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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

BeiDou
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GNSS View:  GNSS satellites visible for mobile phone at
Vienna airport (25.1.2017)
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Precise Orbit Determination + 

Precise Point Positioning

request

accurate + stable Time Scales

+ 

consistent Spatial Coordinate Systems

+

adequately precise Transformation Models

Why ?
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Introduction: Relevant Reference Systems

Satellite Orbit Determination -> Quasi-Inertial Frame

Site Positions -> Earth-Fixed Frame

Observations -> Frame invariant

Linear motion+

Periodic effects

+post-seismic

deformation

Agenda
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• Introduction

• Time Scales

• Global Spatial Reference Systems

• Broadcast Frames

• Continental/ Regional Spatial Reference 

Systems

• Satellite specific Frame(s)

• Sun-refered Frame
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Physical Time Scales (Atomic Times/ blue) 
and Dynamic Time Scales (Earth Rotation/yellow)

Time Scales

GPST-UTC = 14 s (1.1.2006)

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)

Source: Seeber,2003

http://www.leapsecond.com/java/gpsclock.htm
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GNSS Satellite Time Systems

GPS- Time :  TAI – 19 s

GLONASS Time : UTC + 3h

Galileo System Time : TAI – 19 s

Beidou Time :  TAI – 33 s

On-board Atomic Clocks

Navigation P/L:

130 Kg / 900 W

Rubidium Atomic
Frequency Standard
3.3 Kg mass

30 W power

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 
term frequency stability (10-15)
• frequency drift
Caesium Clock
• Better long-term stability (10-14)
• shorter life time
• not used in Galileo

Passive Hydrogen 
Maser
18 Kg mass
70 W power
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GALILEO Hydrogen Maser

Graphics – Source : Spectra Time Company (2009)

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

Clock stability is related to the resonance frequency of the clock

Future of clock-stability

Optical clocks

Laser clocks -> resonace frequency : 600 Tera Hz

Frequency stability beter than 10 E-17
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• Introduction

• Time Scales

• Global Spatial Reference Systems

• Broadcast Frames

• Continental/ Regional Spatial Reference 

Systems

• Satellite specific Frame

• Sun-refered Frame

Celestial Inertial System ( Realized by VLBI -> ICRF)
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History of astrometry

15

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 µasec

2010s Gaia optical astrometry 70 µasec for Vmag 18 quasar

2010s ICRF3 VLBI 20-70 µasec

modified from Chris Jacobs (2013)

Why VLBI for celestial reference 

frames?

• Point source at infinity as a direction reference

• Advantage: sources do not move 

– billions of light years away

• But price to be paid

– very weak sources 1 Jy = 10-26 Watt/m2/Hz

– needs lots of sq. meters 10 to 100 m antennas

– lots of bandwidth 0.1 to 4 Gbps

– low system temperature Tsys = 20 - 40 Kelvin

16
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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

• VLBI 

– mas positions

17

International Celestial Reference 

System

• 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)

• "quasi-inertial" with practically no accelerations

– but galactic rotation

18



10

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)

19

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 µas (significantly 
better than ICRF1)

20
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ICRF2
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ICRF-2
Ma et al, IERS, 2009

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

• 39 special handling sources in ICRF2

– positions estimated once per session

– treatment of special handling sources as global 

parameters could distort reference frames

22
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Core shift

• Wavelength dependent shift in radio centroid 

(core)

• Shorter wavelength closer to black hole and 

optical

23

Credit: A. Marscher, Proc. Sci., Italy, 2006.
Overlay image: Krichbaum, et al, IRAM, 1999.
Montage: Wehrle et al, ASTRO-2010, no. 310.

R~0.1-1 µas                                   1mas

Source structure

• Sources become better ----->>>

24

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

• ICRF3 expected for 2018 (from VLBI)

– with contribution from TU Wien

• Then, optical realisations expected (GAIA)

• Optical catalogues will have to be linked to 

radio catalogues

25

launched fall 

2013

Relation: Celestial (Inertial) – Terrestrial System

Earth orientation parameters

are defined as rotation angles, which

connect

the Terrestrial co-rotating reference system

with the Celestial inertial system

by means of the relationship

�� � = � � � 	 
 ��(�).

P…….Precession
U……Rotation (Parameter: UT1-UTC)
X,Y…Polar motion (Parameter: Pole coordinates x,y)
N……Nutation (Parameter: Nutation offsetΔδε,Δδψ)

These 5 Earth orientation parameters are linearly dependent

(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 SI 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
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http://www.iers.org/

ITRF2008 Stationen

http://itrf.ensg.ign.fr/
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From To ��|��
�

(cm)
(cm/y)

��|��
�

(cm)
(cm/y)

��|��
�

(cm)
(cm/y)

��|��
�

(0.001“)
(0.001“/y)

��|��
�

(0.001“)
(0.001“/y)

��|��
�

(0.001“)
(0.001“/y)

�|��

(10��)
(10��/y)

��

ITRF92 ITRF93 - 0.2
- 0.29

- 0.7
+0.04

- 0.7
+0.08

- 0.39
- 0.11

+0.80
- 0.19

- 0.96
+0.05

+0.12
0.0

1988

ITRF93 ITRF94 - 0.6
0.29

+0.5
- 0.04

+1.5
- 0.08

+0.39
+0.11

- 0.80
+0.19

+0.96
- 0.05

- 0.04
0.0

1988

ITRF94 ITRF96 0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

1997

ITRF96 ITRF97 0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

1997

Table: Transformation parameters among ITRF frames foruse with
the7/14-parameter Helmert model

Transformation parameters between ITRF frames

From To ��|��
�

(cm)
(cm/y)

��|��
�

(cm)
(cm/y)

��|��
�

(cm)
(cm/y)

��|��
�

(0.001“)
(0.001“/y)

��|��
�

(0.001“)
(0.001“/y)

��|��
�

(0.001“)
(0.001“/y)

�|��

(10��)
(10��/y)

��

ITRF2000 ITRF2005 - 0.01
+0.02

+0.08
- 0.01

+0.58
+0.18

0.0
0.0

0.0
0.0

0.0
0.0

- 0.040
- 0.008

2000

ITRF2005 ITRF2008 +0.05
- 0.03

+0.09
0.00

+0.47
0.00

0.0
0.0

0.0
0.0

0.0
0.0

- 0.094
0.0

2005

ITRF2008 ITRF2014 -0.16
0.00

-0,19
0.00

-0.24
+0.01

0.0
0.0

0.0
0.0

0.0
0.0

+0.020
-0.030

2010

Table: Transformation parameters among ITRF frames foruse with
the7/14-parameter Helmert model

Transformation parameters between ITRF frames
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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)

GNSS Coordinate Broadcast Systems

•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. 

Source:  http://www.gps.gov/systems/gps/control

GPS Control Network
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–K**GLONASS System Control Center
–KKrasnoznamensk, Moscow reg.
–SSatellite operation
–OOD&TS

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

•S**System clock
(Central synchronizer)

–SSchelkovo

GLONASS Control Network

GLONASS Post-Processing Reference Network
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PZ 90.11

• 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

EUREF Welcome Page http://www.epncb.oma.be/

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

Definition ETRS / ETRF
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45

• Introduction

• Time Scales

• Global Spatial Reference Systems

• Broadcast Frames

• Continental/ Regional Spatial Reference 
Systems

• Satellite specific Frame

• Sun-refered Frame

Regional Reference Ellipsoid  (e.g.. Bessel 1841)
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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 !!!

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)

Geodetic Datum Austria 
(rough values)
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National Map Projections (e.g. UTM, GK, …..)

Austrian National Map Projection ( Gauss-Krüger)
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EPOSA – GNSS Service Provider - Network

EPOSA Reference Frame – ITRF2014, Ep. 2010.0

Positioning with RTK -> Reference Frame?

NTRIP-Server

Internet

Zentrale:
Berechung

DGNSS-Signal

Referenzstationen 

Antenne (GPS+GLONASS)

+ Empfänger

GPS/GLONASS-

Antenne

Empfänger

GPRS

Signal propagation time 1-1,5 seconds!

NTRIP = Networked Transport of RTCM via Internet Protocol

GNSS- RealTime Positioning Services
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Datum / Net Distortions

In Austria operating active Reference networks refer to

• ITRF2000/  Ep. 1997.0 (expiring)

• ITRF2014 / Ep. 2010.0  (EPOSA)

• ETRS89 / (Ep. 1989.0)  (APOS)

• The transformation to the local datum MGI is

realized by a ‚mean‘ 7-Parameter Transformation

z.B. for EPOSA  ->

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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Residuals refer to mean transformation parameter set

EPOSA – Grid - Longitude

Corresponds approximately to negative Geoid Undulations

Residuals refer to mean transformation parameter set

EPOSA – Grid - Height
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RTCM  SC -104

Differential GNSS Standards

• ursprünglich 1983 entwickelter Standard für die DGPS-Positionierung

(Genauigkeitsziel 5m)

• Version 2.0 , 1990, im Kern GPS-Codekorrekturen 

• Version 2.1 , 1994, beinhaltet erstmals RTK - Phasenbeobachtungen 

(nur GPS – proprietäre Message erlaubt FKPs)

• Version 2.2 , 1998, inkludiert GLONASS

• Version 2.3 , 2001, viele neue Messages, (z.B kombinierte Nutzung GNSS

und of Loran-C) und Reduktion der Menge der  Übertragungsdaten

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

• Version 3.1, Anhänge 1-6 (2008-2012): beinhalten u.a. 
Koordinatentransformation in nationales Datum, Korrekturraster f. 
Netzspannungen, SSR –für PPP

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

Version 3.3 (2016): neue Navigationsmessages, SBAS

ITRS / ETRS /Reference Frames

• Any ITRS Realization (=ITRF) can be converted to any ETRS89 

realization (ETRFxxxx) at the +/-1-2mm accury level.

• 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) 

Z-direction : main antenna - in direction to Earth

Y-direction: along the solar panel axes

Useful to specify location of sensors of the satellite with respect to

Geometric Origin or CoM
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Galileo Antenna and LRA Positions

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

Beidou Konstellation  I

Quelle: http://mgex.igs.org/IGS_MGEX_Status_BDS.html
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Frame to express external forces acting on satellite

Perturbation Equations by Gauß

R .. Radial

S  .. Along Track

W.. Out of Plane
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Galileo – Satellite Characteristis

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

Frame for Parametrization of Solar Radiation Pressure

• D(u) =D0 + D1C cos u +D1S  sin u 

• Y(u) =Y0 + Y1C cos u + Y1S  sin u 

• B(u) =B0 + B1C cos u + B1S  sin u 

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 β (= sun elevation 

above orbital frame)
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The Beta Angle

67

The beta angle, β is the angle between the solar 

vector, s, and its projection onto the orbit plane;

β

s

Calculating the Beta Angle

68

β

s

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 φ;

We note that β = φ - (π/2) 

radians.

φ
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Calculating the Beta Angle

69

We see that β is limited by:

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 !!

Variation of the Beta Angle Due to Seasonal 
Variation and Orbit Precession
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Representative Profile:
Altitude = 408 km, Circular
Inclination = 51.6 °

Number of Days Since Vernal Equinox

B
e

ta
 A

n
gl

e
 (
°)

Note:  This is one of many possible profiles
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Galileo –(IOV) Orbit Determination

Thank you for your attention


