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Satellite orbit determination

Low Earth Orbiters (LEOS)

GRACE GOCE TanDEM-X

Gravity Recovery And Gravity and TerraSAR-X add-on for
Climate Experiment steady-state Ocean Digital Elevation
Circulation Explorer Measurement

Of course, there are many more missions equipped with GPS receivers

Jason Jason-2 MetOp-A Icesat COSMIC



http://de.wikipedia.org/w/index.php?title=Datei:ICESat1.jpg&filetimestamp=20060331191429

Satellite orbit determination

LEO Orbit Characteristics — the example of GOCE
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Ground-track coverage on 2 Nov, 2009 Complete geographical coverage after
Dusk-dawn sun-synchronous orbit (i = 96.6°) 979 revolutions (repeat-cycle of 61 days)
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Satellite orbit determination

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

Astronomical Institute University of Bern AIUB



Satellite orbit determination

GPS Segments

The GPS consists of 3 main segments:
- Space Segment: the satellites and the constellation of satellites

- Control Segment: the ground stations, infrastructure and software for
operation and monitoring of the GPS

- User Segment: all GPS receivers worldwide and the corresponding
processing software

We should add an important 4th segment:

- Ground Segment: all civilian permanent networks of reference sites and
the international/regional/local services delivering products for the users
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Satellite orbit determination

Space Segment

- The space segment nominally consists of 24 satellites, presently: 32 active
GPS satellites

- Constellation design: at least 4 satellites in view from any location on the

Earth at any time
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Satellite orbit determination

Control Segment
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Satellite orbit determination

User Segment and Ground Segment

User Segment:
- All GPS receivers on land, on sea, in the air and in space

- Broad user community with applications of the GPS for positioning and
navigation, surveying, geodynamics and geophysics, atmosphere, ...

Ground Segment:
- Global network of the International GNSS Service (IGS: ~ 400 stations)

- Regional and local permanent networks (Europe, Japan, US): densification
of the reference frame, positioning services
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Satellite orbit determination

Global Network of the IGS
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IGS stations used for computation of
% Combined GPS-GLONASS receivers final orbits at CODE (Dach et al., 2009)
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Satellite orbit determination

Global Network of the IGS
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* GNSS
® GPS only
More and more multi-GNSS receivers are IGS stations used for computation of
available in the global network of the IGS final orbits at CODE (November 2011)

Astronomical Institute University of Bern AIUB



Satellite orbit determination

Main components of the IGS

Regional and Global Data Centers
provide the data to the users and analysis centers

Analysis Centers
compute the products from the data of the IGS—stations

Analysis Center Coordinator
combines the contributions from the analysis centers to IGS—products

Product Databases
provide the IGS products to the users

IGS Central Bureau
day-to-day management of the IGS

IGS Governing Board
policy guidance of the IGS
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Satellite orbit determination

Analysis Centers (ACs) of the IGS

CODE (Center for Orbit Determination in Europe) as an example:

CODE is a joint-venture between:

- Astronomical Institute of the University of Bern (AIUB), Bern, Switzerland
- Swiss Federal Office of Topography (swisstopo), Wabern, Switzerland
- German Federal Office for Cartography and Geodesy (BKG), Frankfurt, Germany

- Institute of Astronomical and Physical Geodesy (IAPG) of the Technische
Universitat Minchen (TUM), Munich, Germany

Schweizerische Eidgenossenschaft

Confédération suisse @ Bundesamt fir _

A,UB Canfederazione Svizzera 4 Kartographie und Geodise
Confederaziun svizra , , - ..

Technische Universitat Minchen
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Satellite orbit determination

Products of the IGS

Ultra-Rapid GNSS Orbits GPS:5cm (1D)  GLONASS: 10 cm (1D)
(predicted) GPS satellite clocks RMS: 3 ns SDev: 1.5 ns
EOPs PM: 250 pas dLOD: 50 us
Ultra-Rapid GNSS Orbits GPS:3cm (1D)  GLONASS: 10 cm (1D)
(observed) GPS satellite clocks RMS: 150 ps SDev: 50 ps
EOPs PM: <150 pas dLOD: 10 us
Rapid GNSS Orbits GPS:2.5¢cm (1D)
GPS sat. &rec. clocks RMS: 75 ps SDev: 25 ps
EOPs PM: <40 pas dLOD: 10 us
Final GNSS Orbits GPS:2.5cm (1D) GLONASS: <5cm (1D)
GPS sat. &rec. clocks RMS: 75 ps SDev: 20 ps
EOPs PM: <30 pas dLOD: 10 ps
Terrestrial Frame N&E: 2 mm U: 5 mm
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Satellite orbit determination

Computation of Final Orbits at CODE
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Satellite orbit determination
Computation of Final Orbits at CODE

B Station coordinates

Parameters types

m Site-specific troposphere
parameters

® Scaling factor for APL model

B Orbital elements

B Stochastic orbit parameters

® Earth rotation parameters
Geocenter coordinates
Satellite antenna offset

parameters
Satellite antenna pattern

1 Scaling factor for higher-order
0% ionosphere
Ambiguity parameters

A large number of parameters has to be co-estimated together with the orbital
parameters, such as ...
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Satellite orbit determination

Computation of Final Orbits at CODE

ik Imstantaneous
che of Ecliptic Rotation Pale Earth Rotation Axis as Monitored by CODE

o
LTy -0.2f

Mutation

Earth Rotation Axas

Earth's Orbit

X Pole component (Arcseconds)

Sun

0.3

Ecliptic

0.4 0.3 0.2
Y Pole Component (Arcseconds)

... Earth Rotation Parameters (ERP). They define the transformation between the
inertial reference frame (ICRF) and the terrestrial reference frame (ITRF) as

rirrr = X' YT U N Pricrr
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Satellite orbit determination

Computation of Final Clocks at CODE

Pre-processing

Screening of
post-fit residuals

Clean code + phase RINEX
Smooth code 30sandbs
~~
Screening _ _
station-by-station CODE Rapid solution
Delete bad stations <::| CRD TRP
1. Phase only PRE ERP
2. code only CLK
3. phase + code
i

3 global clusters

Low-rate 40 stations/cluster CODE;S?I'IF?SIUHOH
clock
solution @ PRE ERP
Combination + merging
=> 5-min clocks
T Fa
High-rate EHRI from 5 min to 30 s
clock
solutions &

|‘ EHRIfrom 30 sto 5 s

<:] CRD and TRP for
remaining 5-s stations

A

(Bock et al., 2009c)

Astronomical Institute University of Bern

The final clock product
with 5 min sampling is
based on undifferenced
GPS data 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 GOCE orbit determination

AIUB




Satellite orbit determination

Computation of (Near) Real Time Clocks

clean code + phase

RINEX
smooth code
IGS Ultra-rapid | v Similar procedures can be
ORB ERP 7 global sol‘u_tio’n‘
External PPP | nomaen adopted for the NRT clock
o e computation as for the final
Eloba soluton clock computation. The
TRP, CLK estimation availability of real-time data

TRP

streams is crucial

final global solution
. . 25 stations
S-minute solution

reference clock
selection

CRD ORB TRP “_~ ERP CLK Real time clock estimation
Higlh:ate intejrpolatioﬁ (:;-minut; c:)cks procedures are deSCribed in
solution using epoch-ditierenced phase

(30 seconds) from 25 stations (Hauschild and Montenbruck, 2008)
NRT clock solution

(Bock et al., 2009a)
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Satellite orbit determination

GPS Signals

FUNDA-
MENTAL
FREQUENCY
10.23 MHz

=— |

L1 C/A CODE P-CODE
1575.42 1.023 MHz | 10.23 MHz
MHz

L2 P-CODE

1227.60 10.23 MHz
x120

| 50 BPS SATELLITE MESSAGE I

Signals driven by an atomic clock

Two carrier signals (sine waves):

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

cycle

\/ \/ carrier

code

/\ /\ /\ modulated
\/ © carrier

Bits encoded on carrier by phase
modulation:

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

- P-code (Protected / Precise)
- Broadcast/Navigation Message
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Satellite orbit determination

Pseudorange / Code Measurements

Code Observations Pf are defined as:

Pk

C Spee: Satellite
clock, T¢

1; Rece

Tk  GPS

Receiver, -~ (T-

- Measuremegcnpise: ~ 0.5

7

Transmitted signal

37

= c (T; — T")

or good P-cqdrwitt, 1997)

ne)

Astronomical Institute University of Bern AIUB



Satellite orbit determination

Code Observation Equation

P!‘::pf—c-Athrc-Ati

2

t; tk GPS time of reception and emission
Atk Satellite clock offset T% — ¥

At;  Receiver clock offset T; — ¢,

]

pf Distance between receiver and satellite ¢ (t; — t¥)

Known from ACs or IGS: 4 unknown parameters:
satellite positi ki s ks - i s

- positions ("7, "7, 2"7) - receiver position (2, Y;, Z;)

- satellite clock offsets At*s - receiver clock offset A¢;
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Satellite orbit determination

Basic Positioning and Navigation Concept (1)

Simplified model for pf: atmospheric delay missing, exactly 4 satellites, ...

Pf = \/(w’fl —2i)2 4 (YFr — )2 + (2M = 2)2 — e AtF ¢ At

Pl = \/(E""Q — )2 + (yk2 — ;)2 + (22 — 2)2 — ¢ - AtR2 4 ¢ Aty

1

PP = @b — 0+ (5 — i) + (8 — 22 — e A e A

1

P@M - \/(517""4 — @)% + (Y — )2 + (M = 2)2 — - AP 4 - AL

More than 4 satellites: best receiver position and clock offset with least-squares
or filter algorithms
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Satellite orbit determination

Basic Positioning and Navigation Concept (2)
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Satellite orbit determination

Carrier Phase Measurements (1)

Phase ¢ (in cycles) increases

/\ linearly with time ¢:

Rotates with
frequency, f

[f, Ovo Phase (/5 — f -1
(cycles)
where f is the frequency

The satellite generates with its clock the phase signal qﬁk. At emmision time 7"
(in satellite clock time) we have

of = f-T"

The same phase signal, e.g., a wave crest, propagates from the satellite to the
receiver, but the receiver measures only the fractional part of the phase and
does not know the integer number of cycles N,f' (phase ambiguity):

k k k k k
be, = ¢ _Ni = [T —N?;
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Satellite orbit determination

Carrier Phase Measurements (2)

The receiver generates with its clock a reference phase. At time of reception I}
of the satellite phase gb,ff*' (in receiver clock time) we have:

¢i = -1

The actual phase measurement is the difference between receiver reference
phase ¢; and satellite phase qbf-f':

W =i~ =f T, — (f-TF —~ NF)y = f - (T, — T") + NF

Multiplication with the wavelength \ = ¢/ f leads to the phase observation
equation in meters:

LY =X yFf =c- (T; = T") 4+ \- NF
=pf —c-AtF +c At + X Nf

Difference to the Eseudorange observation: integer ambiguitx term Ni’“
Astronomical Institute University of Bern AIUB



Satellite orbit determination

Improved Observation Equation

Lf=pf —c - AtF + ¢ - At; + K+ X + X - NF

]

+ Ay — C - b +c-b; + m,ff -+ ef“

p’f Distance between satellite and receiver <= Satellite positions and clocks

AtF  satellite clock offset wrt GPS time <= are known from ACs or IGS

At; Receiver clock offset wrt GPS time

T&k Fropeospheric-delay— — Not existent for LEOs

:EI‘—W — Cancels out (first order only)

]\f,i"j Phase ambiguity when forming the ionosphere-

A,.; Relativistic corrections free linear combination:

b Delays in satellite (cables, electronics) f% f22

b; Delays in receiver and antenna Le= ﬁ[’l - ﬁl’?
‘ " _ _ _ Ji—15 fi—= 15

m,; Multipath, scattering, bending effects

et Measurement error
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Satellite orbit determination

Geometric Distance

Geometric distance pfeo IS given by:

Piﬂeo = l""leO(tleO) —rk (teo — Tl]feo”

T1co Inertial position of LEO antenna phase center at reception time
rk Inertial position of GPS antenna phase center of satellite £ at emission time

T;EO Signal traveling time between the two phase center positions

Different ways to represent Tjeo !

- Kinematic orbit representation

- Dynamic or reduced-dynamic orbit representation
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Satellite orbit determination

Kinematic Orbit Representation (1)

Satellite position 7¢,(%1e0) (in inertial frame) is given by:

Tleo (tleo) — R(tleo) : (T'leo,e,O(tleo) + 5T£eo,e,ant(tieo))

R Transformation matrix from Earth-fixed to inertial frame
Tleo,e,0 LEO center of mass position in Earth-fixed frame
0T leo,e.ant LEO antenna phase center offset in Earth-fixed frame

Kinematic positions 7., ¢, 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
Astronomical Institute University of Bern AIUB



Satellite orbit determination

Kinematic Orbit Representation (2)

_ Kinematic positions are
A kinematic orbit is an T i indeekidditamtie
ephemeris at discrete h® yincose e

® fosssunedwstssad fosed
measurement epochs o (EQ twEtdsgititshtion

(Svehla and Rothacher, 2004)
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Satellite orbit determination

Kinematic Orbit Representation (3)

Measurement epochs
(in GPS time)

N ¥ 2009 11 2 [0 0.80678020
Positions (km) pL15 ES00NGI2059MNGE23N087679NNN73NI04149 1932194797196 Clock correction to
(Earth_fixed) # 2009 11 2 — nominal epoch (ps)’

PL15 193219.799413 |

* 2009 11 2 e.g., to epoch
PL15 00:00:03

* 2009 11 2 [0 "3.80678020

PL15 [-386.495163 6624.496541 49.998817 193219.803855
x 2009 11 2 [0704.80678019"
PL15 [-385.121760 6624.647724  42.296889 193219.806059
* 2009 11 2 [0T0T5.80678019
PL15 [-383.747819 6624.789703  34.594896/ 193219.808280 |
* 2009 11 2 [OT06.80678019"
PL1S [-382.373332 6624.922464  26.892861/ 193219.810495
x 2009 11 2 [O07.80678019"
PL15 [-380.998306 6625.046003  19.190792 193219.812692
* 2009 11 2 [0TT0778.806780197
PL15 [-379.622745 6625.160329  11.488692 193219.814899
x 2009 11 2 [0T0TT9.80678018
PL15 [-378.246651 6625.265448 3.786580 193219.817123

Excerpt of kinematic GOCE positions at begin of 2 Nov, 2009
GO _CONS SST PKI 2 [20091101T235945 20091102T235944 0001 Times in UTC
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Satellite orbit determination

Measurement Epochs

1 .0 I | I I [++ I I I I I I I I I I I [
0.8 i++++4+ ++++F++ _
o 0.6 ) i Change of clock behavior due to
2 ", £ the switch to the redundant B-unit
0.41 ", s after the GOCE anomaly in Feb. |
0.2F G ”””WWWW% i
0.0d ! | ! H! ! | ! l I ! | | ! ! | | ﬁ%‘*ﬁ*ﬂw
1 Nov 1 Dec 1 Jan 1Feb 1 Mar 1 Apr 1 May
Date 2009/2010

Fractional parts of measurement epochs:

The measurement sampling is 1 Hz, but the internal clock is not steered to integer
seconds (fractional parts are shown in the figure for the midnight epochs).

Astronomical Institute University of Bern
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Satellite orbit determination

Dynamic Orbit Representation (1)

Satellite position 7¢,(%1e0) (in inertial frame) is given by:

Tleo(tleo) — T'leo,0 (tleo; a,e, ’i, Q, W, UQ; Q].: ooy Qd) + 5rleo,ant(tleo)

Tleo,0 LEO center of mass position
61";60,%,5 LEO antenna phase center offset
a,e, i, {2 w,ug LEO initial osculating orbital elements
W1, ..., Qq LEO dynamical parameters

Satellite trajectory e, ¢ Is @ particular solution of an equation of motion

- One set of initial conditions (orbital elements) is estimated per arc

Dxnamical parameters of the force model on request
Astronomical Institute University of Bern AIUB



Satellite orbit determination

Dynamic Orbit Representation (2)

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

. r .
r = _GM7_3 + fl(ta r,r, Qla X Qd)

with initial conditions

T(tﬂ) — T‘((L, €, ?:: SZ, W, U, tO)

‘f‘(to) — 'f'(a, c, i, Q, W, Uqp, t())

The acceleration f, consists of gravitational and non-gravitational perturbations
taken into account to model the satellite trajectory. Unknown parameters (1, ..., Q4
of force models may appear in the equation of motion together with deterministic
(known) accelerations given by analytical models.

Astronomical Institute University of Bern AIUB



Satellite orbit determination

Osculating Orbital Elements (1)
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Satellite orbit determination

Osculating Orbital Elements of GOCE (2)

0 5 10 15 20
Hours of 2 Nov, 2009

Semi-major axis:
Twice-per-revolution variations of about £10 km around the mean semi-major axis
of 6632.9km, which corresponds to the 254.9 km mean altitude used by ESA

Astronomical Institute University of Bern AIUB



Satellite orbit determination

Osculating Orbital Elements of GOCE (3)

0 | | | |
0 5 10 15 20
Hours of 2 Nov, 2009

Numerical eccentricity:
Small, short-periodic variations around the mean value of about 0.0025, i.e., the
orbit is close to circular
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Satellite orbit determination

Osculating Orbital Elements of GOCE (4)

96.61 | | | |

96.605 -

96.6

i (deg)

96.595

96.59 ' ' '
0 5 10 15 20

Hours of 2 Nov, 2009

Inclination:
Twice-per-revolution and longer variations around the mean inclination of about

96.6° (sun-synchronous orbit)
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Satellite orbit determination

Osculating Orbital Elements of GOCE (5)

—44.5 T T ' '

—45.5 ' ' '
0 5 10 15 20
Hours of 2 Nov, 2009
Right ascension of ascending node:

Twice-per-revolution variations and linear drift of about +1°/day (360°/365days) due
to the sun-synchronous orbit

Astronomical Institute University of Bern AIUB



Satellite orbit determination

Dynamic Orbit Representation (3)

GPS/ D—Q—D ~

GPS™

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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Satellite orbit determination

Reduced-Dynamic Orbit Representation (1)

Equation of motion (in inertial frame) is given by:
. r .
r = —GM7—3 + 1 (t, r,r,Q1,....Q0q4, P, ..., PS)

Pp,..., P Pseudo-stochastic parameters

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

- often set up as piecewise constant accelerations to ensure that satellite
trajectories are continuous and differentiable at any epoch
Astronomical Institute University of Bern AIUB



Satellite orbit determination

Reduced-Dynamic Orbit Representation (2)

aps! e GPS!

GPS™

Reduced-dynamic orbits
heavily depend on the

Reduced-dynamic orbits
are well suited to compute

LEO orbits of highest force models used, e.g.,
quality on the gravity field model
(Jaggi et al., 2006; Jaggi, 2007) (Jaggi et al., 2008)
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Satellite orbit determination

Partial Derivatives

Orbit improvement (7(%): numerically integrated a priori orbit):

r(t) = rolt) + Y. 5 (0) - (P~ o

1=1

yields corrections to a priori parameter values Iy ; by least-squares

Previously, for each parameter F; the corresponding variational equation

.. . 8f1
zp,=Ap-zp,+ A1 -2p, + 7
ob;
. . . Org
has to be solved to obtain the partials zp,(t) = a—P(t) e.g., by:
i

- Numerical integration for initial osculating elements
- Numerical quadrature for dynamic parameters
- Linear combinations for pseudo-stochastic parameters (J&ggi, 2007)

Astronomical Institute University of Bern AIUB



Satellite orbit determination

Reduced-dynamic Orbit Representation (3)

Position epochs
(in GPS time)

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

* 2009 11 2
PL15
YL15

2009 11
PL15
YL15
* 2009 11
PL15
YL15
# 2009 11
PL15
YL15
* 2009 11
PL15
YL15
# 2009 11
PL15
YL15
* 2009 11 2
PL15
YL15

Clock corrections

5 are not provided

2

2

2

2

Excerpt of reduced-dynamic GOCE positions at begin of 2 Nov, 2009
GO CONS SST PRD 2 20091101T235945 20091102T235944 0001
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Satellite orbit determination

LEO Sensor Offsets (1)

Phase center offsets §7¢q gnt

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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Satellite orbit determination

LEO Sensor Offsets (2)

Redundant Main SSTI
SSTI antenna antenna
0
k ) g
-
-
-
-
-
-
-
-
5 — / P ~ Flight direction
SRF CoM
° XSRF
( Laser retro
reflector
= Offset wrt satellite reference frame (SRF) is constant

~ Nadir pointing

Offset wrt center of mass (CoM) is slowly varying
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GOCE Sensor Offsets

Table 1: CoM coordinates in SRF system

Satellite orbit determination

CoM XsrelM] | YorelM] | Zggelm]
Begin of Life (BoL) 2.4990 0.0036 0.0011
End of Life (EoL) 2.5290 0.0038 0.0012

Table 2: SSTI antenna CMP coordinates in SRF system

Table 3: SSTI antenna CMP coordinates wrt to CoM (BoL)

CMP coordinates Xere [M] | Yegelm] | Zggelm] CMP coordinates Xeow [M] | Yeoulm] | Zoulm]
Main 3.1930 0.0000 | -1.0922 Main 0.6940 | -0.0036 | -1.0933
Redundant 1.3450 0.0000 | -1.0903 Redundant -1.1540 | -0.0036 | -1.0914

Table 4. SSTI antenna phase center offsets in ARF system

Astronomical Institute University of Bern

Phase center offsets XarelmMM] | Yapelmm] | Z,ge[mm]

Main: L1 -0.18 3.51 -81.11

Main: L2 -1.22 -1.00 -84.18

Redundant: L1 -0.96 3.14 -81.33 Derived from Bigazzi and
Redundant: L2 -1.48 -1.20 -84.18 Frommknecht (2010)

AIUB



Satellite orbit determination

GOCE GPS Antenna

L1, L2, Lc phase center offset: Lc phase center variations

e}

- ;N' - 'y

.

w i

F :

o

‘flight o

direction

Measured from ground calibration Empirically derived during orbit determination
in anechoic chamber according to Jaggi et al. (2009)
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Other spaceborne GPS antennas

Lc phase center variations Lc phase center corrections

S 8 s B2
25 20 -15 -10 -5 0 5 10 15 20 25 25 -20 -15 -10 -5 0 5 10 15 20 25
[mm] [mm]
Measured from ground calibration Empirically derived during orbit determination
in anechoic chamber ~according to Montenbruck et al. (2008)
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Satellite orbit determination

GOCE High-level Processing Facility: Orbit Groups

National Space Research
Center of the
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(Rapid Science Orhbit)
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(Precise Science Orbit)

Astronomical Institute,
University Berne,
Switzerland (AIUB

and Physical Geudesg.,
Techn. Univ. Munich,

Germany (IAPG) IAPG => Validation

Centre Nationale
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% Institute for Navigation and
Politechnico di Milano, Satellite Geodesy, Graz University
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Astronomical Institute University of Bern AIUB




Satellite orbit determination

GOCE High-level Processing Facility: Orbit Products

Orbit Software GPS GPS Samplin bata Latenc
solution Observ. products pling batches y
rdeduceq- GEOQDYAN__| trinle.diff IGS 10 cac 30 h 1 day
ynamic . ]
o Accuracy requirement:
50 cm
kinematic GHOSIT zero-aint ; 1 sec 24 h 1 day
rapid
reduced- BERNESE | zera-diff CODE 10 sec 30 h 7-10
dynamic . ] days
o Accuracy requirement:
2cm i
kinematic BERNESE | Zero-ant : T Sec 30 h )
final days

(Visser et al., 2009)

Astronomical Institute University of Bern

(Bock et al., 2011)
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Visualization of LEO Orbit Products

x 10° m

6 |

4 N\

0 - w&\ssss; g It is more instructive
) "’M"%'fﬂ to look at differences

- i
i M/%ﬁ- between orbits in well
’///4’? suited coordinate
systems ...

x10° m
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Satellite orbit determination

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)

Astronomical Institute University of Bern AIUB
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epochs of kin.
positions

mm

Satellite orbit determination

GOCE Orbit Differences KIN-RD

0.6 +—12.4 mm

-32+- 7.7 mm

9 12 15 18 21 24
Hours of day 120/2009
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Orbit Differences KIN-RD, Time-Differenced
. " e I.- : | oo ?-6:

Largest scatter of ¢
Kin. positions

£
£
-50 1 1 1 1 1 1 1 ]
T T T T T T T T
50 -
cross—track . . 0.0 +- 3.7mm
£
£ )
-50[ l I I I l - I I I ]
12 15 18 21 24

3 6 9
Hours of day 110/2009

AIUB
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GOCE Pseudo-Stochastic Accelerations

1000
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-500

-1000
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-50

-1000

1000

500

nm/s?
Q

-500

-1000

radial

T T T

54.6 +— 147.6 nm/s>

|
4:9_":

S~

T I T

—74.5 +— 221.8 nm/s>

cross—track

T T T

-106.2 +— 230.4 nm/s®

9

Hours of day 131/2009
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GOCE Orbital Altitude at Mission Begin

GOCE ,History“:

280 . . :
17 March:

Launch into a sun-synchronous (i ~ 97°),
dusk-dawn orbit at an altitude of 287.9 km

275

7 May:

2701 First drag-free flight

26 May:
Second drag-free flight with various
activities on gradiometer calibration

265

Orbital altitude

260 -

13/14 September:

Arrival at final orbital altitude of 259.6 km

120 140 160 180 200 220 240 260 280  (254.9 km), start of drag-free flight for first
Day of year 2009 Measurement and Operational Phase (MOP-1)

255

Astronomical Institute University of Bern AIUB



Satellite orbit determination

Improving GOCE Orbit Determination (1)

PCV modeling is one of the limiting
factors for most precise LEO orbit
determination. Unmodeled PCVs
are systematic errors, which

- directly propagate into kinematic
orbit determination and severly
degrade the position estimates

- propagate into reduced-dynamic
orbit determination to a smaller,
but still large extent

Astronomical Institute University of Bern AIUB
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Improving GOCE Orbit Determination (2)

100_!: I I I I . I I I I I ]
50l _ R P 0.4 4+ 203

: e ; b O
14 i  CEE ] 7 :
3 14 L

mm
o

; A
. "y 8 2y .

H 1 . <
H Doar 4o '

—50 H i PO '
04+ 13.9mm'
—100E I I I I I I I I I -
100 T T T T T T T T T -
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= 0 . _uft A A ; \ L e ad B y 0

i with PCV

-50
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-100

100
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Improving GRACE Orbit Determination (1)

GRACE-A GRACE-B
antenna antenna
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Improving GRACE Orbit Determination (2)

—=&— PCV not corrected
—e— PCV corrected

ot

Orbit Determination

* independent validation with K-Band data
(measurements with micrometer accuracy)

-
w
)

-

K-band range STD (cm)

* Improvement of single-satellite solutions

051

* Improvement of baseline solutions

0 50 100 Da1;00f yeggogoo‘/ 250 300 350
10'
Gravity Field Determination
 independent validation wrt £
GRACE K-Band solutions g
« Improvement of low degrees 2T
(O] W
* Iarger eﬁeCt for GRACE-A ol :gggggfgg)é\?notcorrecled)
(active RO-antenna) . = GrACE A PV ot e
10 ¢ s GRACE-A (PCV corrected)

Degree of spherical harmonics
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Single-Frequency Orbit Determination

Reduced-Dynamic Orbit Determination

Mean 3D RMS [cm] of the orbit differences with respect to DF reference solution for days 273-279/2007 (=September 30-October 6, 2007) for different
reduced-dynamic orbit solutions; for solutions A, B and C, improvement [%] with respect to solution “w/o”.

LEO Altitude Solution —

[km] “wlo” A B C
GRACE A 470 134.3 63.7 52.6% 19.6 85.4% 20.5 84.7%
GRACE B 470 113.1 53.2 53.0% 9.4 91.2% 10.1 91.1%
MetOp-A 820 62.6 39.0 37.7% 20.2 67.7% 221 64.7%

Kinematic Orbit Determination (Bock et al., 2009b)

Mean 3D RMS [cm] of the orbit differences with respect to DF reference solution for days 27{ 279/2D07 (=September 30-October 6, 2007) for different

kinematic orbit solutions: for solutions A, B and C, improvement [%)] with respect to solutiof “w/o’
LEO Altitude Solution
[km] “wfo” A B C
GRACE A 470 138.6 95.3 31.2% 54.9 60.4"% 55.2 60.2%
GRACE B 470 119.0 87.2 26.7% 32.8 72.4% 33.5 71.8%
MetOp-A 820 85.6 53.0 38.1% 67.8 20.8% 68.1 20.4%
|

The so-called GRAPHIC (GRoup And PHase lonospheric Correction) linear
combination 0.5(L1 + C1) was formed to compute solution B

Astronomical Institute University of Bern AIUB
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Satellite orbit determination

Near Real-Time Orbit Determination

—6—RT
IGU
—+— |IGU-NRT||

X & |
5 2 A [V & [ & _
AN A By A WS @”@ e
A % RN L8 % FHEK f\é
¥ -~ &
I I N I | )r/ I I Y S I O I | | I I I I I Y S I I I Y S I [ A |
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43

Solution Number

GRACE NRT Orbit Determination:
Based on NRT clock determination and IGS Ultra-Rapid (IGU) orbit products, 2cm
radial RMS errors wrt post-processed orbits were achieved by Bock et al. (2009a)

MetOp-A NRT / RT Orbit Determination:
Velocity errors of better than 0.05 mm/s for NRT and 0.2 mm/s for real-time orbit
determination were recently demonstrated by Montenbruck et al. (2012)

Astronomical Institute University of Bern
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Orbit Validation by Satellite Laser Ranging (SLR)

GFZ SLR station in Potsdam, Germany AIUB SLR station in Zimmerwald, Switzerland

Astronomical Institute University of Bern AIUB



Satellite orbit determination

GOCE Orbit Accuracy from SLR Residuals (1)

LEO orbits may be shifted " ' ' - ' . —
up to several cm's in the O with PCV
cross-track direction by R
unmodeled PCVs.

Thanks to the low orbital
altitude of GOCE it could
be confirmed for the first
time with SLR data that _
the PCV-induced cross- "
track shifts are real (see
measurements from the
SLR stations in the east
and west directions at

low elevations). % 50 100 150 200 250 300 350
Azimuth

Astronomical Institute University of Bern AIUB
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GOCE Orbit Accuracy from SLR Residuals (2)

w/o PCVs with PCVs

50mm

40

30
120

110

1-10

-
. . -

-20
-30

_40

-50

flight direction

The PCV-induced cross-track shifts are best visualized when plotting the SLR
residuals in a satellite-fixed coordinate system. This illustrates that SLR is not
only able to detect radial biases.
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GOCE Orbit Accuracy from SLR Residuals (3)

Reduced-dynamic orbit

Mean: 0.24 cm, RMS: 1.62 cm

200 T T

Residuals {asc) [mm]

Ascending

+ Yarragadee
Greenbelt
Monument Peak
Haleakala

Tahiti

Koganei
Concepcion
Hartebeesthoek

&

Zimmerwald

LR B S o R R

Residuals {(desc) [mm]

San Fernando
Mt. Stromlo
Graz
Herstmonceux
Potsdam
Grasse

Matera
Wettzell

< <4 q A4 4

Descending

_ Loi
2%PR JUL

i |
SEP APR

SEP JAN AFR JUL JAN JUL SEP JAN AFR
Date in 2009 - 2012
20009: 2010: 2011: 2012:
RMS: 1.61cm 1.44 cm 1.99cm 2.05cm
Mean: 0.46 cm 0.13cm 0.25cm 0.13cm
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GOCE Orbit Accuracy from SLR Residuals (4)

Kinematic orbit Mean:
200 I N A ! 11 ! T 1 ! T T ! 1

0.15cm, RMS: 2.23 ¢
T T T T 1

100 Ascending

v Yarragadee
Greenbelt
Monument Peak
Haleakala
Tahiti

Koganei
Concepcion
Hartebeesthoek
Zimmerwald
San Fernando
Mt. Stromlo
Graz
Herstmonceux
Potsdam
Grasse

Matera

Wettzell

+

-100

Residuals (asc) [mm]
o

-200
200

o 9 o © O O 0

100

g 4 A 9 4 A

Residuals (desc) [mm]

V viod Descending

L i i\i\i\i\ii\\\i\i\\i\i
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L0 L
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_ L1 [
2C}g\)PR JUL JUL

Date in 2009 - 2012
20009: 2010: 2011: 2012:
RMS: 1.89cm 1.76 cm 2.63cm 3.00 cm
Mean: 0.49 cm 0.10cm 0.15cm -0.24 cm
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Satellite orbit determination

Orbit Differences KIN-RD on 2 Nov, 2009 (1)
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Satellite orbit determination

Orbit Differences KIN-RD on 2 Nov, 2009 (2)

400

300

200+

-100

Larger differences twice-per-revolution
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along-track

g XX ®% X
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Satellite orbit determination

Orbit Differences KIN-RD on 2 Nov, 2009 (3)

 radial +100
along-track
= cross-track -100
300 -
200 Larger differences over polar regions

-200 1 1 1 I I I I
0 45 90 135 180 225 270 315 360

Argument of Latitude [°]
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Orbit Differences KIN- RD (1)
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Orbit Differences KIN-RD (2)

Ascendlng arcs (RMS) Descendlng arcs (RMS)

RMS of orbit dlﬂ!m”{wlhm RMS of orbit dlﬂam”{wlhm

o o
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Orbit Differences KIN-RD (3)

Ascending.arcs.(mean) | Descending arcs.(mean)

2009
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Satellite orbit determination

Phase Residuals

mean residuals at lonosphere—crossing: 2009, doys 245-365

5 21[!
1.5 1.5
1 1
05 05
a a
-0.5 -0.5
-1 -1
-1.5 -1.5
-2 -2

mean residuals at lonosphere—crossing: 2011, doys 245-365 e

T e fﬁ Phase observation residuals mapped

1 to the crossing of the ionosphere layer

05 Satellite
a Single layer

0.5 Ionospheric pierce point
-1

-1.5

-2
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Impact on Gravity Field Solutions

Nov/Dec 2009 Nov/Dec 2011

1 1 i | Il Il ] 1
01 008 -008 004 002 0 002 004 006 008 01 -01 -0.08 -0.06 -0.04 -002 O 002 004 006 008 0.1

The systematic effect in the phase observation residuals maps into the GOCE
GPS-only gravity field solutions achieved so far (Jaggi et al., 2011) ...
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