKomsomolsk-Amur

«S**System clock
(Central synchronizer)
—SSchelkovo

SCC - System Control Center
TT&C - Telemetry, Tracking & Control

GLONASS Post-Processing Reference Network

Pacuetnan 3oHa nokpeiTua crasumi ¢ 16:00 10.03.15 no 17:00 10.03.15 UTC+3 (cranumi: 28)

-180 -160 -140 120 -100 -20 50 -40 -20 0 20 40 60 80 100 120 140 160 180
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PZ90.11

GLOBAL GEOCENTRIC COORDINATE SYSTEM

J5E3 B
CHCTEMEL | CHCTEMY

113-90.02 |I13-90.11

ITRF-

2008 I13-90.11

November 7, 2012
WG D - Reference Frames, Timing and Applications

Introduction

Time Scales

Global Spatial Reference Systems
Broadcast Frames

Continental/ Regional Spatial Reference
Systems

Satellite specific Frame
Sun-refered Frame
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EUREF/ EPN / ETRS /ETRF

HOME  ORGANISATION =  NETWORKDATA =  PRODUCTS & SERVICES ~

Welcome !

EUREF Permanent GNSS Network

DOCUMENTATION ~  NEWS, EVENTS &LINKS ~ Q0

EUREF Analysis Workshop - Brussels -

Quick Station Links

rdinates Time Series Data Qu

Next Meetings

EUREF Welcome Page

Job Opportunities

http://www.epncb.oma.be/

*

EUREF Permanent Network ok

EUREF HOME

EPN CB HOME

ORGANISATION TRACKING NETWORK DATA & PRODUCTS NEWS & MAILS FTP & WEB ACCESS

Web site history Related links

Creafion, Managsment. Structure, Site maps, Site list, Proposed sites, Data access, Analysis centras, News, Mails, Calendar, Papers Anonymous FTF, Web sits index.
Relation to iGS, Projects, Guidelines,  Equipment & calibration, Site Products, Time secies; ETRSS9ITRS
FAQ dinates, Site log i Formats

TRACKING NETWORK

SITE MAPS.

SITE LIST

Interactive and downloadable maps of the EPN tracki
subnetwork maps such as stations submitting hourly dats,
maps are available in pdf, os and png formats.

g stations, including
High and low resolution

More ...

Access to 3 complete description of each individusl PN station (site configuration,
tracking performance, data availzbility and coordinate repeatabilities).

More ...

PROPOSED SITES

EQUIPMENT AND CALIBRATION

The EPN tracking network is permanently growing. Browse the list of candidate
stations {including map and preliminary log files) and follow their inclusion status.

M

The names of the GPS recsivers and zntennas known to both the IGS and EUREF,
as well as the calibration values of the antennas.

More ...

SITE COORDINATES

SITE LOG

Coordinates of the EPN stations in the different realizations of the Internationa!
Reference System (ITRS) and Eurcpean Terrestrial Reference System (ETRSSS).
The most recent set of coordinates includes all EPN stations included in the EPN
from before Jan. 2000.

M

= EPN Central Bureau - Royal Observatory of Belgium

EPN site logs have to be submitted to this web tool which will parse the log and
install it in the EPN CB data base if the format is compliant. Detailed submission
instructions can he found here.

More ...

2010

http://www.epncb.oma.be/
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EPN Tracking Network / March 2017

Network Status

]

Grénfand

e © 2017 Google INEGH {4000 km L1

aet in Touch with the EPN Central Burean

Definition ETRS / ETRF

EUROPEAN TERRESTRIAL REFERENCE SYSTEM 89
(ETRS89)

The IAG Subcommision for the European Reference Frame (EUREF) , following its Resolution 1 adopted in Firenze meeting in 1990, recommends that the terrestrial reference system to be adopted by
EUREF will be coincident with ITRS at the epoch 1989.0 and fixed to the stable part of the Eurasian Plate. It will be named European Terresirial Reference System 89 (ETRS89)

Realization
Following its definition, ETRS89 could be realized through several ways, and specifically:

« using ITRS realizations: for each frame labelled ITRF, a corresponding frame in ETRS89 can be computed and labelled ETRF,,. The following ETRF solutions are presently available:
© ETRF89
© ETRF90
© ETRF91
o ETRF92
© ETRF93
© ETRF94
© ETRF96
© ETRF97
© ETRF2000

The EUREF Technical Working Group (TWG) recommends not to use the ETRF2005 and rather to adopt the ETRF2000 as a conventional frame of the ETRS89 system, see the memo for more
details. However, in order to benefit from the quality of ITRF2005 solution, the TWG has also recommended that all European stations coordinates (GNSS, VLBI, SLR and DORIS) which are available
in the ITRF2005 {0 be expressed in the ETRF2000 frame and to call the resulting set of coordinates (positions and velocities) ETRF2000(R05)

o ETRF2000(R05)
o ETRF2000(R05) (SINEX file)
Similarly, the European station coordinates available in ITRF2008 solution were also expressed in ETRF2000 and the corresponding list is called ETRF2000(R08)

© ETRF2000(R08) (Warning, the file format has changed)
o ETRF2000(R08) (SINEX file)

Similarly, the European station coordinates available in ITRF2014 solution were also expressed in ETRF2000 and the corresponding ist s called ETRF2000(R14):
© ETRF2000(R14) (Warning, the file format has changed)
o ETRF2000(R14) (SINEX file)
« positioning with GNSS measurements of a campaign or permanent stations: using recent ITRF,, station coordinates and IGS precise ephemerides following the procedure described in (Boucher and
Altamimi, 2011): Postscript version, PDF version

Links

21



11001M002 GRAZ 11001M002 GRAZ Residuals

EASTom EAST mm

/

North cm

Reference Position :
X =4194423.852m Y =1162702.663 m Z = 4647245.396 m

TR oy 1 s ITAF2008 Residuals analysis Bl miober 71 omen ITAF2008 Residuals anslysis

GRAZ_11001M002 (Quick Update of Official EPN Solution)

10 To

-10 10
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g 9 0
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20 | 20
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EPNCB Tue Mar 17 01:57:15 2015
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Datum Transformation (3P-, or 5P, or 7Parameter Transformation)
Captured by the EPSG Parameter Sets for GIS applications
-> coordinate rotation versus axis rotation mode !!!

Z
Z; 1
€z
£ P
€ 0 1
X‘ . Ey
-0
L2 Yy
H -—YZ

X AX
Y)= AY
z|, \az

1 & =5\[X
+ (1 +m)(—ct I 8y i
1.2 g, —& 1 Zf,

Geodetic Datum Austria
(rough values)

Austria (ITRF-> MGI):

Shift: dx=-575m Rotations: ex=5.1"
dy=-93m ey=1.6"
dz=-466m ez=5.2"

Scale =-2.5 E-6 (ppm)




National Map Projections (e.g. UTM, GK, .....)

Austrian National Map Projection ( Gauss-Kriiger)

M28 M 31 M 34

|
Abb. 9: Das osterreichische Meridianstreifensystem

25



Positioning with RTK -> Reference Frame?
EPOSA — GNSS Service Provider - Network

Allentsteig )
Mistelbach

) Ziersdort o
Andorf
A OBB-INFRASTRUKTURAG L o
A WIENER NETZE GMBH = \
/ Amstetten
A ENERGIE BURGENLAND Traisen \Pama
& Attnang/Puchheim Baden
A
Weyer y
Andau
e Wattersburg)
~ Mirzzuschlag D
X X Liezen
_/ Wolfurt ° o B A Oberpullendorf
" Wengle/Léhn irchberg . gaalfelden :
Jenbach Leob
b /- enbach o A Schladming eoben
Dalaas Landeck . Rétenkogel -
Matrei g Scheifling — S
A : .
™ Ochenig Siid
Wolfsberg |
eibnitz_
Sillian A
Gummern  y\genfurt T

/

EPOSA Reference Frame — ITRF2014, Ep. 2010.0

GNSS- RealTime Positioning Services

w 7
--. Signal propagation time 1-1,5 seconds! /
: Referenzstationen

\ / Antenne (GPS+GLONASS)
+ Empfanger

N V’ PR
GPS/GLONASS- -
Antenne R N AN 3
Empfénger Ssel N '\ J
GPRS T vy
T A
: \i_l_l
—
Zentrale:

NTRIP-Server | ——
Berechung

DGNSS-Signal

NTRIP = Networked Transport of RTCM via Internet Protocol
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Datum / Net Distortions

In Austria operating active Reference networks refer to

e |TRF2000/ Ep. 1997.0 (expiring)
e ITRF2014 / Ep. 2010.0 (EPOSA)

e ETRS89/ (Ep. 1989.0) (APOS) AX | -577326m
AY -90.129 m
* The transformation to the local datum MGl is A)Z() ‘4653'19317%m
a .
realized by a ,mean’ 7-Parameter Transformation

(
alY) 1.474"
z.B. for EPOSA -> a(2) 5.297"

dm | -0.0000024232

Net distortions remain — these distortions can be minimized by
a) locally or regionally fitted Helmert parameter sets
b) by 2D- or 3D- grid corrections forwarded via RTCM 3.x

Control points for calculation of ,distortion grid’
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Residuen in Lénge
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Residuals refer to mean transformation parameter set
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Residuals refer to mean transformation parameter set




RTCM SC -104
Differential GNSS Standards

e urspriinglich 1983 entwickelter Standard fiir die DGPS-Positionierung
(Genauigkeitsziel 5m)

* Version 2.0, 1990, im Kern GPS-Codekorrekturen

¢ Version 2.1, 1994, beinhaltet erstmals RTK - Phasenbeobachtungen
(nur GPS - proprietdre Message erlaubt FKPs)

¢ Version 2.2 , 1998, inkludiert GLONASS

e Version 2.3, 2001, viele neue Messages, (z.B kombinierte Nutzung GNSS
und of Loran-C) und Reduktion der Menge der Ubertragungsdaten

* Versionen 3.0, 3.1 (2004,2006) zielen in erster Linie auf verbessertes RTK,
und definieren ,Network RTK‘- Messages

e Version 3.1, Anhdnge 1-6 (2008-2012): beinhalten u.a.
Koordinatentransformation in nationales Datum, Korrekturraster f.
Netzspannungen, SSR —fiir PPP

Version 3.2 (2013): Multi Signal Messages fiir Galileo, Beidou, QZSS

Version 3.3 (2016): neue Navigationsmessages, SBAS

ITRS / ETRS /Reference Frames

e Any ITRS Realization (=ITRF) can be converted to any ETRS89
realization (ETRFxxxx) at the +/-1-2mm accury level.

e Rover positions determined by means of RTK-services in
difference mode refer to the reference frame of the service
provider.

¢ Current coordinate difference between
ITRF2000 (Ep. 1997.0) and ETRS89 (Ep. 1989.0) : about 20cm
ITRF2014 (Ep.2010.0) and ETRS89 (Ep. 1989.0) : about 52 cm
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Satellite Specific Frame(s)

Useful to specify location of sensors of the satellite with respect to
Geometric Origin or CoM

Z-direction : main antenna - in direction to Earth
Y-direction: along the solar panel axes

Galileo FOC
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Galileo Antenna and LRA Positions

Foc
Coordinates (wr. origin) Coordinates (wrt CoM) Reference
HGS vics nGs XGS vics oGS
GNSS Antenna FOG-12 E1 +160.0mm  -10.0mm  +1050.0mm )
(since week 1915) Ealblab +160.0mm  -10.0mm  +1050.0 mm 14
£6 +160.0mm  -10.0mm  +1050.0 mm o)
otners  E1 +1200mm  -10.0mm  +1100.0mm o)
Esaibran +1200mm  -10.0mm  +1100.0 mm [
£6 +1200mm  -10.0mm  +1100.0mm )
GNSS Antenna FOC-12 E1 +150.0mm 0.0mm  +1000.0mm
(CEERUEER IE) E5albrab +150.0mm 0.0mm +1000.0 mm
£6 +150.0 mm 0.0mm  +1000.0 mm
others  E1 +150.0mm 0.0mm  +1000.0mm
Esaibran +150.0mm 0.0mm  +1000.0mm
E6 +150.0 mm 0.0mm  +1000.0 mm
LRA FOC-1 +7030mm  +27.6mm +11206mm  +10347mm  +140mm  +5586mm  [1]}[2]
FOC2 +7030mm  +27.5mm +1120.5mm +1017.0mm  +149mm  +5581mm  [1}[2]
FOG-3 +7030mm  +27.5mm +1120.5mm  +9621mm  +18.3mm  +559.3mm  [1}[2]
FOC-4 +7030mm  +27.6mm  +11205mm  +0636mm  +182mm  +5503mm  [1}[2]
CoM (Fep2016)  FOC-1 3160mm  +135mm  +561.9mm @
FOG2 S116mm  +126mm  +562.3mm @
FOC3 250.5mm  +92mm  +561.1mm 12
FOC-4 2614mm  s92mm  +561.1mm 2
FOC-5 2586mm  +9.9mm  +565.5mm 2
FOC6 2502mm  +95mm  +565.3mm €]
Focs 2614mm  +10.4mm  +565.3mm 2
FOC9 261.5mm  +96mm  +565.0mm 2

Due to an initial lack of publicly available measured antenna phase center offsets conventional values of (x.2)gs=(-0.2m, 0.0 m, +0.6 m) and
(xy.2)ce=(+0.15m, 0.0 m, +1.0 m) were recommended or orbit and clock determination of the Galileo-IOV and -FOC satelites, respectively, until GPS
week 1914. These values provided a first estimate of the actual phase center relative o the center of mass based on the images and models or
coarse phase center estimates.

Source: IGS MGEX Website : http://mgex.igs.org/IGS_MGEX_Status_GAL.html

Beidou Konstellation |

Spacecraft Characteristics

A comprenensive collection of technical informator wih asscciated refarences for the BaiDou satellites can be ootained at the CNSS paga of ESA's
€oPortal

BeiDou-2

Parameter GEO 16SO MEO

Launch mass 4500 kg 4200 kg

Dry mass 1550 kg 1900 kg

Body size ~lEmx-22mx-25m  ~l&mx-22mx-25m  ~L&mx-22mx-25n
Solar array size 2x3x22mx17m 2x3x22nx17m 2x3x22nx17m
Spanwidth ~77m ~77m ~77m

Crass section ~27m? ~27 m? ~27m?

SRP acceleration 102nm/s? 122 nmis?

The Beillou-2 spacecraft are equipped with broadband GNISS anfennas for the B4, B2, and B3 frequency bands as wall as a laser retroreflector array
(LRA)for satelltz aser ranging

Wy
The BeiDou-3 will transmit legacy B1 sgrals simlar to the 3eiDou-2 satelites as well as modernized signzls in the L1, ES, and E3 band Ee‘DDU MEO”GSO

Comminication
= < Antena

Quelle: http://mgex.igs.org/IGS MGEX Status BDS.html

pale BeiDou GEO




Frame to express external forces acting on satellite

§-track

A
S Along-track

A
R Radial

Perturbation Equations by Gaul3

1
é=\/£ 232£e~sin(V)'R+Esj - (6.18a)]
pl-e T
é=\/E[sin(v)-R+(cos(v)+cos(E))-S] - (6.18b)]
n
. r-cos(u)
= "I W - (6.180)
' na’yl-e’ o
. r-sin(u)
- rsmly) . (6.18dY
nazm-sin(i) o
m:l\/£|:—cos(v)~R+[1+£J~sin(v)-S:|—cos(i)»Q - (6.18e)Y
e\ P
ip:—l_zez |:[mos(v)—2e£j-R—[1+£)sin(\/)»S:|—i(t—tp)~é1 - (6.18D)
n-ae p p 2a
il

R .. Radial
S .. Along Track
W.. Out of Plane
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Galileo — Satellite Characteristis

Spacecraft Characteristics

A comprehensive collection of technical information with associated references for the GIOVE-A and GIOVE-S spacecraft can be obtained at ESA's
eoPortal as well as the ESA report on GIOVE Experimentation Results (ESA SP-1320). Information on the IOV sateliites is presently limited to the ESA
Galileo IOV Fact Sheel

Parameter GIOVE-A GIOVE B lov Foc
Launch mass 602 kg 530 kg 700 kg 733 kg
Dry mass 550 kg 502 kg na nia

13mx18mx165m

Body size (stowed envelope)

095mx095mx24m 274mx158mx159m 25mx12mx11m

Solar array size 2X2X174mx098m 2x4x15mx08m  2x2x-3mx~im 2x2x25mx11m
Span width ~0m ~10m 145m 147m
Cross section om? 12m? nfa nia

SRP acceleration 99 nmis® 151 nmis® 113 nmis? nia

The GIOVE-A/B and Galileo-IOV spacecraft are equipped with broadband GNSS antennas for the E1, ESab and E6 frequency bands and with a laser
retroreflector array (LRA) for sateliite laser ranging

Fig. 1 Spacecraft reference system and sensor location for the GIOVE-A (left). GIOVE-B (center) and GalileolOV (iight) satellites (images: ESA). Note that the
Sun incidence direction in the artist's drawings of GIOVE-A and GIOVE-B does not comply with the true attitude control of the two spacecratt, which ahways keeps
the Sun in the x-hemisphere.

Quelle — IGS-MGEX Webpage: http://igs.org/mgex/Status_GAL.htm

Frame for Parametrization of Solar Radiation Pressure

e D(u)=D0+ D1C cos u +D1S sinu
* Y(u)=YO+Y1Ccosu+Y1S sinu
e B(u) =BO + B1C cos u + B1S sinu

D corresponds to direction satellite-sun
Y points along solar panel axis
X completes a right-handed system

The 9 parameters can be expressed as functions of the
argument of latitude and the angle 3 (= sun elevation
above orbital frame)
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The Beta Angle

The beta angle, [3 is the angle between the solar
vector, s, and its projection onto the orbit plane;

Calculating the Beta Angle

To most easily calculate the
angle between a vector and a
plane, it is necessary to
determine the angle
between the vector and a
vector normal to the plane,
denoted here by @

We note that 3 = @- (T7/2)
radians.
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Calculating the Beta Angle
We see that 3 is limited by:
B ==x(e+ il
Beta angles where the sun is north of the orbit
plane are considered positive -- beta angles where
the sun is south of the orbit are considered

negative.

For GLONASS i= 63 !!

69

Beta Angle (°)

Variation of the Beta Angle Due to Seasonal

Variation and Orbit Precession

80 T T T
/\ Representative Profile:
Altitude = 408 km, Circular |

RIEANE
20_/\ [\ i

N AR VAR
-

1 Note: This is one of many possible profiles \/
-80 | L L L

Number of Days Since Vernal Equinox .
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Galileo —(10V) Orbit Determination
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ritRes Difference (TUM-minus-CODE) of MGEX precise arbit products for the Galilea [0V

Thank you for your attention
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