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VORWORT

Die Anwendungen des amerikanischen satellitengestiitzten Navigationssystems GPS erreichen in
- zunehmendem Ausmass viele aktuelle Bereiche, wie z.B. die Navigation, Geodynamik oder
Landesvermessung. Bei diesen Anwendungen wichst immer mehr das Bediirfnis nach einem
zivilen Bahndienst, der den Nutzern auf operationeller Basis moglichst speditiv Parameter der
GPS-Bahnen zur Verfiigung stellt.

Setzte sich ein Literaturkritiker zum Ziel, die Dissertationen systematisch einer wissenschaftlichen
Disziplin zuzuordnen, er wiirde bestimmt als Eckpfeiler die Klassen der Uebersichtsarbeiten und
der reinen Spezialuntersuchungen einfiihren. Die Arbeit von Herrn Dr. Markus Rothacher ist in die
erste Kategorie einzuordnen: Wihrend der letzten zehn Jahre hat er sich die notigen theoretischen
Werkzeuge erarbeitet und diese in der Praxis vielfach erprobt. Nur dank diesem reichen
Erfahrungsschatz war sein Thema "Orbits of Satellite Systems in Space Geodesy" iiberhaupt zu
bewiltigen. Nach einer Uebersicht iiber die im Moment interessierenden Satellitensysteme wird in
Teil 1 die Bahnbestimmung fiir das amerikanische "Global Positioning System (GPS)" kritisch
durchleuchtet. Im Teil 2 werden die theoretischen Entwicklungen durch umfangreiche
Auswertungen illustriert. Diese Untersuchungen bildeten fiir das Astronomische Institut der
Universitit Bern das theoretische Fundament fiir die Beteiligung am "International GPS
Geodynamics Service (IGS)". Die Anwendungen (Kap. 8 GIG' 91 sowie Kap. ESA' 91) waren
erste praktische Schritte in dieser Richtung.

Zusitzlich sind in dieser Dissertation aber auch Spezialprobleme angeschnitten, welche in Zukunft
zu grosseren Arbeiten Anlass geben konnten. Es sei insbesondere auf die Behandlung der
‘Troposphiire hingewiesen (Kapitel 5): Herr Rothacher prisentiert hier eine valable und einfach in
die Praxis umzusetzende Alternative zur stochastischen Tropospharenmodelherung, welche sich bis
jetzt sehr gut bewihrt hat.

Die Schweizerische Geoditische Kommission (SGK) anerkennt die grosse Leistung von Herrn
Rothacher und dankt ihm fiir den hochstehenden Beitrag zur schweizerischen Satellitengeodiisie
und Landesvermessung. Die Schweiz. Akademie fiir Naturwissenschaften (SANW) unterstiitzt die

SGK seit vielen Jahren. Wie auch in vorangegangenen Fillen iibernahm die SANW die
Druckkosten fiir diese Publikation, wofiir wir im Namen der SGK unseren Dank aussprechen.

Prof Dr. G. Beutler Direktor K. Jeanrichard Prof. Dr. H.-G.Kahle
Direktor des Astronomischen Bundesamt fiir Landestopographie = ETH Ziirich
Instituts der Universitit Bem Vizeprisident der SGK Prisident der SGK



PREFACE

- Les applications du systéme américain GPS de navigation par satellites touchent de plus en plus de

nombreux domaines d'actualité, tels que la navigation, la géodynamique ou la mensuration
- nationale. Pour ces applications, le besoin d'un service civil capable de mettre a disposition des
utilisateurs les parametres des orbites GPS aussi rapidement que possible va croissant.

Si un critique littéraire s'avisait de classer systématiquement les theéses de doctorat d'une discipline
scientifique donnée, les deux piliers de ce classement seraient certainement les travaux i caractére
synoptique d'une part et les recherches spécifiques d'autre part. Le travail de Monsieur Markus
Rothacher, dr €s sc., est & classer dans la premiére de ces catégories: durant les dix derniéres
années, il a acquis les outils théoriques nécessaires et les a testés maintes fois dans la pratique.
Cette vaste expérience lui a permis de maitriser totalement son theéme "Orbits of Satellite Systems in
Space Geodesy". Aprés une vue d'ensemble des systemes de satellites qui nous intéressent pour le
moment, la détermination des orbites du systéme américain "Global Positioning System (GPS)" est
examinée de facon critique dans la premiére partie. Dans la seconde partie, les développements
théoriques sont illustrés par d'amples analyses. Ces recherches ont formé la base théorique de la
participation de 1'Institut d'astronomie de I'Université de Berne au projet "International GPS
Geodynamics Service (IGS)". Les applications (chapitre 8 GIG' 91 ainsi que le chapltre ESA'91)
constituaient les premiers pas pratiques dans cette direction. -

En outre, dans ce travail de doctorat, des probleémes spécifiques sont évoqués qui pourraient faire
l'objet de travaux plus fouillés. Ainsi, par exemple, le probléme de la troposphére (chapitre 5): M.
Rothacher présente ici une alternative valable et simple 2 réaliser dans la pratique en vue de
I'€laboration de modeles stochastiques de la troposphere et qui a fait ses preuves jusqu'ici.

La Commission géodésique suisse reconnait le grand mérite de M. Rothacher et le remercie de sa
précieuse contribution a la géodésie suisse par satellites et A la mensuration nationale. L'Académie
_suisse des sciences naturelles (ASSN) soutient la Commission géodésique suisse (CGS) depuis de

- nombreuses années. Comme elle 1'a fait en d'autres occasions, 1'ASSN a pris 4 'sa charge les frais
- d'impression de cette publication et, au nom de la CGS, nous lui exprimons notre gratitude.

Prof. Dr. G. Beutler F. Jeanrichard, directeur Prof. Dr. H.-G. Kahle

Directeur de I'Institut Office fédéral de topographie EPF- Zurich

d'astronomie de Vice-président de la CGS Pésident de 1a CGS

. 1'Université de Berne



PREFACE

The application of the new U.S. satellite-based navigation system GPS is increasingly important
for many current fields of work, such as navigation, geodynamics or land surveying. Emerging
with these applications, there is a growing need for a civil orbit service, which should make
parameters of the GPS-orbits available to users on an operational basis as efficiently as possible.

Would it be the goal of a literature critic to class dissertations systematically with scientific
disciplines, he would surely introduce the category of broad review-type theses and the category of
theses with special topics. The work of Dr. Markus Rothacher belongs to the first kind. In the last
ten years he has acquired the theoretical means and put them to test many times. Only with this rich
experience could his subject "Orbits of Satellite Systems in Space Geodesy" be managed. After a
general view on the currently interesting satellite systems part one takes a critical look at the orbital
determination for the American "Global Positioning System (GPS)". Part two then illustrates these
theoretical developments with thorough evaluation. This research work constitutes for the
Astronomical Institute of the University of Berne (AIUB) the theoretical background of its
participation in the "International GPS Geodynamics Service (IGS)". The applications (chapter 8
GIG' 91 and chapter ESA' 91) were the first practical steps in this direction.

~ In addition to this the dissertation also deals with many special problems, which will give rise to

‘future research work. A special reference should be made to the handling of the troposphere
(chapter 5): Markus Rothacher presents a highly valuable alternative to the stochastic modelling of
the troposphere which has proven to be very reliable.

The Swiss Geodetic Commission (SGK) acknowledges the great achievement of Dr. Rothacher
and appreciates his high-standing contribution to Swiss satellite geodesy and land surveying. The
Swiss Academy for Natural Sciences (SANW) has been supporting the SGK for many years. As in
previous cases the SANW has taken over the cost of print of this publication, for which the SGK is
very grateful.

Prof. Dr.. G. Beutler. Director F. Jeanrichard - Prof. Dr.. H.-G. Kahle
Director of the Astronomical Federal Office of Topography ETH Zurich.
Institute, University of Berne Vice president SGK President SGK
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1. INTRODUCTION

The Navy Navigation Satellite System TRANSIT, the first satellite
system that has become available. for geodetic positioning, is in
use for civilian purposes since 1967. Although it is mainly used
for navigation, geocentric point positions with an adcuracy of a
few decimeters could be obtained with several days worth of dopp-
ler measurements.

- The first launch of a satellite of the NAVSTAR Global Positioning
System (GPS) in 1978 initiated the building up:of a new satellite
system for navigation and geodetic positioning that will reach
its full constellation in a few years. At this time the older
TRANSIT system will be switched off. A few other navigation sa-
tellite systems that already exist in a test configuration, 1like
the Soviet GLONASS [Anodina, 1988], or that are being planned,
like e.g. the European system NAVSAT [Carnebianca et al., 1985],
‘together with new satellite tracking systems (e.g. DORIS in
France [Willis et al., 1989] and PRARE. in Germany [Hartl et al.,
1985]) will also be available in future for high precision geode-
tic positioning. With these developments space geodesy has become
more and more important for geodetic and geodynamic applications.

Although only two thirds of the Navstar GPS satellites have been
put. into orbit until now, the system has already demonstrated. its
tremendous potential in many different fields of geodesy:

- In local networks methods have been. developed that allow the
determination of relative site coordinates with. an accuracy of
about' 1 cm within. a few minutes [Frei & Beutler, 1990]. If
longer observation periods are analysed the quality of results
for short baselines (< 100 km) is likely to be below one centi-
meter making GPS attractive for monitoring crustal deformation
[Prescott et al., 1989].

- In regional networks (500 to 2000 km) comparisons with results
obtained from Very Long Baseline Interferometry (VLBI)  or Sa-
‘tellite Laser Ranging (SLR) show. an agreement of the order of




few parts in 10® of these independent methods (see e.g. [Lich-
ten & Bertiger, 1989]).

- Recently it has been demonstrated that GPS may also successful-
ly be used on a global scale to estimate site coordinates with
an accuracy ‘of 1:10"° or below and even to determine earth ro-
tation parameters with a yet unseen temporal resolution [Blew~
itt & King, 1991].

Much of the strength of the GPS solutions lies in the fact that
GPS is a satellite system, where, in contrast to conventional
SLR, several satellites may be observed at the same time (the
‘launch of Lageos II and the observation of the Etalon. Satellites
‘may . change this situation). The geometrical rigidity resulting
from simultaneous measurements is. amazing.

;It is clear that in the case of regional and global baselines
‘such results are not achievable using the satellite ephemerides
of ah-accuracy of 3-10 meters publicly available today. The sa-
tellite orbits have to be carefully modeled and estimated.

Modeling the orbits of a satellite system is the central aspect
to be analyzed in this thesis.

- The situation is complicated by the presence of biases. The most
important error source (apart from the satellite orbits) is
tropospheric refraction.. The tropospheric delays of the radio
'signals have to be modeled and/or estimated, therefore, with the
same care as the satellite orbits. In most cases satellite orbit
and' tropospheric zenith delay parameters will even have to be de-
termined simultaneously from the observation material available.

~Thus modeling the troposphere and estimation of troposphere model
parameters is the second focus of this thesis.

Whereas the results of troposheric delay estimations are not very
-useful for a larger community, most of the users of a satellite
.system. are highly interested in getting high-accuracy orbits as a
prerequisite to obtain the best possible solutions for their own



baseline estimations, without having at hand .complex algorithms
needed for orbits determination of an entire satellite system.

In the near future the IGS (International GPS and Geodynamic Ser-
vice) will be the responsible international organization to con-
trol the production and distribution of highfaccuracy orbits of
the NAVSTAR GPS bitterly needed by the geodetic community.

With this thesis we hope to contribute to this topic of interest
to most geodesists and geophysicists dealing with the GPS.

This thesis is divided into two major parts. In the first part
.the theoretical bacquound will be developed, in the second part
the quality of the theoretical models will be tested using real
and simulated data of the GPS.

In Chapter 2 we give.an overview. over some of the new satellite
systems in space’geodesy,"including.GPS and GLONASS. The satel-
lite orbit characteristics are described and the different obser-
vation types used in satellite geodesy are introduced.

Chapter 3 deals with the modeling of the observables of GPS and
GLONASS (observation equations for code and phase measurements).
The forming of linear combinations of the original carriers and
the differencing techniques are introduced for later use. The in-
fluence of the two most important error sources (the satellite
orbits and the tropospheric refraction) on the estimation of site
cqo:diﬁates is then motivating the study and modeling of these
effects. . '

The theoretical aspects of the satellite orbit modeling and esti-
mation are covered in Chapter 4. Models for the various forces
acting on the satellite are given and the principlés of orbit de-
termination (including a short description of numerical integra-
tion) are presented.

Chapter 5 lists the modeling and estimation methods available tc



reduce the effects of the tropospheric refraction. Deterministic
as well as stochastic approaches are looked at. ..

In Chapter 6 we deal with the problem of orbit precision and ac-
curacy. Different possibilities to assess: the quality of satel-
lite orbits are outlined and methods to:compare individual satel-
lite orbits as well as systems of satellite orbits are presented.

Chapter 7 is devoted to the models used in the simulation of GPS
observations and the generation of different bias types. Simulat-
ed data will be used in Part II to study some aspects of orbit
and troposphere modeling and estimation.

- In the second, the application part of this thesis we present re-
sults obtained from four different campaigns.

Simulated data for a subset of the sites occupied during the
First -Global IERS ahd'GeodynamiC’GPS Campaign (GIG’91) are used
in Chapter -8 to study the influence of different bias types on
global orbit determination. The qualities of regional and global
orbits are compared.

Some results of the European ESA GPS Campaign are given in' Chap-
ter 9 to show the potential of continuous satellite tracking.
.Free'network,éolutions and solutions using the fiducial point
concept are- presented. .

Chapter 10, finally, deals with a very small network in Switzer-
land measured using GPS in 1989. The large height differences in
this mountainous region and the availability of a high'precision
terrestrial solution qualifies this network as an ideal test
,field for troposphere model studies.



PART 1:

THEORY







2. MODERN SATELLITE SYSTEMS

In the last decade the huge potential of systems of satellites
for navigation and positioning has become more and more evident.
The geometrical strength resulting from the possibility to track
several satellites at the same time is only now beginning to be
fﬁlly realized. The idea of real time navigation with 4-7 satel-
lites on one hand and geodetic applications with 24 hour sessions
and 24 satellites on the other hand opens up a new dimension. In
view of this trend it is not astonishing, that new satellite sy-
stems have been planned and even developed in the last few years.

In this chapter we give a short description of some of these new
satellite systems developed in the field of satellite geodesy,
namely DORIS, PRARE, GPS, and GLONASS. Each system uses its own
measurement philesophy (doppler, ranges, phases, one-way or two-
way observations, ...) depending on the application type, the
accuracies to be obtained, and the potential users.. " ‘

Since we are going to use data of NAVSTAR GPS to study the orbi-
tal aspects of a satellite system, and since the NAVSTAR GPS has
already been partly operational for geodetic purposes for 6-7
years and much experience has been gathered during this time in-
terval, a more detailed description will be given for NAVSTAR GPS
than for the other systems.

It should be pointed out that the four satellite systems pre-
sented in the next paragraphs are only an important but not a re-
presentative selection out of the many satellite systems under
plannlng or construction today. Not described here -is e.g. the
NAVSAT, a European satellite navigation system under study by the
European Space Agency (ESA) [Carnebianca et al., 1985)] that com-
bines geostationary satellites, such as communication satellites,
with high earth-orbiting satellites, such as those used in the
‘Navstar GPS program, a combination called GEO/HIO mix [Rosetti et
al., 1988], or the GRANAS, another satellite positioning inita-
tive [Euler et al., 1983].



‘2.1 DORIS

In France a satellite tracking system is currently developed with
the acronym

DORIS: Doppler Orbitography and Radiopositioning Integrated by
_Satellite. .

Whereas its main purpose is the precise orbit determination, the
'DORIS system will also have remarkable positioning capabilities
for geodesy and geophysics. It is built to be used for orbit de-
termination in the joint US-French oceanographic project TOPEX/
POSEIDON planned for 1992 [Lefebvre, 1989; Willis et al.,
1990].

The three French groups involved in the design and realization of
the DORIS system are the CNES (Centre National d’Etude Spatiale),
the GRGS (Groupe de Recherche en Géodésie Spatiale), and the IGN
(Institut Géographique National).

The different parts of the DORIS system are shown in Figure 2.1.
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~Figure 2.1
The DORIS System



DORIS will fly on low altitude orbiting satellites as SPOT2 (for
test purposes), SPOT3, and, as mentioned above, TOPEX/POSEIDON.
DORIS is a dual frequency uplink doppler system, the two nominal
frequencies' being 2.03625 GHz and 0.40125 GHz. The on-board in-
strument consists of a doppler receiver, an omnidirectional an-
tenna to receive the two frequendies,vand an: ultra stable oscil-
lator (stability of 5-:10"!? over periods of 10 to 100 seconds).
All the doppler data are collected by the clectronics on-board
the satellite and then retransmitted to the control station in
Toulouse. DORIS may therefore be called a centralized system (no
data collection in the field). All the data are directly archived
and processed in Toulouse.

In order to determine precisely the orbit of the satellite carry-
ing DORIS: a dense network of about 50 permanent beacons (Orbit
Determination  Beacons) is being installed (see Figure 2.2) when-
ever possible near VLBI or SLIR sites to have precise geocentric
coordinates. The orbit accuarcy is estimated to be about 10 cm in
the radial component [La Brune et al., 1986].

1

-150

] PSR U ISPy W SUN SR W SO GUU SUN SIS SN S GOSN SIS | ]

~100 —50° 0 50 100 150
. VLBI, SLR and GPS O DORIS

_ Figure:2.2
- The DORIS: Tracking Network



In addition to the beacons mentioned above mobile units (Ground
Location Beaconé) will be available to be placed at locations of
geodetic or geophysical interest. The designers expect an abso-
lute positioning accuracy within a global.reference'frame of 8 cm
using 40 satellite passes, and a relative accuracy of 2 cm +
0.1 ppm using 30 passes [Willis et al., 1989].

2.2 PRARE
The satellite tracking system
 PRARE: Precise Range And Range Rate Equipment

was' proposed in 1982 as an additional experiment on ESA’s (Euro-
pean Space Agency) First Remote Sensing'Satellite'ERS-lA(td be
launched in July 1991) [Hartl et al., 1985]. The development of
the PRARE system is a national German project of the following
institutions and companies: the INS (Institut fiir Navigation,
Universitit Stuttgart), Kayser Threde GmbH (Munchen) , - Dornier
GmbH (Friedrichshafen), and the DGFI (Deutsches Geodatisches For-
schungsinstitut, Abt. 1, Minchen).

The space segment of the PRARE system is a small compact unit to
be placed on a satellite (the first is ERS-1). Two continuous
signals are emitted from the space segment to the earth with the
frequenciesiz.z GHz (S-band) and 8.5 GHz (X-band). Both signals
are modulated with a pseudo-random noise code (PN-code) used for
the distance measurements and containing broadcast information
for the ground station operation (see also Figure 2.3) - [Flechtner
et al., 1990]. '

In the ground station the time delay in the reception of the two
simultaneously emitted signals is measured and the result is re-
transmitted and stored on-board the satellite..The X-band signal
is transposed to 7.2 GHz at the ground station, coherently modu-
lated with thevregenerated PN-code including the two-frequency
délay data, and is returned to the space segment. There the PN-
code is fed into a correlator to determine the two-way signal de-



lay. In addition the received carrier frequency is evaluated in a
doppler counter. The two-way tracking allows highest measurement
precision because the signal generation and the measurement are
based on the same ultra-stable quartz oscillator. Four indepen-
dent correlators and doppler counters allow the simultaneous mea-
surements of up to four ground stations.

,'PﬁAhE}
i SPACE :
iSEGMENT:

X-BAND 2-WAY
PN-Coded Rangling (10 MChip/s)

S-BAND 1-WAY
PN-Coded Ranging (1 MChip/s)

STATION

STATION

Figure 2.3
The PRARE Measurement Principle

The information collected in the space segment will be transmit-
ted to the master control station during every suitable pass. In
the control station the incoming data are processed, archived,
and finally disseminated to the users.

The planhed network of PRARE ground stations is shown in Figure
2.4.

The measurement accuracy is thought to be 0.1 mm/s for the X-band
doppler and 3-7 .cm for X-band ranging, the main error being th-
tropospheric refraction.
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Figure 2.4.
Planned Global PRARE Tracking Network

An extended PRARE system, PRAREE, is proposed.to be flown on the
first European Polar Platform. With additional signals (for in--
stance a two colour laser in the ground station) a direct mea-
surement of the atmospheric refraction will be made possible
leading to estimated range errors in the few mm range [Reigber et
al., 1988]. |

‘2.3 NAVSTAR GPS and GLONASS

Two satellite. systems for global positioning and navigation as
well as time transfer (one developed in .the United:  States by the
Department of Defence (DoD) and one designed in the USSR), are
already used in a test configuration and will soon become fully
operational. These systems, the

NAVSTAR GPS: Navigation Satellite Timing And Ranging Global
Positioning System -
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and the
GLONASS : Global Navigation Satellite System

are going to replace the older Navy Navigation Satellite Systenm,
known as TRANSIT, and the equivalent Russian doppler system TSI-
CADA. In 1995 it is planned to switch off the TRANSIT system.

Both systems, NAVSTAR GPS (or simply GPS) and GLONASS, have a ve-
ry similar overall system design indeed (for NAVSTAR see [Milli-
ken et al., 1980], for GLONASS [Anodina, 1988]), and will be pre-
sented together here. They are composed of three integral design
parts: the space segment, the ground or control segment, and the
user segment.

2.3.1 The Space Segment

The space segment consists of 21 to 24 active satellites to -be
operational in the final satellite configuration.

NAVSTAR GPS:

The full constellation of the Navstar satellites (see Figure 2.5)
has been subject to several changes, mainly due to budgetary pro-
blems. The current plan calls for a uniform 24 satellite configu-
ration (21 production satellites and 3 active spares) [Green et
al., 1989]. The satellites will be located in six planes in al-
most circular orbits approximately 20’200 km above the earth’s
surface resulting in an orbital period of approximately 11 hours
58 minutes or half a sidereal day. Thus almost the same satellite
scenario will recur 4 minutes earlier every day. The six orbital
planes will be separated by 60 degrees in longitude and will have
an inclination of 55 dégrees relative to the equatorial plane.
Four satellites will be located in each plane. With this constel-
lation at least 4 satellites will always be in view from every
point on the earth’s surface 24 hours a day. In some instances as
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many as 8 or more satellites will be visible to a ground user. It
is expected that the system will be fully operational in 1993.

Figure 2.5
. Navstar GPS Satellite Constellation

The satellites used in the Navstar program (see Figure 2.6) are
large, multi-purpose platforms utilized for a series of other
(military) projects (e.g. atomic flash detection) beside the po-
sitioning requirements. The first satellites launched (in 1978)
were: Block I satellites for the test phase of the project. Of the
ten launched satellites 5 are still operating today. Table 2.1
summarizes the current status of Block I satellites.
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Fiqgure 2.6
GPS Block I Satellite

Satellite | Launch Date | Current Status:
SVN PRN. (September. 1991)
01 04 - 22-FEB-78. Turned. off 17-JUL~-85
02 07 13-MAY-78- Turned: off FEB-88
03 06 7-0CT-78 Still operating, batteries low.
04 08 10-DEC-78 Turned off 14-0CT-89
05 05 9-FEB-80 Reaction wheel fail. 11-MAY-84
06 09 26-APR-80 Operation terminated 6-MAR-91
07 - Failure ———
08 11 14-JUL-83 Fully operational
09 13 13-JUN-84 Fully operational
10 12 8-SEP-84 Fully operational
11 03 9-0CT-85 Fully operational

SVN = Space Vehicle Number, PRN = Pseudo-Random-Noise Code Number

Table 2.1
Current Status of Block I NAVSTAR GPS Satellites.

In February 1989  the first of the Block II or production satel-
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lites was launched (PRN 14). Since then 10 further Block II sa-
tellites have been deployed in orbit. Accordingly the preseht
constellation consists of 16 active satellites (5 Block I, 11
Block II) and the so-called two-dimensional coverage has been
reached: at every instant from every point on the earth’s surface
at least three satellites can bevobsérved.‘This allows the deter-
mination of the horizontal position (assuming the height to be
known) " of the. antenna in real-time. Figure 2.7 shows the present
satellite constellation and Table 2.2 gives the launch dates of
Block II sateilites.
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: ' Figure 2.7 ,
. Navstar GPS Satellite Constellation of May 1991

In the Block II family 28 production satellites are planned. In
addition, plans.have already been made for a further 20 reple-
nishment satellites to be known as Block IIR. These will replace
the Block II satellites as necessary and introduce some new de-
sign features (e.g.. inter-satellite communications and ranging).
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Satellite | Launch Date current Status

SVN PRN (September 1991)

14 14 14-FEB-89 Successfully launched
13 2 10-JUN-89 Successfully launched
16 16 18-AUG-89 Successfully launched
19 19 21-0CT-89 Successfully launched
17 17 11-DEC-89 Successfully launched
18 18 24-JAN-90 Successfully launched
20 20 26-MAR-90. Successfully launched
21 21 2-AUG-90 Successfully launched
15 15 1-0CT-90 Successfully launched
23 23 26-NOV-90 Successfully launched
24 24 4-JUL-91 Successfully launched

Table 2.2

Launch dates and Status of Block II NAVSTAR GPS Satellites

Block I and II satellites only have a limited supply of propel-
lant  to allow orbit manoeuvres. Therefore the re-positioning

process tends to be long (see section 4.1.7).

GLONASS:

The GLONASS satellites are located at 19’100 km, a slightly lower
altitude than that of NAVSTAR satellites, but the orbit planes
have a similar inclination of 64.8 degrees to the equator and a
The satellites
themselves are located in the orbital planes at 45 degree inter-
vals. GLONASS is also expected to achieve eventually a 24 satel-

plane separation of 120 degrees in longitude.

lite constellation (including 3 spares), but arranged in only
three orbit planes [Anodina et al., 1989].

The GLONASS satellites currently have an orbital period of 11
hours and 16 minutes and will show a ground track repetition
after nearly 8 days. Unlike NAVSTAR GPS individual GLONASS satel-
lites, therefore, do not appear at the same point in space daily
(minus 4 minutes). However, as the satellites are 45 degrees out
of phase another satellite in the same plane will meet this re-
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quirement, making geometry repeatable and predictable as in NAV-
STAR.

Much less information is available about GLONASS than about GPS,
especially with respect to the launch schedule. GLONASS has been
partly operational since 1982. The full constellation could have
been completely installed within a two year period due to multi-
ple payload' launches tDaiy, 1988]. Unfortunately the USSR were
not too successful in maintaining the stability of their test
constellation. At presenﬁ there appear to be 12 healthy GLONASS
satellites (see Figuré 2.8) from a total of more than 27. (See
Table 2.3 for launch dates of the GLONASS satellites from 1982 to
1989.)

Plane A — @ . o— - & L
S 07 . 05 04 : 03 02
Plane B §
2:2 21 22) ‘19 18 17 2j1
Plane C — . . ® . e *—
0° 90° 180° 270°  360°
Figure 2.8

GLONASS Satellite Constellation of July 1991

GLONASS satellites apparently do not fully rely on solar or bat-
tery power but contain an alternative power source. This gives
them significant manoeuvring capabilities. Orbit changes will on-
ly take a few days as opposed to months in the case of the NAV-
STAR system. The satellites also have the ability to communicate,
and possibly range, between each other [Ackroyd et al., 1990].



Satellite No. Launch Date| Orbit Frequencies
Internat. /USSR » Plane L, (MHZz) L, (MHz)
COS 1413 - - 12-0CT-82 B ——— -
1414 - L B: ————— ——
1415 - ": B ——— ——
COS. 1490 03 10-AUG-83: B 1603.6875 1247.3125
1491 — " B - ——— :
1492 - " B - -—
COS 1519 24 29-DEC-83 A. 1615.5000 1256.5000
1520 02 " A 1603.1250 1246.8750
1521 - " A : —— ——
COS- 1554 09 19-MAY-84 A 1607.0625 1249.9375
1555 18 n A 1612.1250 1253.8750
1556 -- " A - -—-
COS 1593 - 4-SEP-84 B ——— ———
1594 - n B - ———
1595 17 " B 1611.5625 1253.4375
COS 1650 07 17-MAY-85 B 1605.9375 1249.0625
1651 10 " B 1607.6250 1250.3750
1652 - " B- - ———
COS 1710 04 24~DEC-85 A 1604.2500 1247.7500
1711 19 " A - 1612.6875 1254.3125
1712 - " A - ——— -
COS 1778 11 16-SEP-86 B 1608.1875 1250.8125
1779 20 " B 1613.2500 1254.7500
1780 22 " B 1614.3750 1255,6250'
COS 1838 - 24-APR-87 - Launch failure
1839 -— " - Launch failure
1840 - " - Launch failure
COS 1883 14 ‘16-SEP-87 A £1609.8750> ©1252.1250
1884 21 ". A 1613.8125 1255.1875
1885 05 n A 1604.8125 1248;1875
COS 1917 - 17~-FEB-88 - Launch failure
1918 - " - Launch failure
1919 - " - Launch failure
COS 1946 21-MAY-88. B
1947 " B
1948 " B:
COS 1970 16-SEP-88 A
1971 " A
1972 " A

Table 2.3 (First Part)
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COS 1987
1988
1989 ETAILON 1

COS 2022
2023
2024 ETAION 2

10-JAN-89

W w

31-MAY-89
"
n

(-

Table 2.3 (Second Part)

GLONASS Satellite Launch Dates 1982-1989
(Table incompléte due to missing information)

Table 2.4 summarizes the characteristics of both the NAVSTAR GPS

and . GLONASS.

~Orbital Period

- # of Satellites

# of Orbit Planes

11 h 58 min
6

24 (3 spares)

Characteristics NAVSTAR GPS GLONASS
‘Inclination of 637 (Block 1) .
Orbital Planes 55~ (Block 2) 64.8

11 h 16 min
3

24 (3 spares)

Frequency L,

Frequency L,

~Carr. Frequencies

Satellite independ.

1575.42 MHz

1227.60 MHz

- Mass - 815 kg 700 kg
Data Rate 50 bit/sec 50 bit/sec
Code Satellite dependent| Satellite independ.

Satellite dependent

vJ=v1+j-dv1

v,=1602.0000 MHz
dvl=0.5625 MHz

v, =v,+j-dv,

J

~v,=1246.0000 MHz

dv2=0.4375 MHZz

Table 2.4

NAVSTAR GPS and GILONASS Constellation
and Satellite Characteristics
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2.3.2 The Ground/Control Segment

The ground or control segment refers to the ground based element
of the satellite system which controls the performance of the sa-
tellites through orbital tracking, clock monitoring, etc.

NAVSTAR GPS:

The Operational Control System (OCS) (see Figure 2.9) for the
NAVSTAR GPS became operational in September 1985. The Master Con-
trol Station situated at Colorado Springs is responsible for the
overall satellite control, the determination of satellite epheme-
ris and clock state predictions for each satellite. Four additio-
nal sites at Hawaii, Ascension Islands, Diego Garcia, and Kwaja-
lein are operated as monitor stations for tracking the satellites
and collecting range data to produce satellite ephemerides. As-
cension, Diego Garcia, and Kwajalein also have uplink antennas to
transmit satellite orbit and clock information, and commands to
the satellites.

COLORADO
SPRINGS
[ 7

HAWAIL

Ha -
ASCENSION Ea.
ISLAND DIEGO
GARCIA

® MASTER CONTROL STATION
W UPLINK/DOWNLINK ANTENNAE
A MONI’I"OR TRACKING STATION
Figure 2.9
Operational Control System for NAVSTAR GPS
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The overall policy-making body is the Joint Program Office (JPO),
represented by the US Army, the US Navy, the US Air Force, the
Department of Transportation (DOT), the Defence Mapping Agency
(DMA), and the NATO.

GLONASS:

Little information is available about the details behind the or-
ganization of the GLONASS system. The ground-based tracking sta-
tions appear to be located in the Soviet Union only. This limits
the overall control of the system resulting in less reliable
health monitoring and a degraded ephemeris. It is important to
realize, however, that the GLONASS satellites can also monitor
each other which will allow monitoring during times, when satel-
lites are out of direct view by the ground stations. .

2.3.3 The User Segment

The user segment of the satellite system(s) includes all the ele-
ments required to receive the signals being broadcast from the
satellites. In essence this means the GPS or GLONASS receiver(s).
Different receiver types are commerc1ally available by now. We
will not go into any detail concerning receiver design and opera-
tlon, however.

There also exist GLONASS receivers (e.g. the ASN-16 receiver) and
attempts are made to construct hybrid NAVSTAR-GLONASS receivers
being able to track both, NAVSTAR GPS and GLONASS satellites.

The setting up of national or international user groups for dis-
tribution of information could also be considered part of the
user segment. In this context we should mention the Ccivil GPS In-
formation Centre (CGIC) and the International GPS and Geodynamics
Service (IGS). The IGS represents a permanent international ser-
vice to be established under the auspices of the International
Association of Geodesy (IAG). The primary objective is to provide
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IGS users with GPS information and data products developed under
strict standards. Among these products are high accuracy GPS
ephemerides, satellite clock ihformation, earth rotation parame-
ters, and ionosphefic data. For these serVices the IGS depends on
a permanent globalvtracking network. '

2.3.4 The Signal Structure

Both global' positioning systems derive the different - signals
(codes and carrier phases) they emit from the basic frequency of
the oscillator(s).on;board each satellite: 10.23 MHz for the
~ NAVSTAR GPS, and 10 MHz for GLONASS. (Due to effects of special
and general relativity, these standard frequencies are set to a
marginally lower value prior to launch). Since both systems are
also used for precise time transfer the NAVSTAR GPS time is
referenced to UTC (Universal Time Coordinated) and controlled by
the ﬁnited States Naval Observatory, whereas GLONASS time appears
to be connected with a time frame called Moscow Time [Ackroyd. et
al., 1990].

NAVSTAR GPS: -

NAVSTAR GPS has two main carrier frequencies known as Ll'énd L,,
used for positioning purposes. L, is centered on 1575.42 MHz (154
times the clock frequency of 10.23 MHz). and L, on 1227.60 MHz
(120 times 10.23 MHz). (For uplinking and downlinking of data the
satellites also operate at two other .frequencies (1783.74 and
2227.5 MHz), and a third emitted frequency (1381.05 MHz) is re-
served for atomic flash monitoring). Two pseudo-random noise
codes (PN-codes) are transmitted by the satellites by modulating
the carrier frequencies. The C/A-code (clear or coarse acquisi-
tion code, for civilian use) is available only on the L, carrier,
whereas the more precise'P-code (precise or protected code, for
military use) is available on both carriers [Spilker, 1978;
Bauersima, 1983] (see Figure 2.10).
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Figure 2.10
Signal and Frequency Generation of a GPS Satellite

The C/A-code is made up of a sequence of binary zeroes and ones
(realized bx phase changes of 180 degrees) with a frequency of
1.023 MHz (a‘'tenth of the basic clock frequency) corresponding to
a "wavelength" of about 300 meters. For the P-code generation the
original frequency of 10.23 MHz is used corresponding to about 30
meters. As an additional coded modulation the so-called broadcast
navigation message is transmitted by each satellite at a rate of
50 bits/sec containing information on the satellite ephemeris,
the satellite clock corrections, the satellite health and status,
and others ([Van Dierendonck et al., 1978].

Whén completing the. Block II constellation, the US intend to
change the P-code to a new encrypted code called Y-code. The de-
tails of this code will not be available and only a special code
key will enable its use. Already at present signals transmitted
by Block II satellites are degraded to limit the highest accuracy
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of the system to authorized users. This mode of degraded opera-
tion is called Selective Availability (SA) and involves the de-
gradation of the quality of broadcast ephemerides and the dither-
ing of the satellite clocks (see [Feigl et al., 1991]).

There are two different types of measurements performed by a geo-
detic NAVSTAR GPS receiver:

- Pseudorange Measurements: The range (distance satellite - re-
ceiver) is measured as the time difference between the emission
of a specific code (C/A or P) sequence and its reception at the
receiver. Since the instant of emission is defined by the sa-
tellite clock, whereas reception time is measured .in receiver
time the derived ranges are called "pseudoranges", biased by
the synchronization errors of the two clocks with respect to
GPS time. The receiver identifies the code sequence emitted by
a specific satellite by generating an exact replica of the code
and then correlating the incoming signal against slightly ad-
vanced and delayed versions of this local replica, a technique
known as auto-correlation. The continuity in tracking of the
code is achieved tprough'a delay lock loop, which adjusts the
code. replica in time to maintain a perfect match. The resolu-
tion of the correlation is a few percent of the "wavelength" in
consideration, thus leading to a measurement accuracy of about
1 meter for P-code, 3-5 meters for-C/A-code pseudoranges.

- Carrier Phase Measurements: First the carriers have to be re-
constructed using the known codes. (If the P-code is not known,
the L, carrier can e.g. be reconstructed by squaring the sig-
nal, thus loosing the information of the phase sign). The car-
riers are then differenced with a reference carrier generated
by the receiver and the resulting signal (the carrier beat
phase) is tracked using a similar technique to tracking the
code, except that a frequency lock loop is used to maintain
lock on the phase. The accuracy of these phase measurements is
about 1-3 mm. They would represent very accurate ranges, if, at
the time of the first measurement, the exact number of integer
wavelengths between the satellite and the receiver was known
and not only the fractional part. The unknown integer number of
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cycles to be‘added»to the phase measurement to get-a range is
"called the initial phase ambiguity. This phase ambiguity re-
mains the same as long as the receiver keeps lock on the phasé
transmitted by the satellite.

GLONASS:

GLONASS has a frequency design different from NAVSTAR GPS. In
NAVSTAR GPS all satellites transmit on the same two carrier fre-
quencies (L, and L,). The individual satellites are identified by
having a unique code sequences, a technique known as code divi-
sion multiple access. In GLONASS the individual satellites are
identifiable as each actually transmits a slightly different car-
rier frequency (frequency division multiple access). The L, fre-
queﬁcy of GLONASS 1is <centered on 1602.0 MHz, the L, on
1246.0 MHz. Each satellite transmits at an offset of 0.5625 MHz
from its neighbour, e.q. satellite 1 would transmit at
1602.5625 MHz, satellite 2 at 1603.1250 MHz, etc. The frequency

spacing on the L, band is 0.4375 MHz (see Table 2.4).

‘As in the case of the NAVSTAR system there are two codes trans-
mitted, one for civilian and one for military purposes. 1In
contrast to the NAVSTAR system, however, the same codes can be
used for all the satellites.

GLONASS and GPS receivers collect essentially the same measure-
ment types.
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3. MODELING OF THE OBSERVABLE

The measurement types of the NAVSTAR GPS and GLONASS have been
introduced in section 2.3.4: P-code on L, and L,, C/A-code, car-
rier phases L, and L,. These are also the basic observables used
for the estimation of relevant geodetic parameters like site co-
ordinates and orbital elements. GPS and GLONASS receivers regis-
trate, depending on the receiver type and application, a subset
or all of these different measurement types with an observation
interval of typically 30 seconds for geodetic purposes. (The
sampling rate may be much higher in the case of navigation.)

In the following we will discuss the observation equations for
both, pseudorange and carrier phase observations, introduce the
most importaht linear combinations of the above measurement types
and the various levels of observation differences used, and cha-
racterize the most important biases affecting the observations.

3.1 The Observation Equations

Many observation equations for both, carrier phase and pseudo-
range measurements, have been published. Among the first such pu-
blications we may refer to [Davidson et al., 1983], [Goad & Re-
mondi, 1983}, and [Bauersima, 1983]. Details and numerous refe-
rences may also be found in [Landau, 1988], and [Sovers & Border,
1987]. Therefore the outline given here will be limited to the
topics of interest in the course of this work.

3.1.1 Pseudorange Observation Equation

The pseudorange observation provides a measure of the absolute
range between satellite and receiver, offset by the receiver and
satellite clock errors. '
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Let us define the following terms:

tf ¢ Emission time of signal i from satellite S in GPS time

€} : Reading of the satellite clock at time tJ

t;, ¢ Reception time of signal i at receiver R in GPS time
t.,: Reading of the receiver ¢lo¢k at reception of signal i
S

7., Travel time of signal i between satellite S and receiver R

Ri*
With these definitions the satellite clock synchronization error
Atf and receiver clock synchronization error At,, with respect to
GPS time at times tf resp. t,, can be written as:

s — S _ ¢S
At} = ¥ t] (3.1)

At

R ER:I. = &, » (3.2)

Obviously we also have

L = Y, -t (3.3)

S
Ri!

between satellite S and receiver R, is given (in length units)
by:

In this nomenclature the observed quantity, the pseudorange 0

of, = c-(§ -%) . (3.4)

where c denotes the speed of light.
Using equations (3.1) to (3.3) we may rewrite eqn. (3.4) in the

following way:

S = .S . - R s
Oy = c©r1;, + c-At, c-At] (3.5)

The term c-rg1 contains the information relevant for geodesy:

.S — S S S - s
cT - pRi + ApRi,ion + ApRi',trop ApRi,rel (3'6)

with pa, =12 (t ~75, ) () | (3.7)
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and

pgi : Distance between satellite S at time tf and receiver R

: at time tki ‘

 (t) : Geocentric position vector of satellite S at GPS time
t in an inertial reference frame

r, (t) : Geocentric position vector of receiver R at GPS time t
in the same inertial frame

Apf‘“'1°n : Ionospheric refraction correction

Apgi.tropz Tropospheric refraction correction

Apgi.rel : Periodic relativistic correction

The observation equation of the pseudorange measurements is then

given by .
s _ a5 7 - s
Oz O°rs = Vru (3.8)
where
0:: : Pseudorange observation between satellite S and receiver
R. |
vii : Residual (measurement noise and remaining unmodelled ef-
fects)

or substituting (3.5) and (3.6):

S S S S
+ + -
Ri ApRi,ion ApRi,trop ApRi,rel

s s’ s
+c:At. -c-At' -0 =V (3.9)
: R1 i Ri R1i

Since Tgi appears in eqgn. (3.6) on the left hand side and also
implicitly on the right hand side in pf, (see ean. (3.7)), S,
has to be determined either iteratively or by developing the. sa-
tellite position into a Taylor series around the time t_,, (neg-
lecting terms of order 2) and solving for the resulting quadratic
- equations in pgi..(For more details see [Schildknecht, 1986].)

According to [Weiffenbach, 1967) the ionospheric refraction cor-
rection for code observations may be approximated by
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aps = J% - E (3.10)
v

with v : Frequency of the carrier being processed.
E : Total number of electrons seen by the signal travelling

from satellite to receiver in the cyclinder with the.
signal path as axis. and a unit area ground surface.

k = 41 (3.11)

secC.

The frequency dependency of the ionospheric refraction (propor-
tional to 1/v?) as well as the numerical value for k are only ap-
proximations. [Prilepin, 1986] has shown, however, that for fre-
quencies in the range of 1 to 2 GHz considered here the terms
neglected in (3.10) are of the order of 0.1 % .

The tropospheric refraction corrections Apfz . will be dis-

trop
cussed in more details in section 5.1.

The periodic relativistic correction Apg1 re1 FOr the satellite
clock caused by the eccentricity of the satellite orbit is given

by

s — 2.5 (45, 38 ,.8
ApRi.rel = T r (ti) b o (ti) (3.12)

The relativistic delay due to the gravitational field of the
earth (see [Bernstein, 1987]) is of the order of 10~° [Zhu and
Groten, 1988]. So far it has not been accounted for in. our soft-
ware. ‘ ‘

Exactly the same observation equation may be used to process GLO-
NASS data.
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3.1.2 Carrier Phase Observation Equation

The carrier phase observation equation is very similar to the
pseudorange observation equation. If we assume that the receiver
R generates a reference signal of the same frequency v (wave-
length A) as the satellite S, the basic zero difference phase ob-
servablewpi1 may be written (in length units) as:’

Yi, = AS- (¢, (E;,)-¢°(ED)) | (3.13)
with AS : Nominal wévelength of the satellite oscillator
¢: (‘ERi ): Reference phase generated by the receiver R at
time &,
'¢S(Ef) : Phase generated by the satellite S and emitted at

time Ef '

Explained in section 3.1.1

.

s

fRi’ﬁi
Taking into account the satellite and xeceiver clock synchroniza-
tion' errors At} and At , (see egn. (3.1) and (3.2)) we find an
equation similar to eqn. (3.5): ' ‘

S - . S . - (s S: S . NS
S, =c TS, + cAty, =coat] + A5 -NE (3.14)

Speed of light

where c
’ Travel time of carrier phase between satellite S and

"
[
0

receiver R:
N3- : Initial carrier phase ambiguity being an unknown,
but integer number ‘

Apart from the fact that the phase measurement is ambiguous by an
integer number of cycles Ng, there is also a difference in the
computation of the light travel time:

. s - s s - s :
CTps Pry ApRi,ion + ApRi,trop ApRi,rel : (3.15)

with p3., Ap., , ..+ AP3; trop’ and Apy, _., explained in section
3.1.1. Comparing eqn. (3.15) to eqgn. (3.6) for pseudoranges, the

only difference is the sign of the ionospheric refraction correc-
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tion: a delay in the case of pseudorange (group velocity), an ac-
celeration for carrier phase (phase velocity). ’

The observation equation of the carrier phase measurements may
finally be written (substituting egn. (3.15) into (3.14)):

ps -ApS +ApS -Aps +c-At -c-AtS
Ri Ri,ion Ri,trop Ri, rel Ri i
{(3.16)
S 445 s? s
+A NR wRi = Vi
where

ws' ¢ Carrier phase observation between satellite S and recei-
ver R
vy, : Residual

To be able to use the same equation for GLONASS carrier phase ob-
servations, we have written the wavelength AS5 of the carrier
phase with a superscript S to indicate that in GLONASS different
satellites use different wavelengths (see section 2.3.4 and Table
2.4).

3.1.3 Linear Combinations

In many situations durihg the processing of GPS (or GLONASS) data
it is very useful or even mandatory to form linear combinations
of the original L, and L, carrier phase and/or code measurements.

The general form of such a linear combination L, of the L, and L,
carrier phase observables (the same equation holds for the code)
is given by: _

Ly =ay 'L, + a; ,-L (3.17)

where a, ,, a, , : Coefficients of the linear combination

L, L, ¢ Original carrier phase observables L, and L,

in cycles of the respective carriers
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L, : Linear combination L, in units of cycles

The frequency v, and wavelength A, of the resulting linear combi-
nation L, is then easily derived to be

~

vp = ap v+ oay v, _ (3.18)
and _
‘ A A
=< _ 1 2 .
A T3 a, A ta Y (3.19)
2 L1 2 B,2 T .

where v, and v, are the frequencies, A, and A, the waveléngths of

l .
the original carriers L, and L,, and c the speed of light.

Denoting the observables expressed in units of length by
L‘e = A‘e'i‘e ’ (£=1,2,...) (3020)

we may write instead of (3.17):

L‘e =,X2.1‘Ll + xE.Z.LZ ‘ (3.21)
where :
A
xg'l = o:‘e'1 N (i=1,2) . (3.22)

The most important linear combinations together with some of
- their characteristics are summarized in Table 3.1. We include
some comments:

y+ L,t Original carriers. They have a very small measurement
noise (the noise of an L,, L,, and L, observation (see
below)  is roughly 3 times, 1.4 times, and 5 times the
noise of a L, or L, observation respecitvely).
L, : Ionosphere-free linear combination. The advantage of L,

is the elimination (or essential reduction) of the iono-
spheric path delay. The assumption"thereby is that the
distance correction due to the ionosphere is ihversely
proportional to the frequency squared (see eqn. (3.10)).
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There also exists a third frequency emitted by the GPS
satellites reserved for atomic flash monitofing sometimes
called L,. In this thesis L, will always be used for the
ionosphere-free linear combination.

L, : Geometry-free linear combination. L, is independent of
receiver clocks.and of geometry (orbits, coordinates). It
only contains the ionospheric delays and (for phase ob-

servations) the initial phase ambiguities..

L : Wide-lane. Whereas systematic, unmodeled errors (like
e.g.. orbit -errors) are of the same order of magnitude
(expressed in meters) in L, as in the original carriers
L, and L,, the wavelength of L, (A, = 86 cm) is roughly 4
times longer. This means that ambiguity resolution is
usually much simpler in L, than in' L or L,.

The L, initial phase ambiguity N, is equal to the diffe-
rence N,-N,, where N, and N, are the ambiguities of the
L, and L, observable.

Besides these phase (or code) linear combinations, we should: make
a remark concerning a special linear combination of both, carrier

phase (L, and L,) and P-code (P, and P,) observables first
described by [Wibbena, 1985] and [Melbourne, 1985]:

Lywy = B1'L1 + ﬁz~L2 + ﬁa‘P1 + ﬁi'Pz . (3.23)

with the coefficients:

) v -V
; = 1 = o= ! = =
1 2 1 -2
' ~v, | -vz. .
B, =3 = = - 3,529 B, = v, = - 0.438

Starting from the observation equations (3.9) and (3.16) it is
‘easy to show that in the case of GPS the following simple
observation equation’ results:
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(N,=N,)sAs = Lfsn = Viaen - (3.24)

Egn. (3.24) shows that the observable L, , is unbiased by coor-
dinates, orbits, and ionosphere. What may be a problem is multi-
path.

With good P-code data this linear combination may successfully be
used for the resolution of the w1de-1ane amblgultles N, indepen-
dent of the baseline length.

All the linear combinations discussed here can be processed with
the "Bernese GPS Software Version 3.3" (see [Rothacher et al.,
1991])

3.1.4 Differences of the Original Observables

Starting from the original carrier phase or code measurements
differences may be formed to eliminate (or reduce) common error
sources. These differencing techniques have been described in ex-
tenso in the literature (e.g. [King et al., 1985], [Wells et al.,
1986]. Here we will just define the single and double'difference

phase observables: and p01nt out the differences between NAVSTAR

GPS and GLONASS.
Let us assume that receivers R, and R, are observing almost si-

multaneously. The single dlfference phase observable AwR R 1 is
172
then defined as:

] — s JEY
Awnxazi - "l’nxi‘ szi _ (3.25)

or substituting eqn. (3.14), we get

s . S .S
Ay = C-Ar +c- At +A” °N (3.26)
RIR i R1R21 1R2 RIRZ
g s T S _.8
where ATRsz? = Tnli Tr 1
Atnlnzi Atnli-Atnzi
S S S
" Np g Ny -Np
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and where the drift of the satellite clock between epoch

t 1'° TR n and epoch t, 1-c 'rnz1

has been neglected.

Assuming a satellite clock drift of the order of 10~ !! (e.g. of a
Block'I'satellite) and a receiver mis-synchronization.of 0.1 sec,
the neglected term is about 0.3 mm. This shows that the satellite
clock behaviour is eliminated in the single difference observa-
tion, when selective availability (SA) is turned off (see section
2.3.4). In the presence of SA the satellite clock has to be care-
fully modeled, if the two receivers are sampling data asynchro-
nously.

The double difference ph&se observable is obtained by forming the
difference between two single differences to the satellites S,
and S, at epoch i:

545, _ 5y S2 '
VA‘l’Rlazi = A‘palnzi-Awninzi (3.27)

or, substituting egn. (3.26) for satellites S, and S,, we get:

1S _ . 5,5, Sy 152 5152 2 .
vAy, i = C VAT LA NN LT 4 N2 (3.28)
2 1% 2 182 182
with VAT. 102 = Ar! AT ?
R R, R R ,i R R ,1
S, s s
N 17 2 = N 1 -N 2
RyR, R R, 1R 2
A)\s 15 2 = )\_s 1_}\3 2

By forming the double difference observations the relative recei-
ver clock correction A, . : is ellﬂgnated. To compute the satel-

lite positions (contained in VA'rR R 1) accurately enough how-
ever, the GPS times (see egns. (3.1) and (3.2))

tnli fﬁli-Atnli

(3.29)

tnzs. ﬁnzi-AtR 2t
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and therefore the receiver clock errors AtR e AtR have to be
known on the 1 psec level (remaining recelver clock error times
relative satellite velocity = 1 usec:l km/sec = 1 mm).

.ForbNAVSTAR GPS, where every satellite emits its signals at al-
most the same frequency, we may immediately write

s.,s,
AN 12 o 0 (3.30)

For GLONASS, however, we have to take into account that the sa-
tellites transmit on different frequencies (see section 2.3.4 and
Table 2.4). In the case of L, the frequency vt of satellite i is
given by

vi = v) + i-Av, (i=1,2,...,24) (3.31)
where v} = 1602.0 MHz
Av, = 0.5625 MHz:

1

The maximum wavelength difference in L, between two GLONASS sa-
tellites (satellite 1 and satellite 24) is therefore

s,s,. . '
MNP =zt = S - 1.5mm (3.32)
l,max 1 24
v v
1 1
For L, a similar calculation gives
s, .
Akz nax = 1.9 mm | (3.33)

S
The term AN ! 2 N 2. in egn. (3.28) causes problems when resolv-
2
ing ambiguities w1th observations of the GLONASS.

The "Bernese GPS Software Version 3.3", with which the data pro-
cessing described in this work has been done, uses, as many other
GPS software packages, the double difference as main observable.
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3.2 Biases

If we look at the observation equations (3.9) and (3.16) we see
that there are many possible error sources:

Satellite orbits
Tropospheric refraction

- Ionospheric refraction
- Receiver and satellite clocks
Multipath

.All these biases (except multipath) are considerably reduced, es-
pecially for short baselines, by forming double difference obser-
vations..

In the next two sections we will have a closer look at the biases
introduced by satellite orbit errors and troposphériCrrefraction
errors. The influence of the ionosphere is almost .eliminated by
forming the ionosphere-free linear combination of the L, and L,
observations (see section 3.1.3). Due to forming double differe-
nces, the satellite clock term is eliminated (assumption: no
asynchronous sampling of the receivers) and the receiver clock
synchronization has only to be known within 1 ps' (see 3.1.4,
double differences) which is easily achieved by usingvthe code
observations. Multipath, finally, will not be considered in this
thesis.

3.2.1 Orbit Biases
3.2.1.1 Impact of Orbit Biases on Site Coordinates
A very simple formula to eStimate‘the effect of orbit biases on

the determination of site coordinates when processing carrier
phase difference observations has been given by [Bauersima, 1983;

eqn. 84]:
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| Ab | | Ar |

ema—— P

—_— (3.34)
bl x|

where Ar : Orbit error of the satellite
r : Geocentric satellite position vector
Ab
b : Baseline vector between two sites

Resulting error in the baseline vector b

. According to formula (3.34) the baseline errors increase linearly
with increasing baseline length, a fact we will see confirmed in
all our results. Table‘3.2 compiles the results obtained with
formula (3.34) for different baseline lengths and orbit errors,

assuming a mean value of | r| = 25’000 km for GPS satellites.

orbit Error | Baseline Error |Ab Ifor Baseline Length IAbI

| & | ‘1km 10 km 100 km 1’000 km 107000 km. e

| [b]

10 cm 0.004mm 0.04mm O0.4mm & mm 4 cm 4-10"°
lm 0.06 mm 0.4 mm &4 mm 4 cm 40 cm 4-107®

10 m 0.4 mm 4 mm 4 cm 40 cm 4 m 4107

- 100 m 4&  mm 4 -em 40 em 4m 40 m 4-10" ¢

Table 3.2

Approximate Errors in the Baseline Vector
for Different Orbit Errors and Baseline Lengths
According to Eqn. (3.34)

A more detailed analysis of orbital biases has been performed by
[Zielinski, 1988]. Studying the covariance matrix he came to the
conclusion that a more realistic estimation would be ’

| Ar | Ab | Ar |

—— < (3.35)
10+ ¢ | | b 4+ x|



39

Here Ab is the error in the baseline length, whereas in eqn.
(3.34) the error | Ab | of the baseline vector is used. This impor-
tant difference, together with the fact that along track orbit
errors mainly propagate into the station height (see below), ex-
plains the smaller biases expected by Zielinski.

It is clear that in reality all the satellites will have somewhat
different errors in size and in direction and thinking of a 24-
satellite constellation and long sessions (e.g. 24 hours), a con-
siderable part of the orbit errors may be averaged out in the co-
ordinate results. To get an idea of the size of the remaining
baseline errors simulatioh techniques (see [Geiger, 1987] and
Chapter 7) are more promising tools than analytical approaches.

There are also errors in the satellite orbits, however, that are
a consequence of a wrong orientation of or a scale in the satel-
lite orbit system. Such errors concerning the satellite orbit sy-
stem as a whole are produced, if fiducial sites used in the orbit _
estimation are kept fixed at wrong geocentric positions. This ef-
fect is particularly important if only a few fiducial sites are
used for orbit improvements.

-A scale in the satellite orbits (radial orbit error common to all
sateilites) has been discussed in [Beutler et al., 1988]: the re-
sult is a scale in the network which is by a factor 4 smaller
than the scale in the orbits (ratio of Earth radius to geocentric
satellite diétance). A rotation in the satellite orbit system
will cause a rotation of comparable size and direction in the
network to be -adjusted, affecting the station heights. This is
confirmed by [Beutler et al., 1988]) when analyzing the effect of
along track orbit biases. "

It is worth-wile to emphasize two points:

1) Errors in the orientation of the satellite orbit system (e.g.
along track errors) propagate into GPS baseline results in a
nuch less favourable way than errors in the scale of the sy-
stem (radial errors).
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2)- Along track orbit biases mainly affect the verticals of a net-

work. The same is true for troposphere biases (see section

© 3.2.2) letting us expect a strong correlation between the two
~main. error sources in GPS.

3.2.1.2 Quality of Broadcast and Precise Orbits

- Today the geodetic user of GPS has, if he does not improve orbits
with his own software, mainly the choice of using the broadcast
orbits or the precise orbits.

Broadcést Orbits:

In the case of the broadcast orbits (see.also.sectioﬁ.2.3.2'and
[Wells et al., 1986]) the most recent tracking data (e.g. 12 to
24: hours of code data) are used for an orbit improvement starting
from a reference orbit generated with the data of one week. The

orbits thus obtained are then extrapolated for the next day and

for each hour orbital elements are computed and uploaded to the
GPS satellites.

The quality of the baseline results when using broadcast orbits
(see e.g. [Beutler et al., 1987b] or ([Landau, 1988]) is of the
order of

('%? ] = 1:10"7 to 4-107 (3.36)

According to eqn. (3.34) the mean errors in the broadcast orbits

may then be estimated as

| Ar

o | = 2.5 to 10 m ' . (3.37)
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Precise Orbits:

The Naval Surface Warfare Center (NSWC) together with the Defence
Mapping Agency (DMA) generates the so-called precise orbits ap-
proximately 4-8 weeks after the collection of the tracking data.
In addition to the five Air Force stations (see section 2.3.2)
used for the broadcast ephemerides, data are collected at five
more sfations, namely Quito (Ecuador), Buenos Aires (Argentina),
Smithfield (Australia), Hermitage (England), and Bahrain. With an
orbit determination program [Swift, 1985] approximately 8 days of
data are fitted in a least squares estimation of orbit parame-
ters.

The precise orbits are of about the same quality as the broadcast
orbits: |

(3.38)

This can be concluded from the comparisons done by'[Remondi et
al., 1989] between broadcast and precise orbits, where the mean
differences between the two orbit types are found to be about 3-4
meters. Results of [Landau, 1988] even show slightly worse base-
line repeatabilities when using precise instead of broadcast or-
bits.

Today the only way to reduce the orbit errors of the broadcast or
precise ephemerides is the improvement of the orbital parameters
using phase (plus .code) observations from global or regional
tracking data. This procedure will be discussed in Chapter 4.2 .

In the near future regional and global GPS orbits will be pro-
duced by dedicated ephemeris computation centers using the data
of permanent tracking sites. Such activities will be coordinated
by the IGS, the International GPS and Geodynamics Service (see
section 2.3.3), having as principle goal the production of high
precision GPS orbits (~ 10" % or better). These orbits will then
be distributed to the various users of the GPS.




42
3.2.2 Troposphere Biases

Many studies have been performed in the last few years in the
field of tropospheric refraction and, more specifically, on the
influence of troposphere biases on the estimation of site coordi-
nates. Here we will review some of the recent results that are of
imbortance for the interpretation of results in Part II of this
.tﬂesis. Tropospheric refraction errors may be reduced by appro-
priate troposphere.models and/or the estimation of troposphere
. parameters.: These poésibilities will be dealt with in Chapter 5.

3.2.2.1 Relative Tropospheric Refraction Error

A detailed analysis of the effect of a relative tropospheric ze-
nith delay error, the difference of tropospheric zenith delay er-
rors on both sides of a baseline, has been performed by [San-
terre, 1991])}. He has shown that

1) A tropospheric zenith delay error'mainly'affects the station
*  height, whereas the effects on the horizontal position are
negligible. '

2) The magnification factor (error in station height divided by
the tropospheric zenith delay error) depends on the satellite
.visibility and therefore changes with geographical latitude of
the site between 2.6 for an .equatorial and 3.9 for a polar
site, assuming a maximum zenith distance of 70°.

Additional errors are introduced when the zenith delay is mapped
to the zenith distance z due to errors in the mapping function
" (see egqn. (5.10)) and due to azimuthal variations and horizontal
gradients (see [Gardner, 1976] and [Tralli et al., 1988]}). De-
tails on azimuthal variations of the tropospheric delays measured
~with water vapour radiometers may be found in [Elgered et al.,
1990].
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3.2.2.2 Absolute Tropospheric Refraction Error

An absolute t&oposphcric zenith delay error is the arithmetic
mean of tropospheric zenith delay errors on both sides of a base-
line. The impact of such an absolute delay error is much smaller
than the effect of a relative troposphere error discussed in the
previous section. An absolute troposphere zenith delay error has
the same consequence as an absolute ionosphere error (although
with the opposite sign), namely a scale factor in the baseline
length (see [Santerre, 1991] for absolute ionospheric delay er-
rors). "

Neglecting tropospheric refraction makes the GPS derived base-
lines longer. The entire tropospheric zenith delay is of the or-

"der of 2.3 meters giving a maximum scale factor of about 1 ppm,

if we neglect tropospheric refraction completely. A more realis-
tic assumptlon is, that remaining unmodeled errors of the order
of a few centlmeters, due to the wet component of the troposphe-
ric refraction, lead to scale factors of several parts in 107 %.

3.2.2.3 Impact of Biases in Surface Met Data

Biases may also be introduced into ‘the GPS results by using in-
correct or inappropriate surface met data in the data analysis.
Computing the partial derivatives of the tropospheric zenith de-
lay Apfrop with respect to temperature T, pressure P, and rela-
tive humidity H using a simplified version of the Saastamoinen
formula (see [Bauersima, 1983)]) gives the values compiled in

Table 3.3 (see also [Beutler et al., 1988]).

Tabie 3.3 shows that even small inconsistencies in the measured
surface met data may lead to considerable biases in the tro-
pospheric refraction correction which will, according to. section
3.2.2.1, propagate into the. station heights amplified by a factor
of about 3. Especially for small networks, therefore, the use of
surface met data may be quite destructive (see [Gurtner et al.,
1987)). The inconsistencies in the met measurements may be due to
instrument errors (calibration) or due to the fact that the met
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values measured at the surface are not representative for the at-
mosphere above the site (inversion situations, local anomalies,

cee)e

aap! dap? aap?
T P H trop trop | trop
. aT aP oH
C mbar 4 mm/ C mm/mbar mm/ (13)
0° 1000 100 5 2 0.6
30° 1000 100 27 2 4
0° 1000 50 3 2 0.6
30° 1000 50 14 2 4

Table 3.3

Dependence of the Tropospheric Zenith Refraction
Correction Ap:"’ on Surface Met Data
(Temperature T, Pressure P, and Humidity H)
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4. MODELING OF A SATELLITE ORBIT SYSTEM

We have seen in section. 3.2.1 that the accuracy of GPS orbits
publicly available today are of the order of 3-10 meters. Table
3.2 has also shown that the biases introduced into the estimated
baseline vectors by such orbit errors are of the order of a few
parts in 10’. We know, therefore, that for baselines longer than
50-100 km the orbit quality is the limiting factor for the esti-
mation of site coordinates (together with the troposphere). All
the high-precision results for regional and global site coordi-
nates obtained by various groups. could only be achieved with or-
bit improvement techniques. Orbit estimation and the underlying.
force model are therefore of utmost importance.

The orbit characteristics of GPS and GLONASS satellites have al-

~ ready been described in section 2.3.1 .

4.1 The Force Model
\
4.1.1 The Equations of Motion.
The equations of motion of a satellite in its orbit around the
earth can be written as a system of second order differential

equations:

r(t) = f£(t,r(t),x(t),p,r--+:p,) (4.1)
where :

r(t) - Column matrix of Cartesian coordinates of position

0

vector of the satellite at time t in an inertial,
geocentric coordinate system.

r(t), ¥(t): First and second time'derivative5~of-r(t);

£(...)

Column matrix of force vector in the same system
as r.-
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p, (i=1,2,...,n): Force model parameters defining the forces
acting on the satellite (e.g. describing so-
lar radiation pressure, drag, or the earth
potential field).

A particular (unique) solution of the differential equation sy-
stem (4.1) may e.g. be defined in the following two ways:

(1) by supplying initial values (position and velocity) at epoch

t,:
r(to) = ro(qllq'zl"‘lqs)
(4.2)
i.(to) = i.o(qllqzl"‘lqs)
or
(2) by supplying boundary values at epochs t, and t,:
r(tl) = rl(q1lq2l"'lq6)
(4.3)
r(tz) = rz(qllqzl"'lqs)

where the q, (i=1,2,...,6) are six parameters that uniquely define
the vectors r, and io, or r, and r, respectively.

Possible choices for these parameters are:

a) (qllqzlq3) = rlc; (q4lq5lq5) = iJo (4‘4)
b) (Q1qulq3) = rli (q4lqslq6) = rrz (4'5)
c) (qllqzl"'lqs) = (alelilnlwltp) (4.6)

where r' is the transpose of matrix r and where a,e,i,Q,o0, t are
the osculating Keplerian elements at epoch. t, (see Figure 4.1):

a : Semi-major axis
¢ Eccentricity
i : Inclination
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: Right ascension of ascending node
Argument of perigee

€

t : Perigee passing time

A 7
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a(l-e)
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Figure 4.1
The Keplerian Elements

The formulae to compute the initial values r, and fo from the os-

culating elements and vice versa are listed in Appendices A.1 and
A.z.

If we know the parameters q, (i=1,2,...,6), and thus the right-
hand side of (4.2) or (4.3), and all force model parameters P,
(i=1,2,...,n) the satellite orbit is uniquely defined and can be
computed using numerical integration techniques.
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Coming back to the equation of motion (4.1) we can write

. G-ME
r = - " r+ a (4.7)
| x|
where the first term represents the central force and
G : Gravity constant
M. : Mass of the earth
a : Acceleration vector due to perturbations
The perturbing acceleration a is composed of
a = a ta, ta, +ta, ta (4.8)
Perturbing.Force - Acceleration | Orbit Error (m)
(m/sec?) After 1 Day

Central term of the earth’s 0.59 o
gravity field

' Earth’s oblateness (C,,) 5-10° ° 10’000
Non-sphericity of the earth 3:-10°7 200
- (excluding C, ) '

Attraction by the moon 5-10" ¢ 37000
Attraction by the sun 2:10° 6 800
Earth’s tidal potential 1-107° 0.3
Ocean tides 5-10" 10 0.04
Direct solar radiation 6:10" 8 200
pressure

Y-bias effect 5-10" 10 1.4
Albedo 4-10°1° 0.03
Relativistic effects 3:10° 10 ?

Table 4.1

Effect of Perturbing Forces on GPS Satellites
(from [Landau, 1988])
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where the various accelerations are due to:

NS : Non-sphericity of the earth potential

MS. : Third body effects of the moon and the sun:
ET : Earth’s tidal potential |

RP : Solar radiation pressure

and a, denotes the sum of all the small accelerations (< 10°°
m/sec?) listed in section 4.1.6 that are not taken into account
in our orbit model. The other terms will be discussed in the next
sections. Table 4.1 summarizes the order of magnitude of the va-
rious perturbing forces.

4.1.2 Non-Central Part of the Earth Gravitational Potential

The most important perturbation of the elliptic'motion of a sa-
tellite is caused by the non-sphericity of the earth’s gravity
field.

The non-spherical part, V,,, of the earth gravity potential is
usually represented by a spherical harmonic expansion in a geo-
centric earth-fixed systéem:

G'M = a n
v, = rz Z [ ?E ) Z P__(sing)-[S__-sin(mh)
n=2

m= 0

(4.9)
+ CLm-cos(mX)]

where

¢ Gravity constant

: Mass of the earth

.t Geocentric satellite distance

Geocentric latitude of the satellite:

¢ Geocentric longitude of the satellite

: Mean equatorial radius of the earth.

: Associated Legendre function: of degree. n and order m

: Degree of the geopotential term

B:ﬁu'dnﬂi >"Q~HFFO

: Order of the geopotential term
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C

m'S,, ¢ Denormalized geopotential coefficients.

(Zonal coefficients tm=20
 Sectorial coefficients : m = n
" Tesseral coefficients : n > m % 0)

Terms with n < 2 are zero, since the origin of the .earth-fixed
system is defined to coincide with the earth’s center of mass.

The acceleration a, in the inertial frame is then given by:

a,, = RD VW, | (4.10)

where

VV,s ¢ Gradient of the non-spherical geopotential
Matrix containing the partial derivatives of .the earth-
fixed coordinates r, ¢, A with respect to geocentric x,
Y, 2 in the earth-fixed frame. The exact form of the
matrix may be found in [Landau, 1988].

=)

 R is the transformation matrix from the earth-fixed into the in-

ertial coordinate system:

R = PNUXY (4.11)

with
P : Precession matrix
N : Nutation matrix

U : UT1 transformation matrix (earth rotation).
X,¥Y: Polar coordinate matrices

The details of the transformation from an earth-fixed into an in-
ertial frame will hot be presented here. The transformation ma-
trices may be found in e.g. [IAU Resolution, 1981],. [IERS, 1989],
or [Sovers & Border, 1987].

The largest contribution to the acceleration a,; comes from the
earth potential coefficient C,, representing the oblateness of
the earth. It is e.g. responsible for the precession of the line
"of nodes of a satellite orbit.



51

Because GPS and GLONASS satellites are in high altitude orbits,
they are much less affected by the short wavelength terms of the
geopotential than 1low orbiting' satellites. It is sufficient,
therefore, to use an earth potential model up to degree and order
8 (81 coefficients) (see [Beutler et al., 1985], or ([Swift &
Gouldman, 1987]). ‘

Due to the revolution period of almost exactly half a sidereal
day (~ 11 hours 58 minutes), the GPS satellites (but not the GLO-
NASS satellites) repeat their ground tracks daily. As a conse-
quence there will be resonance effects, caused by tesseral and
sectorial terms (see eqn. (4.9)) of the earth’s gravity field. As
an example Figure 4.2 shows the perturbations of the semi-major
axis of a GPS satellite over 10 years [Beutler, 1992] using an
earth potential model up to degree and order 4. The period is
about 12 years with an amplitude of about 4 km. A drastic reduc~
tion of the long term perturbations is obtained by changing the
revolution period by only 2 minutes to 12 hours (see. Figure 4.3
which shows the perturbations over one year only).

PERTURBATIONS IN SEMI—-MAJOR AXIS
GPS SATELLITE AT RESONANCE

26566000

2 265620009 .

L 26558000 1
26557000
26556000
26555000
26554000

1

Time in Years

Figure 4.2
Perturbations in the Semi-Major Axis
of a GPS Satellite at Resonance Over 10 Years
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PERTURBATIONS IN SEMI-MAJOR AXIS
GPS SATELLITE ALMOST AT RESONANCE

26612000
26611000 4
5
3 oo, j
Z 26610000 il
(7] %
]
% 26600000 |
=
;
26608000
26607000
0 100 200 300 400
Time in Days .
Fiqure 4.3

Perturbations in the Semi-Major Axis of a GPS Satellite
Over one Year with a Revolution Period Changed by 2 Minutes

Today there are many different sets of earth potential coeffi-
cients available (e.qg. WGS84 [White, 1986], -GEM-L2 [Lerch et al.,
1983], and others). . The differénces between these models are
small, since the low order coefficients of the potential are very
well known from SLR observations of low orbiting satellites. Ma-
ximum discrepancies are of the order of 2 meters after an inte-
gration over one week (see [Landau, 1988]). The models we use at
present in the Bernese GPS software are the older models GEM-10
or GRIM-3L1. o |

4.1.3 Gravitational Effects of Sun and Moon

The gravitational perturbations due to the moon or the sun are
not caused by the full gravitational attraction of these objects
but only by the corresponding ‘tidal’ term, i.e. by the diffe-
rence between the force on the satellite and that on the earth.
The acceleration vector a,, is given by (see [Beutler, 1982})
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r-r, r,
a = - G-Mh : g 3
"3 le-x, | |x |
\ M M ’
(4.12)
( r-r S )
TN = P T P
-\ s J

where
r,r,,r, : Geocentric position vectors of the satellite, the
moon, and the sun respectively in the inertial frame
G : Gravity constant
M, ,M; : Masses of the moon and the sun

For the perturbation due to the planets see section 4.1.6.

4

4.1.4 Solid Earth Tidal Effects

The gravitational attraction of the moon and sun alsoAhas an in-
direct effect on the satellite orbit due to the solid earth tides
and ocean tides it causes: the tidal deformations change the
earth’s gravity potential which in turn has a perturbing effect
on the satellite orbit.

A derivation of the acceleration a,, due to the potential caused
by the solid earth tides may be found in [Lambeck, 1974] or [Mel-
Chior, 1983] and gives the following result:

G'M a’ ~ r
a_ =k, "3 . E; -[ P;(coszu)- —E;_- P;(coszu)- H ]
It P Il r| I, |
(4.13)
G'M a’ - ' ' o r
+ k2 83 . == ” [ P;(coszs)--—z— - P;(coszs)- S ]
. P Ix] r - | x_ |

s _ s
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w

Love number of degree 2
a. : Mean equatorial radius of the earth

r-r : rr
M

cosz = ———— R cosz = e —— (4.14)
Icllx, | =iz, |
and
Pj(cosz) = 3-cosz, P/(cosz) = 3-(5-cos?z - 1)/2 (4.15)

The remaining quantities have been defined in eqn. (4.12).

The effect of the ocean tides on the satelllte is very: small (see
section 4.1.6). )

4.1.5 Solar Radiation Pressure

The acceleration of the satellite caused byvthe radiation pres-
sure from the sun is quite large (see Table 4.1). The neglecfion
of this effect will result in orbit errors of the order of 200 m
after one day for the GPS satellites. Due to the .ebmplicated
shape of active satellites (llke the GPS or GLONASS satellites)
the modellng of the effects of solar radiation pressure is the
most difficult ‘part in the force model. Studies of " [Rizos &
Stolz, 1985] show, that the GPS ' satellite orbits are very
sensitive to the solar radiation pressure model. Since the
orientation of the orbits with respecf to the sun changes slowly,
solar radiation also causes considerable resonance effects.

Vefy'important is also the modeling of eclipses by the earth (or
the moon) (see 4.1.5.3), whereas the indirect effects of solar
radiation_ pressure, earth-reflected radiation pressure " (albedo
pressure) or thermal radiation of the satellite (see 4.1.6), are
very small.
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All these difficulties make it clear, that the estimation of pa-
rameters of the solar radiation pressure model (see section
4.2.1.3). 1is indispensable for satellite arcs longer than a day,
even if detailed models are used like the ROCK4 and ROCK42 (see
section 4.1.5.2). :

4.1.5.1 Standard Radiation Pressure Model

The perturbating acceleration a,, due to direct solar radiation
pressure may be expressed as follows (see [Cappellari et al.,
1976]) ¢ ' ’

, (r-r.)
s —— + a (4.16)
| r-x, |

&
I
<
g
o
=R b

where

v : Eclipse factor: » ,
v = 0 if the satellite is in the shadow
v = 1 if the satellite is in the sunlight
o<yl if the>$ateilite is in the penumbra
P, : Radiation pressure of the sun in a distance of 1 AU
(Astronomical Unit). .

c, : Reflection: coefficient depending on the reflective pro-
perties of the satellite

A : Effective cross-section area of the satellite experienc-
ing solar radiation pressure

m. : Mass of the satellite

a; Astronomiqal Unit (semi-major axis of the earth’s orbit

around the Sun)
r : Geocentric position vector of the satellite in the iner-
tial frame '

Geocentric pésition of the sun in the inertial frame
Acceleration perpendicular to-the incident radiation, an
effect called Y-bias in the: literature (see [Fliegel et
al., 1985]).

PN
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Numerical values for the quantities C., A, and m for GPS Block I
satellites may be found in [Fliegel et al., 1985). For details on

the solar radiation pressure P, see [Willson, 1978) or [Wakker et
al., 1983].

The Y-bias is an acceleration component in the direction of the
y-axis in a satellite fixed coordinate system (see Figure‘4.4)
caused probably by the misalignment of the solar panels and the
asymmetric thermal radiation (preferably in the direction of the
y-axis = axes of the solar panels) [Fliegel et al., 1985]. It is
usually introduced as a constant or estimated (as a constant or
stochastically, see [Swift et al., 1988]).

/
Ay~
S
/

=\

=

—y

Figur 4.4
The Satellite Fixed Coordinate System

Apart from the Y-bias there are a few other uncertainties in the
model given by eqn. (4.16):
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- The solar radiation pressure is not constant (variations of
about 7 % over a year) ’ '

- the surface of a GPS or GLONASS satellite consists of many dif-
ferent parts with different reflective properties. It 1is
therefore a coarse simplification to use a single value for the
quantities C_ and A.

- shadowing due to the antennas and the satellite body are ig-
nored.

The solar radiation pressure model we use in our software has the
same form as equation (4.16):

a, = v {-p,'e, + p,-e,} (4.17)
where
r -r rxe ‘
e =— ' e = ——— (4.18)
| x,-x | | rxe |

Comparing egn. (4.17) with eqn. (4.16) we see that the direct
radiation pressure parameter p, is given by (neglecting the in-
tensity variation due to the motion of the earth (and the satel-
lite)): ‘

A
P, = ps.cr- = (4.19)
and the Y-bias radiation pressure parameter p, by
p, =la | (4.20)

4.1.5.2 ROCK4 and ROCK42 Models

The ROCK4 and ROCK42 models, for GPS Block I and Block II satel-
lites respectively, have ofiginally been developed by Rockwell
International (see [Porter, 1976] and [Fliégel et al., 1985] for
Block I, [Abramson, 1982] and [Fliegel & Gallini, 1989] for Block
II satellites) and have become the standard radiation pressure
models for the GPS satellites. They depict the satellites as a
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number of flat or cylindrical surfaces, each having its own re-
flectivity and specularity characteristics. Shadowing is taken
into account. The original ROCK4 and ROCK42 models are rather
complex. Simpler models may be found in. [Fliegel & Gallini, 1989]
or [Feltens, 1988]. ‘

4.1.5.3 Eclipses

The GPS satellites are, due to their high altitude, almost perma-
nently in the sunlight. Eclipses by the earth happen about twice
per year. During these eclipse periods of a few days the satel-
lite 1is periodically eclipsed by the earth [Colombo, 1986].
[Swift et al., 1990] have shown that the orbit estimation of sa-
‘tellites being eclipsed are considerably degraded, because of the
difficulties to model the eclipses, especially the penumbra.

The shadow factor v in egns. (4.16) and (4.17) is computed in our
software using a simple cylinder model for the shadow of the
earth (see Figure 4.5): '

[

_ rr,
0 if cosy = ——=2—— < 0 and
=1z, |
o= 1 " (4.21)
h =|r]| '1 - cos’y < a_
1 else

where

'r : Geocentric position vector of the satellite
r, : Geocentric position vector of the sun
a; : Equatorial radius of the earth

‘A" more elaborate shadow model has been described by [Landau,
1988]. ‘ |
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To avoid numerical problems attention has to be paid to the step

size of the numerical integration,
exits the earth’s shadow.

when.a satellite enters . and

Earth or Moon

Sun

Fs

4

7 /// 7 7 7
/ /,/ ~ 7
//

Satellite

Figure 4.

5

Simple Cylinder Model for the Shadow of the Earth

With an increasing number of satellites in orbit the probability
that one of the satellites goes through a series of eclipses in-

creases, too. Because of the difficulties to model the eclipses

. systematical effects will remain in the orbit of a satellite

being eclipsed by the earth. A way out of this problem might be

the estimation of "eclipse" parameters as e.g. the estimation of

one constant acceleration (in the direction to the sun) for the

duration of the eclipse.

4.1.6 Other Perturbations

There are a few small effects that are not modeled in the present

version of our software. They result in accelerations of about

10"’ m/sec? or below (see also Table

(1) Albedo radiation pressure

4.1):

(2) Gravitational effects of ocean tides
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(3) Gravitational effects of the planets
(4) Relativistic corrections: '
(5) Thermal emission of the satellite -
(6) Drag

Albedo radiation pressure:

The earth and its. atmosphere reflect a large portion of the re-
ceived solar radiation back into space. The radiation pressure on
~the satellite due to the albedo of the earth is very difficult to
model (disfribution of land, ocean, and clouds) and is about 1~
2 % of the direct solar radiation pressure at the altitude of GPS
satellites (see [Rizos & Stolz, 1985j). The magnitude of the per-
turbing acceleration is approximately 4:10"!° (see [Landau,
19881]) .

Gravitational effects of ocean tides:

The gravitational effects of the ocean tides, too, are difficult
to' model (see [Milani et al., 1987]), since the ocean waves
caused by the moon and the sun cannot propagate frictionless and
also interact with the sea floor (shallow waters). The resulting
acceleration of a GPS satellite is of the order of 5:10" !° [Lan-
. dau,. 1988].

Gravitational effects of the planets:

The forces acting on the satellite due to the gravitational at-
traction of the planets may in principle be computed in the same
way as the forces due to the Moon and the Sun. Venus. provides the
largest contribution, but the total effect of all planets is only
about 30 cm for an orbit arc of one week (see [Landau & Hagmaier,
1986]) . ‘ ' '
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Relativistic corrections:

The general relativistic perturbation due to the gravity field of
the earth may be found in [Zhu et al., 1987]. The resulting acce-
leration amounts to about 3:10"!° m/sec? for satellites at the
altitude of GPS satellites and is well below the size of other
‘remaining unmodeled effects.

Thermal emission of the satellite:

A part of the energy absorbed by the satellite is re-radiated as
heat. This thermal re-radiation is not taken into account in the
standard versions of the ROCK4 and ROCK42 models -of solar radia-
tion pressure (see section 4.1.5.2). [Fliegel & Gallini, 1989]
. have given corrections to the ROCK42 model (for Block II satel-
lites) that include the effect of re-radiated heat.

Drag:

A satellite not too far from the earth’s surface experiences a
drag due to the interaction with the particles of the atmosphere.
Since the GPS and GLONASS satellites are orbiting at a high alti-
tude the effects of drag can be neglected. In the near fuﬁure,
however, low orbiting satellites will carfy GPS receivers,andeor
these satellites orbit determination will have to be done includ-
ing atmospheric drag modeling. For a detailed presentation of
this subject see e.g. [King-Hele, 1964].

4.1.7 Attitude Control and Orbital Manoeuvres

The GPS satellites are oriented in space so that the antennas
transmitting the GPS signals always point towards the center of
the earth. The satellites are therefore rotating. about an axis
perpendicular to the orbital plane once per revolution. Due to
disturbing forces exerting torques on the satellite, however, the
antennas will not remain correctly oriented towards: the .earth
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without active control mechanisms. Each satellite is therefore
equipped with four momentum wheels and with small hydrazine
thrusters. By expelling masé the thrusters produce torques on the
satellite that are compensated by the acceleration of the momen-
tum wheels. At some time these wheels. will reach their maximum
speed and they must be unloaded by firing the thrusters. This
operation is called a momentun dump and can occur as frequently
as once a week. The time of the most recent momentum dump is
given in the satellite broadcast messages (in the TIM word).

Due to the action of perturbative forces on the individual satel-
lite orbits the constellation of the GPS satellites is not
stable. Especially the fact that GPS satellites have a revolution
period of almost exactly half a sidereal day, leads to resonance
phenomena caused by the tesseral and sectorial terms of the
earth’s gravity field (see section 4.1.2) and by solar radiation
préssure. | '

It is clear, therefore, that in order to maintain a certain sa-
tellite configuration, satellite manoeuvres (so-called station"
keeping) have to be performed.from time to time by firing the
thrusters. Such manoceuvres are announced by the U.S. Coast Guard.

Large changes in the relative positions of satellites within a
particulgr orbital plane are known as delta-V manoeuvres. Such a
manoeuvre took place in 1986/1987 to move satellite PRN 3 from a
position ahead of satellite PRN 8 to a position behind satellite
PRN 13 (all in the same orbital plane). The thrusters were fired
on October 29, 1986, to increase the semi-major axis of the orbit
from about 26’560 km to 26’584 km. On May 13, 1987, the thrusters
were fired a second time to change the semi-major axis back ‘to
its previous value. Figure 4.6 shows the changes in the mean mo-
tion of satellite PRN 3 during the manoceuvre. The entire reposi-
tioning process took more than six months.

It is obvious that all these adjustments of the orientation and
position of a satellite (apart from the problems of modeling ra-
diation pressure) make it more or less impossible to model GPS
orbits accurately (10 cm or better) over a period longer than a
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few days. Although [Lichten et al., 1989b] were able to model a
manoeuvre of satellite 4 (November 1985) by estimating the three
components of an instantaneous velocity change and a time of burn
interval - (the solution converged after three iterations), the
strength of the future satellite constellation and the degree of
automation needed in the production of GPS satellite ephemeris
will rather call for a very flexible definition of satellite arcs
by automatically setting up a new set of orbital parameters when-
ever a change in a satellite orbit occurs that is difficult to
model. The loss of mass during a manoeuvre changes the area to
mass ratio of the satellite and thus the radiation pressure coef-
ficients (see section 4.1.5.1). New radiation pressure parameters
should therefore be estimated after such an event (not only new
initial values).

Mean Motion of NAVSTAR 11 (PRN 3)
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2.002 L L L L ! .
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Days since 1 January 1986
Figure 4.6

Delta-V Manoeuvre of Satellite PRN 3
Lasting. From October 29, 1986 to May 13, 1987
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Leakages of the thrusters’ valves may slightly change the satel-
lite velocity even in the absence of manoeuvres (see [Milani et.
alo, 1987]).

4.2 Estimation of Satellite Orbits
4.2.1 Orbit Determination
4.2.1.1 Statement of the Problem

In section 4.1.1 the equations of motion (egn. (4.1)) of the sa-
tellite have been given 'together with the parameters -
p, (i=1,...,n) and g, (i=1,...,6) needed to define a unique (parti-
culér) solution of the differential equation system'(4.1). In the
previous sections following section 4.1.1 the details of the
force model have been discussed giving us the right-hand side of
egqn. (4.1).

The problem of orbit determination may now be stated as follows:

(1) Orbit determination in its usual, more restricted, sense is

- defined as the problem of determining the six. parameters

qi(i=1,2,...;6) defining the initial or boundary values on
the right-hand side of egqns. (4.2) or (4.3).

(Z)IOrbit determination in its most general sense is .the problem
of determining the six parameters q, (i=1,2,...,6) defining
the initial or boundary values and the dynamical parameters

- p, (i=1,2,...,n).

In the case of GPS or GLONASS orbits most of the dynamical para-
meters - p, in egn. (4.1) may be assumed known (earth potehtial'co-
efficients, Love numbers for solid earth tides ...). The dynami-
cal parameters describing the solar radiation pressure model will
have to be estimated, however, to obtain high accuracy orbits.
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4.2.1.2 Observations

For actual orbit determination we need observations. Although in
principle any type of measurement containing information about
the satellite orbit could be used for orbit determination, we
will only deal with twoAtypes of observations:

(1) Geocentric satellite positions (computed e.g. from osculating
elements given in the satellite messages) as fictitious ob-
servations to obtain a solution of the equatioﬁ of motion to
be used later as an a priori orbit for orbit improvement.

(2) Double difference GPS carrier phase and, optionally, code
observations in the real data processing.

The GPS measurements have been introduced in section 2.3.4, the
observation equations, relating the observation to the parameters
of interest, and the definition of double differences have been
stated in section 3.1.

4.2.1.3 Principles of Orbit Determination

In our case orbit determination is always an orbit improvement
process using observations of the kind mentioned in the last sec-
tion. These observations are non-linear functions of the satel-
lite position r(t), the satellite velocity r(t), and possibly
some dynamical parameters p, (i=1,2,...,n). The satellite posi-
tion r(t) in turn is a non-linear function of the parameters gq,
(1—1 2,...,6) and also the dynamical parameters p, (i=1,2,...,n).

The (necessary) linearization of the observation equatlons may -
therefore be done in two steps:

(1) Approximation of the observation as a linear function of the
satellite position r and possibly the dynamical parameters

pi.

(2) Representation of the satellite position rxr(t) as a 1linear
function of the parameters gq, (i=1,2,...,6) defining the
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initial or boundary values and the dynamical parameters
pi (i=1,2'.ﬂ.'n)0

Due to these linearizations we have to determine our orbit iter-
atively, where in each iteration step we have to assume that we
have a known approximate orbit r* (t) at our disposal. This appro-
ximate orbit may be obtained by numerical integration (or with
analytical methods) starting with approximate values for
q; (i=1,2,...,6) and for p; (i=1,...,n):

r(t) £(t;r*,x*ipl,...,pd) (4.22)
and ra(to) = ro(q‘l,q‘z,...,q‘s)
(4.23)
ia('t:()) =i‘o(qallqazl"'lq;)

The linearization step (1) above takes on the following form for
an observation O (where we assume that O does not depend on sa-
tellite velocities):

o(t;r(t)lpll'°°lpn) o= o(tlz‘(t)lpilp;I"'lp:)

3 n
a0 a0
D IE - VER SN [T
J-l J i=1 a
r=r p=p
where r' = (r,,r,,r,), '’ = (r},r},r})
and Ar, = (r‘1 - r;) (j=1,2,3)
‘ (4.25)

Ap, = (p, - p}) (i=1,2,...,n)
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The second linearization (2) results in

r(t) = r" (t) + z (t)-Aq
Low e

(4.26)
n
+ .
1=
where
ar 3
Zq (t) = 'a—a— . . (1=1,2,3) (4.27)
i i q=d 4+P=pP
ar L]
zP (t) = 35— . . (i=1,2,3...,n) : (4.28)
i i q=q ,p"p

The functions z, (t) and z (t) are solutions of the initial (or
boundary) value problems we obtain from the primary problem (de-
fined by egns. (4.22) and (4.23)) by taking the total derivative
of the equations (4.22) and (4.23) with respect to the parameters
q, (i=1,2,...,6) and p, (i=1,2,...,n) respectively.kThe resulting
set of differential equations are usually called the variational
equations: ‘ ‘ |

i = A -z +A -z (4.29)

ar; ai;
z (t = z (t = — 4.30
qi( o) aqy ' qi( o) 5q, ( )
and
- - of
z = A -2 + A -2 + — 4.31
Py ¢ Py ! Py api ( )
zpi(to) = 0 ’ zpi(to) = 0 | (4.32)
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The elements Ao ik and A: ik of the 3x3 matrices Ao and A1 re-

spectively are defined by:

of, of,
Pooe T EE | e e 0 Pue TR L0602

where f' = (£ ,f,,f.).

For GPS or GLONASS satellites, where no significant velocity-
dependent accelerations are present (like e.g. atmospheric drag),
we have

A, ,, = 0 (i=1,2,3;k=1,2,3) . (4.34)

Formulae for the elements A& are givenlin e.g. [Beutler, 1982]

or [Landau, 1988].

ik

The differential equatioh systems (4.29) and (4.31) are linear
and the systems (4.29) are even homogeneous.

All this means, that in each iteration step of the orbit improveQ
‘ment process we have to sdlve one system of nonlinear diffe-
rential equations (the primary system given by eqns. (4.22) and
(4.23)), six linear Systems of type (4.29), plus n systems of
type (4.31).

The rest of the orbit improvement process is given by the well-
known formulae of the least squares adjustment, or by stochastic
filter algorithms (see e.g. [Lichten et al., 1989b]).

4.2.1.4 Choice'of'Parameéers

Let us start with the parameters q, (i=1,2,...,6) defining the
initial (or boundary) value problem given by eqns. (4.1) and
(4.2) or (4.3). Possible choices of these parameters have been
listed in section 4.1.1, eqns. (4.4) to (4.6). The most commom
choice is certainly the selection of the initial values r, and io
as parameters q, (i=1,...,6) according to egn. (4.4). In this case
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the computation of the partial derivatives (4.27) is straight
forward (usually with numerical integration).

In the orbit improvement process we use the osculation Keplerian
elements (4.6) as parameters q, (i=1,2,...,6). Because for almost
circular orbits the perigee passing time tp is highly correlated
with the argument of perigee o, the argument of latitude
u, =0 + v, (v, = true anomaly at epoch t ) (see Figure 4.1 and
Appendix A.1) was chosen as sixth parameter instead of tp. With
this selection of parameters the partials in eqn. (4.27) are the
partials of the satellite position with respect to the orbital
elements. These partiéls have the advantage that they can be com-

puted analytically by using the Keplerian approximation:

a(t) = a(t;)) = a,
e(t) = e(t)) e,
i) = i(t)) = i,
Q(t) = a(t,) = Q, (4.35)
w(t) = w(to) = 0,
u(t) = u(tra;,e,,0,)

The formulae to compute the partials are 1isted_ih Appendix A.3.

Some advantages of using osculatihg elements as parameters should
be recalled: '

a) Since the Keplerian approximation is good enough to compute
the partials in (4.27) for satellite arcs of a few days, we
can save the time-consumptive numerical integration of the six
variational equations of type (4.29) and no tables are needed
containing the solutions of these differential equation sy-‘
stems.

b) We have the possibility to estimate a subset of the six oscu-
lating elements. This is useful when processing the GPS data
of regional networks (100 to 500ikm); where no fiducial sites
are available. Orbit improvement in a 1limited way is then
still possible to reduce the influence of orbit errors (orbit
relaxation, see e.g. [Beutler et al., 1987b]).
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c) More realistic a priori constraints may be introduced than in
the case of the initial values as parameters. A smaller con-
straint may e.g. be put on the argument of latitude u, knowing
that in general the along track component of an orbit is the
most uncertain to predict.

More details on the topic "numerical versus analytical methods"
aré given in [Beutler et al., 1984]. ‘

| We thus combine numerical and analytical methods, trying to make
use of the advantages of both methods:

(1) We solve the primary problem given by egns. (4.1) and (4.2)
' or (4.3) by rigorous numerical‘integration starting with ini-
tial values defined by the osculating elements at epoch t,

(see eqgn. (4.6)) and using a force model as complex as neces-

 sary.

(2) Approximate partials of the satellite orbit with respect to
the osculating elements are computed using a very simple ana-
lytical approximation of the orbit, the Keplerian approxima-
tion (4.35) in our case. Although this procedure may reduce
the convergence speed of the orbit improvement process, it

" does not affect the final results.

(3) The partials of the orbit with respect to the dynamical para-
" meters p, (i=1,2,...,n) are, at present, computed by numerical
integration together with (1).

The most important dynamical parameters for GPS or GLONASS orbits
are those concerning the radiation pressure model. The two radia-
tion pressure coefficients p, and p, used in our software are de-
fined by the model given in 4.1.5.1, eqn. (4.17). They are estim-
ated as constants over one satellite arc. (other groups e.q.
[Lichten et al., 1989b] use stochastic processes to model radia-
tion pressure.) ' o '
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Although the differential equation systems of type (4.31) for the
partials with respect to dynamical parameters are solved by nume-
rical integration, these systems could in principle be solved
analytically using appropriate formulae of perturbation theory.

Other dynamical parameters that might be determined using GPS (or
GLONASS) observations are parameters concerning satellite eclip-
ses (see 4.1.5.3).

4.2.2 Numerical Integration

Since numerical integration is an important part. in the orbit de-
termination process a short introduction into the principles of
numerical integration is given here.

It is our understanding that. numerical integration is a part of
approximation theory, where the mtrue" solution r(t) of the egns.
(4.1) and (4.2) or (4.3) is approximated in a certain time inter-
val At by a polynomial r'(t) of degree g (other sets of base
functions might. also be used): | -

r(t) = i a -(t-t) (4.36)
i=0

where

a, : Column matrices of polynomial fit

t, :_Origin}of development
t, may be chosen arbitrarily. In the case of an initial value
problem, it will be chosen to coincide with: the epoch of the
initial values.

The problem of numerical integration now consists of the determi-
nation of the polynomial coefficients a, (i=0,1,...,q). This is
done by setting up the following conditions:
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(1) The approximating function r* (t) has to satisfy the initial

- conditions (4.2) or the boundary conditions (4.3). From this

- we get two linear (vectorial) condition equations for the un-
knowns a, (i=0,1,...,q). -

(2) The approximating function r' (t) is. then asked to satisfy
~eqn. (4.1) at g-1 different time argquments tj(j=1,2,...,q-1)
in the integration interval At. This gives us together with
(1) a total of (q+1) independent algebraic equations for the
(q+1) unknowns a, (i=0,1,...,q).

The solution of a system of differential equations has thus been
reduced to the solution of a system of nonlinear algebraic equa-
tions. It can be shown that most of the classical methods are ac-
tually special approaches to. solve this nonlinear algebraic sy-
stem. In our case this system is solved by an iterative process,
starting with approximate values for the coefficients a, that are
then successively improved. - ’ ‘

"If a satellite orbit has to be integrated over a long time pe-
riod, the entire time interval is subdivided into smaller inter-
vals. A set of coefficients a, (i=0,1,...,q) is then determined
for each subinterval where at the interval boundaries the satel-
lite position and velodity are required to be continuous func-
tions in time.

The result of this procedure is. not an ephemeris table of satel-
lite coordinates, but one or more sets of coefficients
a, (i=0,1,...,q), which enable us to compute x' (t) or any of its
derivatives for any time in the integration interval At.

More details on the numerical integration method outlined here
may be found in [Beutler, 1990].

In practice we normally use a polynomial degree of g=10 and an
integration interval of 1 hour for the numerical integration of
GPS satellite orbits. An orbit piece of one hour is then repres-
ented by one set of polynomial coefficients (3-:(gq+l) = 33 numbers
per satellite and hour for g=10).
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4.3 The Orbits in the Bernese GPS Software

For the understanding of the following chapters it is important
to give a short overview of the orbit part of the Bernese GPS
Software, more information may be found in [Rothacher et al.,
1991].

Rinex
Navigation
Files
(RXNBV3)
BRDCHK
BRDTST Broadcast Messages

@ROTAR) | External source

Tabular Orbits PRETAB Precise Orbits

Standard Orbits
(uppstp)—— (GPsEsT) | STDDIF

Orbital Elements

Figure 4.7
Functional Flow Diagram of the Orbit Part
of the Bernese GPS Software
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The functional flow diagram of the orbit part of the software is
given in Figure 4.7 and shows the interactions between the dif-
ferent orbit programs and orbit data files.

Orbit information may be imported into the software either in the
form of RINEX Navigation Files (RINEX: Receiver Independent'Ex-
change format, see [Gurtner & Mader, 1990a)]) containing the
broadcast elements and satellite clock coefficients (see section
2.3.4) or in the form of precise orbit files (tabulated satellite
positions) as defined by [Remondi, 1985] or [Remondi, 1989].

RXNBV3, BRDCHK, BRDTST, and SATCLK:

As a first step the RINEX navigation files are transferred into
Bernese broadcast files using the program RXNBV3. The broadcast
messaées of all the satellites are then checked for consistency
(BRDCHK or BRDTST). Scrambled messages are removed and satellite
manoeuvres are detected (drastic changes in the orbital ele-
ments) . The satellite clock information may be extracted from the
broadcast message files with the program SATCLK for later use (of
importance in the case of asynchronously sampling receiver
types).

BRDTAB and PRETAB:

The programs BRDTAB and PRETAB both generate tabular orbit files
containing tabulated satellite positions in the inertial frame
1950.0. BRDTAB computes these satellite positions_frdm the orbi-
tal elements given in the broadcast message files. PRETAB obtains
“them transforming the precise orbit positions into the inertial
frame 1950.0. ‘
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DEFSTD:

The program DEFSTD. (definition of Bernese standard orbits) is,
apart from the main parameter estimation program GPSEST, the most
important program dealing with satellite orbits.

- In DEFSTD an orbit improvement process is performed exactly as
described in section 4.2.1.3. The observations (pseudo-observa-
tions in this case) are the tabulated satellite positions in the
inertial frame 1950.0 obtained from the broadcast elements or .the
precise orbit positions. Using the methods of least squares orbi-
fal parameters are estimated fitting the tabulated positions as
accurately as possible (in the least squares sense).

At the beginning of the program two satellite positions r, and r,
at times t, and t, (about 20-60 minutes apart) are used to solve
the boundary value problem defined by eqns. (4.1) and (4.3). This
is done with the integration method outlined in section 4.2.2.
With the resulting initial values a first approximate orbit r* (t)
is then computed by numerical integration to be used as a priori
orbit in the improvement process (see 4.2.1.3).

The parameters to be .improved are the osculating Keplerian ele-
ments (see Figure'4.1) and, depending on the length of the satel-
lite arc, zero, one, or two radiation pressure parameters (p,
and p,) as defined by eqn. (4.17). In each iteration step the sa-
tellite positions and the partials with respect to the radiation
pressure parameters are obtained by the numerical integration
technique outlined in 4.2.2 using the force model presented -in
section 4.1. The result of the last iteration (integration) is
stored in a Bernese standard orbit file (satellite position coef-
ficients) and a radiation pressure coefficient file (radiation
pressure partials). The partials with respect to the osculating
Keplerian elements are computed later in GPSEST, using analytical
formulae (see section 4.2.1.4).

-Several arcs per satellite may be computed and stored in one
standard orbit file.
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When processing GPS data of a small network no further orbit conm-
putations have to be done after running program DEFSTD. The stan-
dard orbit resulting from %he orbit determination is accurate
enough (of the quality of broadcast or precise orbits respective-
ly (see 3.2.1.2), but more consistent) and may be used in other
programs to compute the satellite positions.

For a regional network, however, the satellite orbits have to be
improved using the GPS data. This actual improvement is done with
the program GPSEST.

GPSEST:

GPSEST is the main data processing. program of the Bernese GPS
Software. It may estimate a variety of parameters:

- Initial carrier phase ambigquities (see 3.1.2)
- Site coordinates '
- Orbit parameters
- Troposphere zenith delays
- Parameters of a local troposphere model
.= Ionosphere model parameters
and others.

The estimation of these parameters is done by the method of least
squares using phase and/or code double difference observations
(see 3.1.4). For dual frequency receivers all the linear combina-
tions given in section 3.1.3 may be processed, even in the same
program run. In the estimation process observations may be used
from one baseline, one session, one campaign, or even several
campaigns.

Let us focus on the estimation of orbit parameters:

As in DEFSTD (see above) the oscuiating Keplerian elements, the
direct radiation pressure scaling, and the y-bias may be estim-
ated. Any combination of these parameters may be determined and a
priori constraints may be introduced for each parameter. Some of
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the advantages of the osculating elements as unknowns have been
put forward in 4.2.1.4.

The: orbital parameters resulting from the orbit improvement por-
cess in GPSEST are saved in an orbital element file.

UPDSTD:

GPSEST "only" computes the' improvements to the orbital parame-
ters, but does not produce any new, improved standard orbit file.
(There is no iteration process, includiné_the numerical integra-
tion of the orbit and the partials, in GPSEST.) The actual orbit
update, the generation of an improved standard orbit file, has to
be done with the program UPDSTD. This program takes as input the
improved orbital parameters (osculating Keplerian elements plus
radiation pressure parameters stored in a orbital element file by
GPSEST) and the standard orbit file that was used in GPSEST as a
priori orbit information, and generates a new standard orbit file
with exactly the same arc definitions as in the input standard
orbit file. The updated orbit representation is obtained by a nu-
merical integration of the equation of motion (see egns. (4.1)
and (4.2)) using the improved orbital parémeters. This is done
together with the integration of the partials with respect to the
radiation pressure parameters (see eqgns. (4.31) and (4.32)).
These partials (6r better the polynomial coefficients represent-
ing the partials) are stored in an updated radiation pressure co-
efficient file. The updated standard orbit file (and the updated
radiation pressure coefficient file) may then be used in further
GPSEST runs or distributed to other users in the form of precise
orbits (see program STDPRE below). o

NEWSTD:

We use the program NEWSTD to extrapolate orbits. This is of im-
portance for orbit comparison (see section 6.2).




78
STDPRE:

To export orbital information (see section 6.4) the program
STDPRE creates an ephemeris file in the precise orbit format (see
program PRETAB above) starting from a Bernese standard orbit
file.

STDPLT and STDHLM:

Auxiliary programs are used to compare stanéard orbit files. One
such program is STDPLT. It computes the differences between stan-
dard orbit files in radial, along track, and out of plane direc-
tions (see section 6.1.2, Figufe 6.1) and optionally the formal
errors of the satellite positions, if the full variance-cova-
riance matrix of the orbit improvement in GPSEST is available
(see section 6.1.2 for more details). To compare satellite orbits
given in different reference frames the program STDHLM may be
used. This program is described in detail in section 6.2.4 .
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5. MODELING OF THE TROPOSPHERIC REFRACTION

Tropospheric refraction, as stated in section 3.2.2, is the main
accuracy limiting factor in the determination of station heights
using the GPS. To get better verticals we may proceed along two

. different lines:

(a) Model tropospheric refraction without making use of the GPS
observations.

(b) Use the GPS observations to estimate troposphere model para-
meters together with all the other relevant parameters.

It is clear that appfoach (a), if successful, will strengthen the
GPS solution for the other parameters (e g. site coordinates),
since the knowledge of the troposphere is provided independently
of the GPS observatlons. The tropospheric delays may be derived
from standard troposphere models, from surface met measurements
(SM) (pressure, temperature, and relative humidity at the Sites),
or from more complex #echnigues like water vapodr radiometers
(WVR) measuring the water vapour of the atmosphere, or meteo
sondes, supplying a profile of the atmosphere.

Approach (b) is,'in its uncompromising form, totally independent
of any, (perhaps unreliable) meteorological data (see e.g. sec-
tion 3.2.2.3). However, the estimation of troposphere parameters
has its price as well: it is only reasonable, if it .is possible
to separate the contributions of the different parameter types
(station heights, ambiguities, orbits, and troposphere) with the”
GPS data available. The number of satellites tracked and. the ses-
sion length are of great importance, therefore.

Combinations of the two approaches making use of the advantages
of both, are likely to give the best results.
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5.1 Troposphere Refraction Models

It is not the goal of this chapter to present a detailed analysis
of all the different models of tropospheric refraction in use to-
day. Many papers have recently been published on this subject.
After a general introduction in 5.1.1 we will concentrate on one
- special topic: the computation of a local troposphere model from
SM data.

5.1.1 General Introduétion

The refraction of radio waves in the neutral (non-ionized) atmo-
sphere produces a non-dispersive delay in the time of reception
relative to free space propagation. The path delay is governed by
the distribution of the refraction index along the propagation
path. For mid-latitude stations at sea level typical values of
the delay of a radio wave travelling frdm space to the earth sur-
face range from 2.3 m at zenith to about 25 m at a zenith angle
of 85°. |

The apparent electrical path lengths L. of a radio wave which
propagates along a path L through the atmosphere is given accord-
ing to Fermat’s principle by:

L, = j n(s)ds | | | | (5.1)

L

where n(s) is the refractlve index as a functlon of the p051tlon
s along the path. The tropospherlc delay or excess path length
Apt'rop is the dlfference between L. and the stralght line geome-
trical distance: L, ‘(see e.g. [Hopfield, ‘1977] or [Tralli et al.,
1988]):

Aptrop = LE— LG =J‘. (n(s)-1)ds + (LS- LG) | (5.2)

L

where L, is the path length along L. The term L,-L;, due to re-
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fractive bending is insignificant, namely less than 1 cm at ele-
vation angles greater than 15° (see [Resch, 1984]). Clearly, the
effect of ray bending is'more'important for larger zenith distan-
ces whereas at zenith L, is equal to L.

Neglecting the ray bending and introducing the refractivity N as

N = (n-1)-10°¢ (5.3)
we get ’

trop

Ap = 10"-f N(s)ds (5.4)
L

According to [Thayer, 1974], for frequencies up to 20 GHz, the
refractivity N of moist air may be written as

(5.5)

with P, : Partial pressure of dry air (mbar)
e : Partial pressure of water vapour (mbar)
T : Temperature (K)
k,,k,,k, : Empirically determined constants (K/mbar,‘ K/mbar,

K/mbar?) ,
Z.!': Inverse compressibility of dry air
Z;?: Inverse compressibility of water vapour

The first term on the right hand‘side of egn. (5.5) is the so
called dry refractivity N,, whereas the last two terms form the
wet refractivity N_:

N = N, +N ' (5.6)
The physical meaning of the terms in eqn. (5.5) may be found in

[Smith & Weintraub, 1953]. The inverse compressibilities account
for the fact that dry air and water vapour do not exactly behave
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‘like ideal. gases. Assuming that the atmosphere and its con-
stituents behave like ideal gases, we have

zto= zot o= 1 (5.7)

and

P, = P-e 4 (5.8)

where P is the total pressure of moist air. Substituting (5.7)
and (5.8) into (5.5) yields in this case

=% . B x ). & . L
N=k-=+ (kK ) + k _ (5.9)

3o
w

Detailed expressions for the dry as well as the wet component of
the refractivity may be found in [de Jong, 1991].

About 90 % of the zenith delay arises from the dry component of
the refractivity and changes slowly'with time (about 2 cm/12 h,
[Mueller & Zerbini, 1989]). The wet zenith delay is 1less than
0.40 'm, but is less uniform both spatially and temporally. It is
also more 1likely to be mismodelled, since the distribution of
liquid water and vapour is much less predictable than that of
temperature and preésure (see'ean (5.5) and [Chao, 1973]). 1Its
variations are about three times as large as those in the dry
zenith delay [Treuhaft & Lanyi, 1987]. '

The trospospheric delay depends on the distance travelled by the
radio wave through the neutral atmosphere and is therefore also a
function of the satellite elevation angle. To show this eleva-
tion-dependence the tropospheric delaj is often written as the
product of the delay at zenith and a mappihg function f(z) relat-

ing the zenith -delay Ap! .

to the delay Ap? at zenith dis-
P trop v

tance 2 :
Aoy .., = f£(2):8pf . (5.10)

Since the water vapour content of the atmosphere becomes zero at
a height of about 10 km, whereas the dry atmosphere extends to
approximately 40-50 km above the earth’s surface, it is prefer-
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able to use different mapping functions for the dry and wet part
of the tropospheric delay: '

— £ ) ARD
AP:IOP - fd!Y(z) Ap:ry +_ fwet(z) prat. (5'11)

where fdry(z) : Mapping function of the dry component
f;.t(z) : Mapping function of the wet component

Ap‘;’!y : Dry tropospheric delay at zenith
ap?. . : Wet tropospheric delay at zenith

Analytical elevation angle mapping functions have been derived by
[Saastamoinen, 1972],.[Chao, 1973], [Lanyi, 1984], [Davis et al.,
1985), and others. When using only GPS observations above 20 de-
grees satellite elevation,'the choice of the mapping function to
be used -is rather irrelevant, since the differences between dif-
ferent mapping functions are very small (see [de Jong, 19913) .

5.1.2 Local Troposphere Models Derived From Surface Met Data

As we have seen in section 3.2.2.3 the SM data are usually not
good enough to give reliable estimates for the vertical, espe-
cially in small networks. When using values for pressure, tempe-
rature, and humidity extrapolated from sea level values on the
other hand, we obviously have a consistent set of met values to
compute tropospheric delays, but it is quite clear that these va-
lues will not represent the vertical gradients of the real tropo-
sphere. These are very important, however, if large height diffe-
rence exist in the network.

The SM data actually stemming from the sites of the network (lo-
cated at different heights) or stemming from special meteo sites
(chosen to avoid local effects and well distributed in height)
contain, in contrast to a standard atmosphere, the information
on the gradients present in the real atmosphere. We therefore use
the SM data to compute the vertical gradients of a local model of
the troposphere. The method discussed here has been outlined in
[Rothacher et al., 1990] and starts from the following assump-
tions:
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—_The~GPS network to be processed is small (< 100 km) but con-
tains large height differences.

- The entire network is dominated by the same micro-climate (e.q.
no high mountain ranges between different parts of the net).

- No horizontal gradients are present in the troposphere above
the area we are interested in.. ‘

In agreement with these assumptions the refractivity N (see
5.1.1, eqn. (5.3)) is now modeled as a function of height h and
time in the layer between the lowest and the highest site of the
survey:

N(h,t ) = N"(h) + ji: AN (t ) (h-h )" (5.12)

k=0

where N(h,t,) Refractivity at height h and epoch t,

N™ (h) ¢ Smooth time-independent a priori model of the
refractiviy
AN_(t,) : Coefficients of a 1low degree polynomial in
: height at epoch t, to be estimated using SM da-
ta o ‘ . ,
q ¢ Polynomial degree
h, ¢ Arbitrarily chosen reference height of the

polynomial

As we have seen' in section 5.1.1 the refractivity may be computed
from pressure P, temperature T, and the partial pressure of water
vapour e by eqn. (5.9). The International Association of Geodesy
(IAG) recommended to use the values derived by Essen & Froome
(see [IAG Resolution, 1963)) for the constants. k,, 'k, and k, in
(5.9):

k, = 77.64 K/mbar

k, = 64.70 K/mbar : - (5.13)
k, = 371780 K/mbar?

3

The partial pressure of water vapour e, finally, is given by (see
[Kahmen, 19781]): )
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c1+cz'T+cs'T2
e = —— -+ e (5.14)

with the relative humidity H in percent and

c, = =37.2465 |
c, = 0.213166 K ! (5.15)
c =

- 0.000256908 K" 2 .

To compute the a priori model N® (h) of the refractivity N we use
pressure P, temperature T, and humidity H derived from the
following standard atmosphere (see [Berg, 1948]):

P = P_-:(1-0.000226:(h-h_ ))° 2?23 (5.16)

T = T, - 0.0065- (h-h_) _ (5.17)

H = H e 0-00063%6°(h-h ) (5.18)
r

where h_ Reference height of the standard atmosphere model
(e.g. sea level) . '

h : Station height

p,.T,,H: Pressure, temperature, and humidity at the reference
_ height h_
p,T,H : Pressure,’temperature,‘and humidity at height h.

Pressure is thereby measured in millibar, temperature in degrees
Celsius, the humidity in percent, and the heights in meters.

The reference values h , p_, T

.+ and H are defined as:

h, = Om S o (5.19)
p, = 1013.25 mbar ' | (5.20)
T, = 18° Celsius (5.21)
H = 50%  (5.22)

Using actually measured SM data a set of "observed" refractivity
values can be computed for(all'the sites of the net using the
same eqns. (5.9), (5.13), (5.14), and (5.15) as in the case of
the standard atmosphere. The differenées between the refractivity

values derived from a standard atmosphere and the values obtained
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from SM data are then fitted by a low degree polynomial in height
as stated in eqn. (5.12).

LOCAL MODEL OF THE REFRACTMITY N
Turtmann 1989 Campaign: 8307/05 8:40

210

600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400
Station Height in Meters

[ ® @ ® Surface Meteo Data #——+ Standard Atmosphere  e—e—¢ Fitted Local Model |

' Figure 5.1
Local Model of the Refractivity Obtained by
Fitting a Low Degree Polynomial in Height
Through Refractivity Values Computed from SM Data

As an example theyrefractivity values computed from a standard
atmosphere, those computed from SM data, as well as the values
obtained by the polynomial fit have been plotted in Figure 5.1
for the sites of the Turtmann 1989 GPS Campaign (see section 10.1
for a description of this campaign). A polynomial degree q=2 was
used in this example. '

An a priori model of the refractivity has to be subtracted before
the fit to remove the major height-dependence of the refractivity
so that a polyndmial of degree g=2 or 3 is sufficient to model
the remaining trends in the refractivity. Refréctivity values
from (obviously)>bad SM measurements (as the one shown in Figure
5.1 at the'height of 720 meters) should not be used for the poly-
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nomial fit. Typically refractivity polynomials are estimated‘in
intervals. of 15-30 minutes during the observation sessions de-
pending on the rate of SM measurements available. The troposphe-

ric zenith correction.Ap:1 at station R is then computed by

trop A
integration using egn. (5.4) with N(h,t,) according to (5.12):

h
max

— an- 6. . 0
AP, iy = 10 I N(h,t )dh + Aphm taures (5.23)

h
R

where Ap?,

Tropospheric zenith delay for station R at

trop

time t,

N(h,t,) : Refractivity at height h at time t, accord-

' ing to eqn. (5.12)

h, : Height of station R

h . : Height of the highest station- of the
network |

Ap:m"i'”op H Tropospheric zenith delay due to the atmo-

sphere above the highest station

The delay due to the atmosphere above the highest station.is ac--
counted for by the Saastamoinen model [Saastamoinen, 1972].

Figure 5.2 shows the tropospheric zenith delays for the sites of
the Turtmann 1989 GPS Campaign computed:

(1) with the Saastamoinen model using pressure, temperature, and
humidity from the standard atmosphere defined by egns. (5.16)
to (5.22),

(2) with- the Saastamoinen model using SM data, and :

(3) with eqn. (5.23) according to the local refractivity model
discussed in this section. ‘

For the highest station of the survey (at height h ) the tropo-

max
spheric zenith delays computed according to (2) and (3) (see
above) are the same as can be seen from Figure 5.2 and eqn.
(5.23).
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TROPOSPHERIC ZENITH CORRECTION
Turtmann 1989 Campaign: 8307405 8:40
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Figure 5.2
The Tropospheric Zenith Corrections Obtained by Saastamoinen
(SM Data and Standard Atmosphere)
and From the Local Refractivity Model of Figure 5.1

The simple mapping function (see eqn. (5.10))

£(z) = 3-651(—2) (5.24)

is good enough to compute the tropospherlc delay ApRi trop for a

zenith dlstance zZ:
2]

A z ’ = ApRilttoE (5 25)
Pri,trop cos(z) *

as long as observation data above a satellite elevation of 20 de-

grees are used.
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5.2 Estimation of Troposphere Parameters.

There are two major methods of troposphere parameter estimation
that have been implemented into the most important GPS software
systems of today:

1) the deterministic estimation of tropospheric zenith correct-
ions (typically one parameter per session and station) using
standard least squares procedures and.

2) the estimation of the tropospheric zenith delays as a stochas-
tic process using filter algorithms.

In addition to these two standard procedures there exist interme-
diate approaches like the deterministic. estimation of the tropo-
sphere as a low order polynomial in time, the deterministic esti-
mation of several troposphere parameters per session (e.g. one
parameter for every half hour). Finally there are special methods
available with limited applicability like e.g. the estimation of
a height-dependent troposphere‘mddel for small networks outlined
in {Gurtner et al., 1989b]. ’

5.2.1 Deferministic Troposphere Estimation
5.2.1.1 Troposphere Zenith Delay Parameters

Most scientific programs used to process GPS data allow the esti-
mation of one constant troposphere zenith correction per station
and session.

Obviously the estimation of one parameter per session is reason-
able under the assumption that most of the effect of the short-
time changes in the tropospheric refraction averages out over a
few hours.

The procedure of estimating one troposphere zenith delay per ses-
sion and station can be refined by
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(a) increasing the number of parameters to be estimated per ses-
sion. We may want to estimate e.g. one troposphere parameter

per hour.

(b) introducing a priori constraints between successive tropo-
sphere parameters of the same station.

It is easy to realize option (a). It is only necessary to relate
each observation to the proper parameter (which is done using the
epoch). If data of many stations have to be processed, the number
of parameters in the normal equation system may turn out to be
very large, when many troposphere parameters are introduced. The
combined processing of 10 stations having observed during 10 ses-
sions of 10 hours each,- for instance, will result in 1000 tropo-
sphere parameters, if one troposphere zenith correction/hour is
introduced. To avoid problems with available computer memory the
troposphere parameters can be pre-eliminated. The troposphere pa-
rameters for the next time interval are then taking the place of
the eliminated parameters. Like this the normal equation matrix
will just have to contain one troposphere parameter per station
at any one time. '

Let us assume now that n,Z troposphere zenith delay parameters p,
(i=1,2,...,n ) are set up for a specific station.

Constraints of type (b) may be introduced into the normal equa-
tion system as "pseudo-observations" in two ways:

1) We add the following observation equation for parameter p, to
the normal equation system using the weight w, :

p, -0/ = v (i=1,2,...,n.) . (5.27)

2
g
w o= —: (i=1,2,...,n) (5.28)
g
i

where
pf : A priori value of the parameter p,. Since the
tropospheric zenith delay is corrected for by a
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’ standard model (e.g. Saastamoinen) p, is estim-
ated as the improvement to this a priori model
and we set: p} = 0 (i=1,2,...,n.).

o

Pseudo-observation of parameter p, with O/ = p, .
Residual

<

£

A priori weight of observation O/
A priori variance of the observations of unit

weight
o : A priori variance for paramter p,

These a priori weights will constrain the estimates of the
tropospheric delay parameters, not allowing them to deviate
too much from the standard model values.

2) We add the following observation equation for the difference
between subsequent troposphere parameters of the same station
to the normal equation system using the weight w, , . :

(pf—pf+1) =0/ e T Vi (i=1,...,n,-1) (5.29)

W = = | (5.30)

where
pl-p? : A priori value for the difference between the
i i+
subsequent parameters p, and p,,,-
We set p’-p),, = 0 (i=1,2,...,n,~1) as a
priori model.

0/ 4y ¢ Pseudo-observation of the difference between
subsequent troposphere parameters of the same
station with N e
Residual

-
-
[
+
-
e

A priori weight of observation O/ ,

See egn. (5.28) above

a a ® 4

A priori variance of the difference between
parameters p, and p,,,

These a priori weights will ensure that the differences between
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subsequent estimates of the tropospheric. delay will not be much
larger than o,

i+1

The variances of have a similar meaning as the power spectral

, i+ 1
density PSD & of a stochastic process (see section 5.2.2). They
both limit the change of the tropospheric delay allowed from pa-
rameter to parameter in the deterministic, from epoch to epoch in
the stochastic estimation procedure. It is difficult, however, to
find a simple correspondence between the variances of'i+l and the
power spectral density & , because in the Kalman filter (see sec-
tion 5.2.2) the variance at time t+1 (one epoch after epoch t) is
given by the variance at time t plus the increase in the variance
due to the PSD during the time interval from t to t+l (see eqn.
5.59). Assuming a random walk as stochastic process we may write
as an approximation:

2 ' .
c = Qt Ati

1,141 (5.31)

,1+1

where At, is the time interval between the subsequent tropo-

,1+1
sphere parameters. When estimating for example one troposphere
zenith delay every hour a PSD of 10" ® m?/s would then be compar-
able to a Op 141 of 6 mm.

Initializing the normal equation matrix N with the pseudo-obser-
vations and a priori weights given in eqns. (5.27) to (5.30) we
get the following structure for the submatrix N£=op of the normal
equation matrix N just containing the subsequent troposphere pa-

rameters of one station:

[

w1+w1.2 Wy, 0
¥y, 2 WatWy, 2tV 3 Y, 3 ()
0 W3 T
Nerop = \ e R
O : ) 'wnt-z:x;t-l . 0
-wnt-z.nt-l wnt- l+wnt-2,nt-1+wnt-l,nt -wnt.-l,nt
\ 0 -wnt°l,nt wnt+wnt-l.nt J

(5.32)
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The matrix N .., can be simplified by assuming the same a priori

variances o, and o for all the troposphere parameters and

bs el
parameter differences respectively:

2,0004m,) (5.33)

Oy % O4ps (1=1,
Oy,i+1 — %1 (i=1,2,...,n,-1) (5.34)
and
%
Vebs 2 (5.35)
o
abs
%,
wrel = 2 (5'36)
g
rel
We then have:
( A
wabs+wfel -wrel 0
-w W, +2w -w ‘
rel abs rel rel ()
0 .wtel
N -
trop
-wrel 0
() -wrel wabs+2w¥el -wrel
\ 0 -“Qel wabs+w¥el J
(5.37)

When estimating troposphere parameters (independently of whether
the estimation is a deterministic or stochastic one) attention
has to be paid~tp the fact that in small networks the troposphe-
ric délays of nearby stations are totally correlated because
these stations see a satellite at almost the same zenith angle.
The use of single (or double) differences then makes it impos-
sible to distinguish between the delays of the two .stations in-
volved. In this case only the relative (differential) troposphe-
ric delays with respect to one reference station may be reliably
determined, else it may happen that all the stations are systema-
tically shifted in height due to the badly determined absolute
troposphere zenith delay and, according to section 3.2.2.2, a
slightly wrong scale of the network will result.
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Troposphere parameters are estimated after removal of a standard
model for the dry (or dry and wet) components of the tropospheric
refraction. |

5.2.1.2 Height-Dependent Troposphere Parameters for Small Net-

works

The motivation for this method comes from small networks in areas
with large height differences (like in the Swiss mountains). When
processing such networks the most important errors in the verti-
cals stem from the atmospheric layer between the lowest and
highest station of the network. Assuming that horizontal gra-
dients are small the vertical variations of the troposphere with-
in the layer of interest (e.g. situations with température inver-
sion, that occur frequently in alpine valleys) may be taken into
account by estimating the tropospheric zenith delay as a low de-
gree polynomial in height [Gurtner et al., 1989b]:

n
t

0 _ . - 3

ap. . (h) = Z c,* (h-h)) (5.39)

=1
where
Apffop(h): Tropospheric zenith delay at height h
n, ¢ Number of parameters in this model, typically one
or two

c ¢ Parameters to be estimated using the GPS data of

all stations in the network
Reference height of the model (e.g. the height of

o

the lowest station in the network).

Term c, was left out in egn. (5.39), since it corresponds to an
absolute tropospheric zenith delay for all sites. It does not
make sense to solve for absolute tropospheric delays in small
networks. The term c, is accounted for, however, by a standard
model of tropospheric refraction.
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The tropospheric zenith delay Ap; trop for station R at height h,
is then given by:

0 =
ApR,trop - Aptorop(hR) ’ (5.40)

The advantage of this model is definitely the much smaller number
of parameters to be estimated (one or two per session) compared
to the estimation of one troposphere parameter per baseline as
described in section 5.2.1.1. There are no horizontal gradients
taken into account in model (5.39).

5.2.2 Stochastic Troposphere Estimation

The stochastic troposphere estimation in the Bernese GPS Software
is based on a Kalman filter estimator. Although the formulae may
be found in many textbooks (e.g. ([Liebelt, 1967] or [Gelb,
1974]1), we give a short overview following the one by [Herring et
al., 1990].

Let us start with the linear version of the observation equation
(3.9) or (3.16) with respect to the parameters to be estimated:

A X -Y =V, (5.41)

All these quantities refer to epoch t with

Y, : Vector of terms "observed - computed" (differences between
the observations y’/ at epoch t and their theoretical va-
lues Yy, computed from a priori values of the parameters)

x : Parameter vector

oy

Matrix of partial derivatives 3;} of the observables with

respect to the parameters x, (fi;st design matrix)

v, : Vector of residuals representing the noise of the observa-

tions

B
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The state transition equation describes the dynamics of the

parameters:

X, ,, =8 'x +w (5.42)
where x, , ,: Vector of parameter values at epoch t+l1 (t+l1 denot-
ing the next observation epoch after t).

S, : State transition matrix at .epoch t defining the

transition from the state at epoch t to the expected
state at epoch t+1..

\*/ : Vector of random perturbations affecting the state
during the interval between epoch t and t+1. For
nonstochastic parameters w, is zero.

To obtain a Kalman filter estimator the following statistical as-
sumptions are made, where angle brackets denote expectation va-
lues, the superscript T the transpose of the vector:

<v, > 0 for all t (5.43)
<v, vi+d> 0 for all j=0 (5.44)
<v, wf+d> 0 for all t and j (5.45)
<v, x§+3> 0 for all t and j (5.46)
<w, > - 0 for all t (5.47)
<w, wi+d> 0 for all j#0 (5.48)
<x, w:+d> = 0 for all j>0 (5.49)
and we define the correlation matrices V., and W, as
— T
V., = <v, v,> (5.50)
W, = <w w> (5.51)

The assumptions (5.45) and (5.46) require that the measurement
process and the random motion of the system are uncorrelated. As-
sumption (5.48) says that the random pertufbations at any epoch
are uncorrelated with those of any other epoch, and (5.49) re-
quires that the current state of the system does not affect the
random perturbations in the system at later epochs.

The Kalman filter estimation is carried out sequentially, epoch
by epoch. The following steps have to be performed to add the ob-
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servations of epoch t+l1 to the estimation, if the state vector ﬁ:
(subscript t indicating the epoch, superscript t denoting the
epoch of the last data included in the estimate) and its cova-
riance matrix c: are given:

£t 4t

X,, = S -x (5.52)
C,, = S, °C -S; + W, (5.53)
ﬁ::: = §:+1+K'(y£+1—at+1°i:+1) (5.54)
C:I: = c:+1-K'At+1'c:+1 (5.55)

where K is the Kalman gain given by

= t AT . .ot <A
K = G, B, (Voo %8, "Gy At+;) (5.56)

Equations (5.52) and (5.53) form the filter prediction step,
equations (5.54) and (5.55) the filter update step. Together the
equations (5.52)-(5.56) form a complete sequence for the process-
ing of observations with the filter. When the computations ‘at
epoch t+1 are completed, the sequence is repeated with quantities
at epoch t+2 (substitution of t+2 for t+1, t+l1 for t in the fil-
ter equations) and so forth until all observations have been in-
cluded. We refer to this sequence as the forward Kalman filter.
To start the forward Kalman filter a priori values for the para-
meters and their covariance matrix have to be specified.

After having processed all observations with the forward Kalman
filter, the resultant state yields the final estimates of the
nonstochastic parameters. To determine full time history of the
estimates of stochastic parameters, however, a backward or smoo-
thing Kalman filter solution must be performed. This smoothing is
necessary because the estimates of stochastic parameters at epoch
t do not contain the information about the parameters supplied by
observations of later epochs t+1, t+2, ... . For more information
on the backward Kalman filter see [Herring et al., 1990].

Only the forward Kalman filter has been implemented so far into
the parameter estimation program of the Bernese GPS Software.
Thus the exact values of the tropospheric delays cannot be deter-
mined. However, if many satellites are visible simultaneously the
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forward Kalman filter provides quite reasonable estimates of the
tropospheric zenith delays. ‘

The stochastic process model used in our Kalman filter is a ran-
dom walk, which is well suited to model the stochastic behaviour
of the troposphere. In this case the state transition matrix S,
(see eqn. (5.42) is equal to the identity matrix I:

s, = I (5.57)

The prediction step (egns. (5.52), (5.53)) is simply

4Lt — 4t
X ., x, (5.58)
ct = C + W (5.59)

where W, gives the noise to be added to the covariance matrix C;
due to the time interval between epoch t and t+1.

The elements w,

L3 of the covariance matrix W, are given by:

e,1yg = O - for i#j
W, ,, =0 for nonstochastic parameter i (5.60)
W, ;3 = & ,-At for stochastic parameter j '
where &, ; ¢ Power spectral density (PSD) of parameter j. It
fully characterizes the random walk process.
At : Time interval between epoch t and t+1.
The PSD & has to be specified for all stochastic parameters j

t,Jd
to be estimated with the Kalman filter. In principle it could be

time-dependent as indicated by the subscript t. A typical value
of the PSD for troposphere zenith delay parameters is given by
[Lichten et al., 1989b] or [Herring et al., 1990]:

= 4-10"% to 1-10"7 m?/s (5.61)

t,trop

Many details on the real temporal and spatial variations of the
tropospheric delay may be found in [Elgered et al., 1990].
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As in the case of deterministic troposphere estimation usually
the troposphere parameters of all stations but one are determined
and the estimation is done on top of an a priori model for the
delays.

5.3 Tropospheric Refraction in the Bernmese GPS Software.

A detailed description of the programs of the Bernese GPS Soft-
ware and their options to model tropospheric refraction and of
the file types containing troposphere information may be found in
[Rothacher et al., 1991]. Some of the programs used to obtain the
results discussed in this thesis have only recently been
developed, however, and can not be found in the description. A
few remarks may therefore be necessary.

The models to account for the tropospheric refraction implemented
in the Bernese GPS Software are '

The Saastamoinen model [Saastamoinen, 1972]

The modified Hopfield model [Goad & Goodman, 1974]

~The simplified Hoﬁfield model [Wells, 1974]

A differential refraction model based on formulae by Essen
and Froome [Rothacher et al., 1986]

In all these models either measured SM data or pressure, tempera-
ture, and humidity derived from a standard atmosphere model (see
egqns. (5.16) to (5.18)) starting with appropriate values  at an
arbitrary reference height may be introduced.

There exist .three troposphere file types containing. information
on the troposphere in our software system. Apart from header in-
formation such as the file type, the station name, and the diffe-
rence between local time and UTC (it is assumed that SM data is
recorded in local time), the following quantities are available:

File type 1: Date and time, air pressure, temperature, and rela-
tive humidity
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File type 2: Date and time, air pressure, dry and wet temperature
File type 3: Date and time, and troposphere zenith delays

An example of file type 1 is given in Figure 5.3. All the data of
one station are stored in one file. File type 3 may be used for
many differentnpurposes: to introduce WVR data, to store the de-
lays of a local troposphere model derived from SM data (see sec-
‘tion 5.1.2), etc.

TURTMANN CAMPAIGN 1989

STATION : BRAE 2 UTC-LOCAL TIME(HOURS) = 0 TYP= 1
JJ MM DD HH MM SS PPP.PP TT.TT HH.HH
89 7 5 815 0 860.8 16.6 73.4
89 7 5 830 0 859.8 16.6 71.7
89 7 5 845 0 859.8 16.8. 67.0
8 7 5 9 0 0 859.8 17.4 62.8
8 7 5 915 0 859.8 18.5  60.8
8 7 5 930 0 859.8 18.6 60.9
8 7 5 945 0 859.8 18.8 51.0
89 7 510 0 0 859.8 19.0 51.2
89 7 51015 0 859.8 19.8 . 53.5
89 7 51030 0 858.8 21.0 53.5
89 7 51045 0 858.8 20.4 50.8
89 7 511 0 0 859.3 20.6 55.1
89 7 51115 0 859.3 21.0 50.2
89 7 51130 0 859.3  21.2 50.4

-10000000 0 (=LAST LINE)

Figure 5.3
Bernese Troposphere File of Type 1 Containing Surface Met Data

The flow of troposphere information in the Bernese GPS Software
is summarized in Figure 5.4.

The SM data enters the software through RINEX meteo files [Gurt-
ner et al., 1990a and 1990b]. The RINEX files are then converted
into Bernese meteo files of type 1 by the program RXMBV3.

When simulating GPS observations with the program SIMULA'(seé
seption 7.2) the generated values for pressure, temperature, and
relative humidity are stored in files of type 1, or, if stochas-
tic troposphere zenith corrections are simulated, in files of
type 3.
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RINEX
Meteo
Files

Other Sources

(SMULA ) RXM@ (ke WVR)

! !

Bernese
METFIT Troposphere
Files

( GPSEST ) GPSESK

Figure 5.4
Flow Diagram of Troposphere Information
in the Bernese GPS Software

In GPSEST, the main parameter estimation program of the Bernese
GPS Software [Rothacher et al., 1991], two different types of

troposphere parameters may be estimated:

- One or more tropospheric zenith delays for individual stations

imposing a priori constraints as discussed in section 5.2.1.1.

- The coefficients of a low degree polynomial in height of the
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tropospheric zenith correction for small networks with -large
height differences (see section 5.2.1.2).

The program GSPEST (version 3.1) has been modified by Tom Herring
at the Massachusetts Institute of Technology (MIT) for the U.S.
Geological Survey to allow the stochastic estimation of parame-
ters with a Kalman filter algorithm (see section 5.2.2). The new
program was given the name GPSESK. It was updated to version 3.3
by the author in the course of this thesis.

GPSEST, as well as . its counterpart GPSESK, will accept all the
three troposphere file types to apply tropospheric delays.

The program METFIT, finally, is used to generate a local tropo-
sphere model starting from all the SM data files of a network
(see 5.1.2): The resulting troposphere corrections are stored in
troposphere files of type 3.
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6. ASSESSMENT OF ORBIT ACCURACY

The groups developing GPS processing software to estimate site
coordinates were in a very favourable position: VLBI and SLR on a
global and regionaIASCale, high precision terrestrial measure-
ments on the local scale could be used as independent observation
techniques to measure relative site coordinates. These compari-
sons helped to improve the models and techniques of the GPS data
processing resulting in the fast progress made in the evaluation
of GPS data. GPS has shown to have a tremendous potential and to
be capable of obtaining results as good as or better than other
techniques in most fields with a much smaller amount of work and
money involved.

In the case of the satellite orbit modeiing and estimation no
such direct comparison with any independent technique is pos-
sible. This situation might change when some satellites carrying
a GPS receiver plus retro-reflectors for SLR measurements will be
in orbit. Today it is difficult to assess the accuracy of GPS or-
bits. We discuss three approaches to get a clearer picture of the
orbit quality:

(1) Inspection of the formal orbit errors of the least squares
estimation process.

(2) Comparison of satellite positions or orbital elements ob-
tained. with different data sets, processing strategies, or
orbit models.

(3) study of the influence of the orbit quality on non-orbital
parameters like site coordinates or ambiguities.

These three methods will be discussed in more detail below.

A further difficulty lies in the circumstance that GPS orbits are
tied to the reference system defined by fixing or constraining
site coordinates in the estimation process. In the fiducial point
concept the reference frame is defined by the coordinates of the
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fixed fiducial sites. Using other fiducial site coordinates or
other fiducial sites will change the orbits as well as the refe-
rence frame (see [Lichten et al., 1989a]). Even the estimation of
tropospheric zenith delays may influence the stability of the re-
ference frame. A reasonable comparison of orbits should be pos-
sible, however, even if the orbits are given in different refe-
rence frames. A method to do this type of orbit comparison will
be-given in section 6.2.4 .

6.1 Formal Errors of Satellite Orbits

A first indication of the quality of satellite orbit estimation
is given by the formal errors of the estimated orbit parameters
and the formal errors of the satellite positions. When interpret-
ing these formal errors we should keep in mind that they are a
measure of the internal consistency of the orbits only. Systema-
tic effects not showing up- -in the formal errors may have intro-
duced biases into the results. ‘

6.1.1 Formal Errors of Orbital Parameters

One result of the least squares parameter estimation consists of
the formal errors of the orbital parameters and even of the full
variance-covariance matrix. The information that can be directly
extractea'from the formal errors depends very much on .the type of
orbital parameters. In our software the osculating orbital ele-
ments at an epoch t, (see section 4.2.1.4) are the unknowns, and
the interpretation is easier than in the case of an improvement
of the initial conditions (position r, and velocity i:o at the
epoch t, ). It is in principle always possible, however, to com-
pute the osculating elements and their formal errors from the
estimated initial conditions, their variance-covariance matrix,
and the partials of the osculating elements with respect to the
initial conditions (see eqn. (6.2) in the next section).

Equations (7.2) to (7.10) and Table 7.1 in section 7.2 are help-
ful to get an idea of the formal errors in the satellite posi-
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tions to be expected as a function of the formal errors in the
osculating orbital elements and the radiation pressure parameter

po'

The  variance-covariance matrix contains more information than
just the diagonal elements (used'to compute the formal errors of
the orbital parameters): interesting information may be extracted
from the variance-covariance matrix concerning the correlations
between the orbit parameters of different satellites (e.g. the
correlations between satellites revolving the earth in "the same"
orbital plane) or even correlations between orbit parameters and
other parameter types (e.g. site coordinates, troposphere zenith
delays, or ambigquities).

6.1.2 Formal Errors of Satellite Positions
With the estimated parameters and the corresponding inverse

normal equation matrix Q at our disposal we may compute the for-
mal error m(x) of any analytical function

x=f (pllpzl"'lpn ) (6.1)
P

according to the general formula

o n n
P P ’
2 — 2. 3f  3f
mo(x) =m, Z Z ap, = ap, = ux (6.2)
i=1 k=1
where
n : Number of estimated parameters
p, ¢ Estimated parameters (i=1,2,...,np)

m?(x): A posteriori estimate of the variance of x

mg : A posteriori estimate of the variance of the weight
unit ‘ ' ' ‘

af . Partial derivatives of the function f with respect

ap1 * to the estimated parameter P, (i=1,2,...,np)
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Q,, ¢ Elements of the inverse normal equation matrix Q of
the estimated parameters
mg-Q : Variance-covariance matrix of the estimated parameters

orbit errors are easily interpreted in the momentary coordinate
system of the satellite defined by the radial, the along track,
and out of plane directions (see Figure 6.1).

Y'

ré(t) X'

YA Satellite S

re(t)

<Y

Figure 6.1
Momentary Satellite Coordinate System
(x,Y,2: Axes of the Geocentric Inertial Frame;
x’,y’,z’: Radial, Along Track, and Out of Plane Directions)
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Due to the almost circular orbits of GPS satellites the transfor-
mation into this system may be approximated by a rotation matrix
R depending on the geocentric position r®(t) and velocity r° (t)
of the satellite in the inertial frame:

B (t) = R(X (t),5(t)) - (%) (6.3)
where T (t) is the satellite position in the momentary satellite
coordinate system. The matrix' R can also be written using the

osculating elements Q, i, and u (see section 4.1.1, Figure 4.1)
at epoch t:

R = R, (W)R, (i)R, (Q) (6.4)

R, and R, denote rotations around the respective x- and z-axis:

1 o 0 ‘ cosa sina O
R, (a) = 0 cosa sina R, (a) = -sina cosa O

0 -sina cosa 0 0 1

According to eqn. (6.2) the formal errors of the satellite posi-
tion at time t in the momentary satellite coordinate system may
therefore be computed as .

e e o aE° |
n’ (E] (t)) = m; Z Z 3;1- (t) - %f (t) - Q. - (6.4)
i=1 k=1
(3=1,2,3)
with B () = (&), Bm), )
and
ot . ar’ |
ap, (V) = R (), £(8) - 55= (¥) (6.5)

(i=1,2,...,np)

neglecting the second order term containing the partials of the
rotation matrix R.

In our case the parameters of the adjustment process are the os-
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culating. elements: plus one or two radiation pressure parameters
p, and p,

p, € {(a, e, i, Q, o, U ,, Por P,}

The partials of the geocentric satellite positions r® (t) with
respect to the osculating orbital elements are listed in Appendix
A.3 and may be computed analytically. The partials with respect
to the radiation pressure parameters p° and~p2’are computed by
numerical integration (see section 4.2.1.3 and 4.2.2).

The errors in the satellite positions are essential when compar-
ing satellite orbits, because.they show the time variation of the
orbit precision.

6.1.3 Formal Errors of Relative Satellite Positions and Distances

Between Satellites

Formal errors of relative satellite positions (differences
between the positions of two satellites S, and S,) and of the
distance between two satellites may be obtained in the same way
as the formal errors of the absolute satellite positions in sec- .
tion 6.1.2. Although the transformation into a satellite frame is
not as essential in the case of two satellites as in the case of
6n1y' one, we perform the analysis in the momentary‘.system of
satellite S,: '

s .S ) .
RS2 = Rsz(r 2, ©?) =R (u,) R (i,) R, (Q,) (6.6)
S,S s s ,
and At '? = R (r'! -r?) (6.7)
L T2 o
where -
Q,, i,, u,: Osculating elements of satellite s,.
‘58 : s ol . e s
AT ! 2: Difference of the two satellite positions

‘transformed into the satellite frame of
satellite’Sz.
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We then have (denoting the component of the vector by the sub-
script j):

S S s

o om n 5152 ~ 12 |
s S5, ., — | 9AF DAT
m (Ar} ) = mooc }Z: ap1 . aF& . Qlk (6.7)
i=1 k=1
' " (J=1,2,3)
where
=15, S 52
___aA;:p = R a;:p - a;-p» (6.8)
1 2 1 i

s .S
The computation of the formal errors of the distances d 12
between satellites S, and S, can easily be done by using eqn.
(6.2) and

Arsxsz alfi if P, is a parameter of
s s T satellite S
d12 i 1
S,S
17 2
ad .
= (6.9)
ap, , x
s s s . .
Ar ! 2 ar 2 ;f p, 1s a parameter of
T s s T satellite S
dlz i . 2
s,S S S
where d ! 2 =|r '-r ?2|.

There are two reasons why we want to look at the formal errors of
relative satellite positions and the distance between satellites:

(1) All major GPS processing programs use (implicitly or expli-
citly) the double difference observable (see section 3.1.4)
in their main parameter estimation program. Therefore only
the accuracy of the differences between satellite orbit posi-
tions is crucial in the estimation procedure, whereas the ab-

solute orbit quality is of secondary importance.

(2) In analogy to the fact, that the baseline length is the best
determined quantity in relative positioning with GPS (for
non-glbbal baselines at least), we ask, whether the distances
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between satellites not too far apart (visible from the same
site) is the best determined orbit quantity.

It should be mentioned that with the increasing number of satel-
lites in orbit and the use of global tracking networks for orbit
determination the differences between the errors of absolute and
relative satellite positions may become less important.

6.2 Comparison of Satellite Orbits

The comparison of satellite orbits estimated using"different
pafts'of a GPS data set (e.g. different sessions) is analogous to
the well known repeatability studies for site coordinates. The
orbit repeatabilities are a measure of the precision of the or-
bits, not of orbit accuracy, because the orbit sets eompared
could still contain common biases.

The comparison of satellite orbits may be done in different ways.
Let us mention three:

(1) Direct comparison of the estimated initial conditions (posi-
tion and velocity at a specific epoch) and the radiation
pressure parameters.

(2) Comparison of the osculating elements and the radiation pres-
sure parameters.

(3) Comparison of the satellite posifion vectors at different
" tinmes.

Because the initial conditions do not give us directly the infor-
mation on the time development of orbit differences, we will not
discuss this type 6f comparison any further. It is easy, however,
to compute the osculating elements of a satellite and their rms
errors from the initial conditions‘and the associated variance-
covariance matrix (see Appendix A.2 and A.3).

The comparison of osculating elements, radiation pressure parame-
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ters, and satellite positions will be dealt with in the next
sections. ’

In ofder to be able to compare satellite orbits directly the two
sets of orbit parameters or satellite positions have to be given
in the same reference frame. This will be the case if the esti-
mated orbits are based on the same set of fiducial site coordi-
nates or if the processing strategies are chosen to guarantee a
common reference frame (e.g. several arcs per satellite esti-
mated, but only one set of coordinates for the entire time pe-
riod). If the two sets of satellite orbits are not refering to
the same system, a comparison is still possible, as we will see
in section 6.2.4,«bu£ only via the estimation of transformation
parameters between the two systens.

Another basic requirement for orbit comparison is that the orbit
quantities to be compared must be given at the same epoch(s). Os-
culating Keplerian-elements must e.g. refer to the same epoch,
and the orbits of two subsequent days can only be compared if the
orbit of the first day is extrapolated to the second day. or vice
versa. It is clear that the‘accuracy’of the estimated orbits will
be degraded by the extrapolation necessary for comparison. The
farther away from the time interval of the GPS observations used
for the estimation of the orbital parameters we have to extrapo-
late'the larger the errors of the orbits will become.

6.2.1 Comparison of Satellite Orbit Parameters

Osculating elements can only be compared if they refer to the
same epoch, because the perturbations exerted on the satellite
(see e.g. section 4.1.2) are permanently changing the shape and
orientation of the orbit and thus the orbital elements. If the
two sets of osculating elements have different reference epochs
t, and t,, one set of osculating elements (let us say the one at

epoch t ) has to be transformed to epoch t, according to Figure
6'2.
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a,e,i,2,0,u, at epoch t,

Appendix A.1l

.xo(tl)l vo(tI)

Numerical Integration

xo (tz) 4 vo (tz)

Appendix A.2

o 4
a,e,i,Q,w,u0 at epoch t,

Figure 6.2 S
Transformation of Osculating Elements From Epoch t, to Epoch t,

Using Table 7.1 or eqhs. (7.2) to (7.10) in section 7.2’the order
of magnitude of the orbit differences in meters and their di-
rection may be approximately .estimated from the differences in
the osculating elements.

The physical meaning of the osculating elements as constants of
integration of the two body problem helps to get a clearer pic-
ture of the type of differences between two orbit sets. The ele-
ments i, o, and Q@ will e.q. indicate rotations between the two
sets etc.

Last but not least we would like to point out that all the compa-
risons should be done in consideration of the formal errors in-
volved (see section 6.1.1). The argument of perigee may e.q. show
large variations due to the fact that for almost circular orbits
this element is very poorly determined. The associated formal er-
ror will confirm this fact.
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6.2.2 Comparison of Satellite Positions

Differences in satellite positions are usually decomposed into
the along track, radial, and out-of-plane components (see Figure
6.1). The along track component will show in most cases the
biggest differences, since small errors in the mean motion of the
satellite will result in errors in the along track component in-
creasing linearly with time. The radial component usually shows
the smallest differences due to the fact that differences in the
semi-major axis (radial component) will lead to differences in
the mean motion which in turn result in differences along the
track growing with time as mentioned above. A difference of only
1 cm in the semi-major axis will give an along track difference
of about 1 meter after 5 days for GPS satellites (see eqn.
(7.4)).

For a specific experiment not all the satellite positions are of
the same importance. Only the quality of the orbits above the re-
gion of interest will have an impact on the results obtained
there, whereas that orbit part, when the satellites are below the
horizon, will not- contribute to the error budgét. The situation
is even more complex bécause of the use of double difference ob-
servations in the GPS data processing.

6.2.3 Comparison of Relative Satellite Positions and Distances

Between Satellites

Due to the use of double differences in GPS data processing the
absolute accuracy of the orbits used may not be the most impor-
tant factor deciding on the quality of the baseline results. Or-
bit determination using the data from a regional tracking network
may furnish very accurate relative satellite positions over the
region of the tracking network, whereas in anlabsolute, global
sense these orbits may very well be considerably rotated or dis-
torted. Simulation results showing these effects may be found in
Chapter 8.
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6.2.4 Comparison of a System of Satellite Orbits

Differences between two sets of satellite orbits may be caused by
two different reasons:

(1) They may be due to the fact that the two sets are given in

- different reference frames. In this case the orbits of all

the satellites of one set will be translated, rotated, and/or
scaled in the same way compared to the other set.

(2) They only show satellite specific trends and no translations,
rotations, or scale factors common to all the satellites may
be detected between the two sets, if the orbits are given in
the same reference frame. The differences are due to remain-
ing unmodeled orbit errors or the accuracy restrictions of
the estimation.

Since we are dealing with a satellite system and not just with a
single satellite the two types of orbit differences may be sepa-
rated. '

To determine possible differences in the reference frames of the
two orbit sets we have to estimate transformation parameters
(e.g. a 7 parameter similarity transformation) between the two
sets using the positions of all the satellites in the system as
pseudo-observations. This procedure is comparable to the estima-
tion of a Helmert transformation between two coordinate sets that
are given in different coordinate systems.

The program STDHLM was developed to allow exactly this type of
orbit comparison. It starts with two Bernese standard orbit files
(see section 4.3) each containing one set of satellite orbits to
be compared. Satellite positions are then computed in specified
time intervals and used as pseudo-observations to determine the
transformation parameters. The option input file given in Figure
6.3 shows the program options available. (An arrow followed by a
colon indicates an input field.)
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STDHLM: OPTION INPUT FILE 91/03/10 14:52

(REMARK: YES=1,NO=0 ; 2 EMPTY LINES AFTER EVERY INPUT GROUP)

TITLE LINE:

~-> : ORBIT COMPARISON OVER THE REGION OF GOLDSTONE (1)

" PRINT OPTIONS:

[ — x

PRINT RESIDUALS —>: 1 2)
PARAMETERS OF HELMERT TRANSFORMATION:
TRANSLATION IN X-DIRECTION : -->: 0
TRANSLATION IN Y-DIRECTION —->: 0
TRANSLATION IN Z-DIRECTION ->: 0
ROTATION AROUND X-AXIS > : 0 3)
ROTATION AROUND Y-AXIS —~>: 0
ROTATION AROUND Z-AXIS -——>: 0
SCALE FACTOR -—>: 0
GENERAL TIME INTERVAL:
START TIME END TIME

YYYY MM DD HH MM SS YYYY MM DD HH MM SS

~-=> : 1990 12 11 00 00 00 1990 12 12 00 00 00 4)
. OBSERVATION SELECTION:
£ 3 223

SAMPLING INTERVAL -=>: 600 SEC (5)
MININUM ELEVATION FOR SATELLITES (IF ELEV. MASK)  =-> : 20 DEGREES  (6)
MININUX & STATIONS WITH ELEV, > MIN. ELEV, REQUIRED --> @ 1 ')
STATION(S) FOR ELEVATION MASK (COMBINED WITH "OR*):

STATION NAME(S)

fe 2232833223323 333 3
_==> : GOLDSTONE (8)
SATELLITE SPECIFIC TIME INTERVALS: (SAT=99: ALL SATELLITES)

SAT START TIME END TI

*x  YYYY MM DD HH MM SS YYYY M DD HH ¥X SS
> : 16 1990 12 11 00 00 00 1990 12 12 00 00 00 9)
TYPE OF SATELLITE MARKING:
MARK POSITIONS VITHIN WINDOWS GIVEN BELOW = 1
MARK POSITIONS OUTSIDE WINDOWS BELOW -2 ——>: 2 (10)
TIME WINDOWS FOR MARKING: (SAT=99: ALL SATELLITES)

SAT START TIME END TIME

**  YYYY MX DD HH MM SS YYYY MM DD HK MM SS
--> : 93 1990 12 11 00 00 00 1990 12 12 00 00 00 (11)

Figure 6.3
Ooption Input File of the Program STDHIM Used to Compare

Two Sets of Satellite Orbits Given in Different Reference Frames
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Let us make some comments concerning the optionsvof the program
STDHLM: |

(1)

(2)

€3)

(4)

(5)

(6)

(7)

The title line is useful to document the program run

The residuals of the satellite positions after the estima-
tion of transformation parameters may. be printed in the pro-
gram.output and/or written to a residual file that may be
visualized later on. The residuals of the transformation may
be interpreted as the differences between the orbits in the
same reference frame. '

Selection of the transformation parameters to be estimated.
If no parameter is determined, the residuals are equal to
the plain differences between the two orbit sets. The selec-
tion of all parameters introduces a full 7 parameter simila-
rity transformation between the two sets.

A general time interval may be specified to define the boun-
daries within which satellite positions will be computed and
used in the parameter estimation. Using this option the com-
parison of the two .orbit éetS'may e.g. be confined to an ob-
servation session or to one arc per satellite. The time in-
terval may also include more than one arc per satellite.

The sampling interval defines the t1me interval between sub- .
sequent satellite positions.

A minimum elevation angle may be given for the:satellites.
The elevation angles are computed as seén_from the stations
given in option (8). This option mékés it possible to com-
pare the orbits over a certain region (e.q. the'region of
the network used for orbit determination, or the region the
orblts w111 be used for).

If this option is set to 1 satellite positions will be used
in the comparison only, if at least one of the stations spe-
cified in option (8) sees the satellite under an elevation

. angle larger than the minimum angle given in option (6)..If



(8)

(9)

(10)

(11)
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this option is set to 2, at least two of the stations given
in option (8) must be able to observe the satellite above
the minimum: elevation angle corresponding to the use of
single (or double) difference observations.

List of stations used to define the elevation mask. The co-
ordinates of the sites have to be given in a coordinate
file.

The satellite-specific time intervals are useful to exactly
define the satellites that will be used for the comparison
and in what time interval(s) they are going to be used.

This and the next option (11) make it possible to mark sa-
tellite positions. Marked satellite positions are not used
in the computation of the transformation parameters but the
"residuals" with respect to the estimated transformation
will be computed and listed in the residual table. With the
setting of option (10) satellite positions will either be
marked during the time intervaIS‘épecified'iJI option (11)
(option (10) = 1) or satellite positions will be marked out-
side the regions specified in-option (11) (option (10) = 2).

Satellite specific windows to mark satellite positions ac-
cording to option (10).

With all these options a very flexible and detailed comparison of
two satellite orbit sets: is possible.

To check the elevation angle of a satellite the satellite posi-
tions are transformed from the inertial system (1950 0 in our
case) into an earth-fixed system.

Examples of orbit comparisons. done-with the program STDHLM may be
found in. Part II.
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6.3 Non-Orbital Parameters as Indicators of Orbit Accuracy

The following procedure to assess the accuracy of GPS orbits was
used again and again (e.g. . [Beutler et al., 1986], ([Lichten &
Border, 1987], [Landau et al., 1988], [Lichten et al., 1989b] and
many others):

(1) GPS observations of fiducial sites are used to improve the
satellite orbits. The coordinates of the fiducial sites are
kept fixed in this step. ‘

(2) The improved orbits of step (1) are used to process baselines
that were not included in step (1).

(3a) The repeatability .of the baseline vectors and baseline
lengths of step (2) are interpreted as a measure of the or-
bit accuracy according to eqn. (3.34) and Table 3.2 in sec-
tion 3.2.1.1 .

(3b) If the baseline vectors have been determined by an indepen-
dent method (VLBI or SLR) the comparison between two inde-
pendent solutions can be made supplying. again an indication
of the orbit quality.

The assessment of orbit accuracy with repeatability studies (in
most cases daily repeatabilities) of type (3a) has the drawback
that effects showing up each day in the same way will not be de-
tected and each single solution may be systematically biased. Re-
peatability studies will be the more realistic the more heteroge-
neous the conditions of the different solutions are.

When comparing baseline vectors with VLBI or .SLR results much
care has to be taken that both results are given in a consistent
reference frame. This can only be achieved if either fiducial
sites define the reference frame or if we allow for a system
transformation, what is only possible if several sites of a net-
work can be compared.

Apart from site coordinates any estimated parameter might in
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principle be used as‘dn indicator of orbit quality, if it can be
compared to values obtained using an independent method.

As an example we may mention ambiguity parameters, where we do
not know any independent "ground truth", but we know that the va-
lues should be integers. If the baselines are not too long the
fractional parts of the real-valued estimates of the ambiguities
may be used as indicators of the accuracy of the orbits. The in-
teraction of ambiguities and orbit parameters has been clearly
documented by [Counselman & Abbot, 1989] and [Dong & Bock, 1989]
and has been embodied in the so-calléd bootstrapping method of
ambiguity resolution, where the resolution of ambiguities on
short baselines improves the orbit accuracy, which in turn
enables the resolution of ambiguities on longer baselines etc.

In future the comparison of earth rotation parameters (pole
coordinates and rate of UTl1l) obtained from GPS and from VLBI or
SLR will give further evidence of orbit accuracies.

6.4 Exchange of Orbits

Within the problem area of orbit comparisons and the testing of
orbit accuracies by dedicated institutions, as it will be the
case in the framework of the IGS (International GPS Geodynamics
Service, see 2.3.3), the exchange of orbit information and its
use deserves a few remarks.

For groups using the same software the exchange of satellite or-
bits is easy and may even be done with binary files, if the same
computer types are used._Té be able to distribute orbits computed
with the Bernese GPS Software to other users of the same progrdh
system using computers with a different binary number representa-
tion programs have been written io transform binary standard or-
bit files into ASCII files, that are easy to transfer, and vice
versa.

The exchange of satellite orbit information is much more diffi-
cult between groups using different GPS software packages. A
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software independent exchange format is needed. Such a format has
been pfoposed by Remondi in 1985 (see [Remondi, 1985]), an up-
dated version of the format has been defined in [Remondi et al.,
1989]. This new format also includes satellite clock parameters.

So far, however, not many groups have exchanged GPS orbits. Cer-
tainly the satellite ephemerides should be made available in a
well-defined earth-fixed system (like SV5 [Murray et al., 1990]
or ITRF [Boucher & Altamini, 1989]), maybe even together with the
coordinates of the fiducial sites used in the orbit improvement
procedure, because the formulae used in the various software sy-
stems to do the transformation from an inertial system (e.q.
,1950 0 or J2000.0) into the earth-fixed system may not be identi-
cal. Differences in this transformation will lead to inconsisten-
cies between the reference frame of the satellite -orbits and the
reference frame of the site coordlnates, if orbits are exchanged
1n an inertial frame. '

Additional problems arise because most of the software systems
available today will not allow the input of tabulated satellite
ephemerides given in an earth-fixed system but will create their
own orbit format by a numerical integration starting with a set
of initial conditions taken from the ephemeris file obtained. The
integration will be done, howevér, ‘'with constants (speed of
light, gravity constant, ...) and a force model (earth potential,
solar: radiation pressurevmodeling,‘..;) that may not be identical
with the ones used in the orbit estimation procedure. Even slight
differences in the orbit modeling may then lead to large orbit
differences compared to the original ephemeris. The satellite
ephemerides obtained from another group should therefore be used
as ‘directly as possible (no system transformations and no numeri-
cal integration). An intermediate solution is the estimation of
orbital parameters using the received satellite positions as
pseudo-observations (as it is done in the Bernese‘GPS Software).
Orbit differences may then be kept small by using short satellite
arcs so that the force model used in the numerical integration is
of secondary importance.
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Figure 6.4 1illustrates what happens, if satellite positions com-
puted from the broadcast messages using a GM (gravity constant
times mass of the earth) of 398.6005-10!% m%/sec? (WGS-84 value)
are fitted in the least square sense (estimating orbital para-
meters) by an orbit obtained by the numerical integration of the
equation of motion using a different GM value of 398.60044:10'?
mi/sec?. (See also section 4.3 for more details on the generation

of Bernese standard orbits).

BROADCAST — BERNESE STANDARD ORBITS

Start Date and Time: 2-Feb-91 00:00:00
SWN=13

Differences in Meters

5000

Time from Start in Minutes

[+« » Radia @@ Aong Track OO0 Ot of Plane |

Figure 6.4
Differences Between the Broadcast Orbits and the Fitted

Bernese Standard Orbits Using a Different GM Value

Y,
Finally, we should keep in mind that the groups interested in
testing orbit accuracies by processing baselines will have to
know the coordinates of the site(s) to be fixed in the baseline
processing in exactly the same reference frame as thg:orbits,
else the resulting network or baselines will be distorted (see
[Beutler et al., 1988], ([Santerre, 1991]: biases introduced due
to errors in the height or horizontal position of the fixed

site).
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7. STMULATIONS

Very early in the development of the Bernese GPS Software a simu-
lation program was written. It has proven to be an essential tool
to perform variance-covariance analyses, to study the effect of
different biases on the estimated parameters, to test processing
strategies, to carry out campaign preanaylses, and, last but not
least, to check the results obtained by analytical methods. .The
program has since been modified and enlarged many times to keep
track with the changes of the processing programs and to imple-
ment new or better models. For this thesis the simulation of tro-
pospheric zenith delays using a stochastic process with correla-
tions between sites has been added.

Using the simulation technique we will study the effect of -the
major biases present in GPS (orbit, troposphere, fiducial coordi-
nates; see also section 3.2) on the parameters estimated. The
possibility to inciude precisely the bias types in the data we
are interested in (and nothing else) will make it much easier to
identify the crucial biases (e.g. the limiting factor in ambigui-
ty resolution or orbit determination). When analyzing real data
only at rare occasions different bias types may be neatly sepa-
rated.

We should not forget, however, that even sophisticated simulat-
ions will always fall short of reality: in many cases the models
adopted for simulations are also used in the parameter estimation
process (e.g. simulation of the tropospheric refraction by the
same stochastic process used in the subsequent stochastic
parameter estimation) and do not reflect the subtleties and
complexity of the real data.

7.1 Simulation. of GPS Observations

The simulation of GPS observations is based on the observation
equations given in egns. (3.9) and (3.16). Let us repeat the:
phase observation equation:
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S S S S

p -Apki.ion+Ap -4p

S
+c:At. -c-At
Ri Ri,ter Ri,rel Ri i

(7.1)

sy 8! _.
+A NR wRi VRi

where all the quantities have been defined in section 3.1.2.

To compute the distancep:1 between satellite S and receiver R at
time t, appearing in eqn. (7.1), we have to start with a set of
site coordinates and a. set of satellite orbits (standard orbits,
see section 4.3). These coordinates and orbits are by definition
the true values. which should eventually be recovered by a suc-
cessful parameter estimation process using those simulated data.

Optionally receiver and satellite clock models may be specified
as polynomials in time in special files to account for the terms
c-At,, and c-At} in eqn. (7.1).

An example of the option input file of the GPS simulation progranm
SIMULA is given in Figure 7.1. '

It shows the variety of parameters that define the generation of
one  session of GPS data (one session of data is produced in one
run of SIMULA). Although the options are almost self-explanatory
a~feﬁ\remarks seem appropriate:

- The receiver type in the fhird.input field (input fields are
always marked by an arrow and a colon "--> :") defines the type
of measurements (carrier phase L,, L, and/or code on L,,L,) to
be generated and whether L, and L, have half cycle (squaring
type receiver as e.g. the Minimac or Trimble SLD receiver) or
integer cycle ambiguities (and cycle slips).

- The observations to be generated are selected by the session
definition (start and end date and time), the sampling rate,
and the minimum elevation angle of the satellites (cut-off
angle). '
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- The options to simulate the tropospheric refraction term
Apii trop in eqn. (7.1) will be dealt with separately in sec-
tion 7.3. '

- The modeling of the ionospheric refraction (term Apf“.1°n in
eqn. (7.1)) is of no interest in our simulations since we will
uniquely process the ionosphere-free linear combination of the

L, and L, observations.

- The measurement noise may be defined separately for L, and L,,
phase and code observations. A random numberlgenerator produces
the noise values vii in egn. (7.1) according to a normal
distribution with a 2zero mean and a sigma equal to the noise
value specified in the input option file.

- Even cycle slips might be generated!

There is no difference in the processing of simulated and real
data. There are, however, many short cuts to speed up the proce-
dure: usually all the preprocessing programs may be skipped and
since the true phase ambiguity values are stored in the headers
of the observation files they may either directly be introduced
as known integer quantities or solved for as unknowns (and pos¥
sibly resolved to integer numbers) as in the case of real data.
In the latter case the obtained ambiguity values may be easily
compared with the true values stored in the observation files.

7.2 Simulation of Orbit Biases

The simulation of orbit biases is not included in the simulation
program SIMULA. This means that there are no orbit bias terms
applied to the generated GPS observations. To simulate the effect
of "bad" orbits the satellite orbits used for the simulation of
the data (the "true" orbits) are changed to contain the required
biases and these biased satellite orbits are then used instead of
the "true" orbits in the parameter estimation.
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The satellite positions for each arc contained in the standard
orbit file have been computed by numerically ' integrating. the
equations of motion of the satellites starting with the appropri-
ate initial conditions and radiation pressure coefficients (see
4.2.2 and 4.3). Each set of initial conditions (position and ve-
locity vector r, and io of the satellite at epoch t,)), however,
may be converted into a set of osculating Keplerian elements (a,
o+ valid at the epoch t ; see 4.1.1, Figure 4.1 and
Appendix A.2). To create biased satellite positions these

e, i, 2, w, u

Keplerian elements (and the radiation pressure coefficients p,
and p,) may be slightly modified, converted back to initial con-
ditions, and then used to generate a new, biased standard orbit.

The changes Aa, Ae, Ai, AQ, Aw, and Au, to be applied to the Kep-
lerian elements and changes in the radiation pressure coeffi-
cients Ap, and Ap, are controlled by specifying a variance ¢? for
each element. Random biases in the elements are generated for
the different satellite arcs assuming a normal distribution with
mean zero and the variance o2.

" The order of magnitude of the orbit errors Ar caused by orbit
biases Aa, Ae, ... is given by the following formulae (examples
are given in Table 7.1):

a Ar_ . = Aa. | (radial) (7.2)

Aralons g < 3-m-Aa per revolution (along track) (7.3)
e:  Ar_, = % Ae-a (radial) (7.4)

Aralons = % Ae-a (along: track) (7.5)
i AT .ne = Ai-a (out of plane) (7.6)
Q Arplane = AQ-a (out of plane) (7.7)
u,: Arplane = Au -a (out of plane) (7.8)
0 Ar = 0 (due to almost circular GPS orbits) (7.9)

At’® '

P,: Ar = Apo- = (along track) (7.10)

(after a time interval At, as a very coarse
approximation)
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‘Orbital |- Change ;n Induced Orbit Errors in Meters
Element - Element " Radial Along Tr. Out o.Plane
a A2 = 0.1 m 0.1 1.8/day 0

e Ae = 107 2.6 2.6

i Ai =.0.01 arcsec 0 0 .

Q . AQ = 0.01 arcsec 0 0 .

) Aw = 0.01 arcsec 0 0

u, Au = 0.01 arcsec o 1.3 0
P, ~ Ap, = 10"’ m/s? 0.6" 2.0" 0.06"
P, Ap, = 10" !°m/s? 0.1" 0.8" 0.02"

after one day, obtained by simulation

Table 7.1
Orbital Errors in Meters Caused by Changing the Keplerian
Elements and the Radiation Pressure Coefficients
(see eqns. (7.2) to (7.10))

The values listed in Table 7.1 for the orbit errors caused by
biases Ap, and Ap, have been obtained by simulation. Illustra-
tions are given in Figures 7.2 and 7.3.

Figure 8.5 in section 8.1.3.4 shows the differences between the
"true" orbits and the derived biased orbit for satellite 2 with
errors in the orbital elements of about 2:10" % or 0.5 meters.

7.3 Simulation of Troposphere Biases

As. one can see from the option input file of the program SIMULA.

(Figure 7.1), there are two ways to simulate tropospheric ef-
fects:

1)‘Simulation of surface met data (measurements of temperature,

pressure, and relative humiditY) for the different stations
involved. '
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DIRECT RADIATION PRESSURE COEFFICIENT

CHANGED BY 1.E—9 M/SEC**2
Start Date and Time: 1931 05 03 16:00:00
SYN=21

Differences in Meters

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Time from Start in Minutes

laaa AlongTrack 2 oo Outof Plane  * * = Radial ]

Figure 7.2
Biases Introduced Into the Orbit of Satellite 21
by Changing the Direct Radiation Pressure Coefficient

Y—BIAS RADIATION PRESSURE COEFFICIENT

CHANGED BY 1.E—-10 M/SEC**2
Start Date and Time: 1991 05 03 16:00:00
SWN=21
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073
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Differences in Meters
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Time from Start in Minutes

a a a Along Track °oo Qutof Plane  » = = Radial

Figure 7.3 ‘ ;
Biases Introduced Into the Orbit of Satellite 21
by Changing the Y-Bias Coefficient
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2) Simulation of tropospheric zenith delays.

. ’ \ ‘
The first method, where the simulated met values are used to con-
pute the tropospheric refraction delays, will not be used here.

In method 2) the troposphere zenith corrections Apg (zero super-
script to indicate zenith distance = 0) at time t, for receiver R
is modeled as

Apl(t,) = Ap2 + Apl + Api(t,) (R=1,...,n , i=1,...,n ) (7.11)
where

n, : Number of stations. in the simulated session

n_ : Number of epochs of the session

ApY : Model part of the tropospheric zenith correction with for-
mulae by Saastamoinen or Hopfield (see section 5.3) using a
standard atmosphere model (see eqns. (5.16) to (5.22)) to
obtain the needed values for pressure, temperature, and re-
lative humidity at the height of station R

Apg : Constant bias in the troposphere zenith correction for sta-

~ tion R

Ap:: Time variation of the troposphere zenith correction modeled

as a stochastic process (e.g. white noise, random walk,

«es). This is the only time-dependent term in eqgn. (7.11).

More details concerning the model part Apy may be found in
section 5.1. ' ‘

For the second and third term on the right hand side of eqn.
(7.11) we would like to generate values that are correlated with
the distances between the stations involved: stations close to
each other should‘have'similar.tropospheric corrections (similar
meteorological conditions) whereas stations far apart should get .
tropospheric corrections that are more or less uncorrelated. We
therefore write the correlation matrix for the constant correc-
tions Ap; as follows (a similar matrix may be defined for the
stochastic corrections App):
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cov (Ap°) = E(Ap° - Ap*T) = oi-C : (7.12)
where ApeT = (ApS, ApS,...,Apl )
-]

and where o: is the variance to be used for the generation of the
random troposphere corrections. ¥

Assuming an exponential decay‘of the correlations with distance
the elements C, . of the matrix C° are given by
17 2

Con, = ©XP (- IxRl - xizl / @) (R,=1,...,n,, R,=1,...,n. ) (7.13)

X, . X : Coordinate vectors of station R, and R, respectively
ac ¢ Correlation distance for the constant tropospheric
corrections App

To generate random values for the Ap§ obeying the correlation ma-
trix defined by egns. (7.12) and (7.13) we start with a vector a
containing n; random numbers of the same normal distribution with
variance o?:

cov(a) = E(ara’) = o2 I ) (7.14)

where I is the identity matrix.
We now transform this vector a into Ap° with a matrix A°
Ap° = A°-a (7.15)

with
39

sJp - (7.16)

S in (7.16) is the transformation matrix used to transform the
correlation matrix C° into a diagonal matrix D:

D = Ss'.c-s (7.17)

The diagonal matrix D has the eigenvalues of C° on its diagonal
and the matrix S contains the eigenvectors of C° as column-vec-
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tors. VD in (7.16) stands for the matrix containing the square
roots of the eigenvalues of D on its diagonal.

We can show now, that the constant tropospheric corrections Ap°
given by eqn. (7.15) are indeed correlated with the correlation
matrix defined by eqns. (7.12) and (7.13):

cov(Ap®) = E(Ap°-Ap°T)

(7.135) :
= E(A°-a-a’-A°T)

= S§:/D-E(a-a”) /D -sT

(7.14)

= ¢ s'D-S* | - . (7.18)
or with (7.17) and the known identity S8 ! = 8' for orthogonal ma-
trices we obtain

cov(Ap®) = ol.C° : (7.20)

which is identical with our assumption (7.12).

In summary we start with matrix C°, compute its eigenvalues
(giving us D) and eigenvectors (giving us S), and finally trans-
form the random numbers generated with mean zero and variance o:
with the matrix A° (see (7.16)) to get the corrections Ap® (see
(7.15)).

In. the case of the stochastic corrections Api‘we have to define
the stochastic process to be used to generate the time series of
Ap; values.

Three types of processes are available in the simulation program:
a) White noise

b) Random walk
c) First order Gauss-Markov process
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The computation of the values Ap; (t,) is somewhat different for
the three processes: :

.
ApRi fqr a)
Ap® (t ) = Apt (t, ) + Ap‘ '~ for b) (7.20)
R i R i-1 Ri
Ap;(t1 ) e At B Ap;1 for c)

To take into account the correlations in distance we can proceed

as in the case of the constant tropospheric corrections (see
above) .

The variance o: to generate the random numbers a (see eqn.
(7.14)) has to be defined depending on the process type as:

$-At - forla) and b) (7.21)
o-f-(1 — e At/ By . for c) (7.22)

The quantities not yet defined are:

At = t, -t _,: Time interval between subsequent epochs.

B : Correlation length in time used in the Gauss-
Markov process (in sec).

] ; : Power spectral density (PSD) of the process

(in m?/sec) (see section 5.2.2).

The most realistic simulation of the tropospheric behaviour is no
doubt obtained with the Gauss-Markov process. It has the advan-
taée, that the exponential decay term in (7.22) prevents the va-
lues of Ap;, from drifting too far away from the starting value
(Apgy (t,)=0 in our case), which happens in the random walk with a
probability increasing with time (see (7.21)). Another nice fea-
ture of the first order Gauss-Markov process is the possibility
to define a correlation length in time. For these reasons we pre-
ferably used this process type.
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All the troposphere zenith corrections are stored in station
specific files (see 5.3) and may therefore easily be compared
with estimated troposphere parameters later on.

A mapping function £(z) describing the dependence of the tropo-
spheric correction on the zenith distance z is used to convert
‘the corrections valid for zenith distance zero to the actual ze-
nith distance z of the satellite (see egn. (5.10)):

ApZ(t,) = £(2z)-apl(t,) (7.24)
We use the simple mapping function

f(z) = E?)_;m . (7.25)

No azimuthal variations of the troposphere are considered here.

To complete this section we include Figures 7.4 and 7.5 as two
examples of tropospheric zenith delays simulated for four sites
in california, about 100 - 200 km apart, with a Gauss-Markov pro-
cess defined by

¢ = 51007 m?/sec
B = 3600 sec

and cqrrelation distances for the constant and the stochastic
part

100 km in Figure 7.4 and
1000 km in Fiqgure 7.5 .

g = a*
a = a

The stronger correlation in Figure 7.5 clearly shows up.
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SIMULATED TROPOSPHERE ZENITH DELAYS

Correlation Distance: 100 km
Start Date and Time: 1390 12 15 00:00

0.10
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Figure 7.4

SIMULATED TROPOSPHERE ZENITH DELAYS

Cormrelation Distance: 1000 km
Start Date and Time: 1990 12 15 00:00
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Figure 7.5
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7.4 Simulation of Coordinate Biases

It is important to study the influence of coordinate biases (of
fixed stations) on the estimated orbits.

The station coordinates are simply changed by adding random
biases in height, north, and east direction according to a normal
distribution with user specified characteristics.

An example of randomly generated coordinate biases is shown in
Figure 8.4 .

Besides these random biases station coordinates may also be
changed systematically (coordinates of all stations affected in
the same way) to simulate common errors in a cluster of stations
in a global network.
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8. GIG’91 SIMULATIONS: GLOBAL GPS ORBITS

In this chapter we use simulated GPS data to study the effects of
troposphere biases and biases in the fiducial site coordinates on
the global orbit quality. Different baseline sets (regionally and
globally distributed) are used in the orbit determination proce-
dure. The resulting orbits are compared and the quality of coor-
dinates estimated using these global orbits is discussed.

8.1 Global IERS and Geodynamic GPS Campaign (GIG’91)

8.1.1 Introductory Remarks

In December 1990 a project of the European Spacé Agency (ESA)'was
started at the Astronomical Institute, University of Berne, (in
cooperation with the Institute of Physical Geodesy at the Techni-
cal University Darmstadt, Germany) to determine the locations of
the globally distributed ESA tracking sites (see Figure 8.1) in a
uniform, global reference frame using GPS [ESOC Contract, 1990].
The accuracy of the site coordinates aimed at was specified to be
about 10 cm. |

It is clear that up to now such a precise and uniform reference
systeﬁ could only be established by VLBI (Very Long Baseline In-
terferometry) or SLR (Satellite Laser Ranging). It was therefore
decided, that VLBI and/or SLR sites with well known coordinates
(so-called fiducial sites) should be occupied with GPS receivers
during the same time as the ESA tracking sites to allow precise
GPS satellite orbit determination within the reference system de-
fined by VLBI and SLR and thus to realize the envisaged uniform
reference frame for the ESA site estimation. '

Because of the distribution of the ESA tracking sites (five in
Europe, five outside Europe, see Figure 8.1) and in view of the
limited number of GPS receivers available, the task was split up
into two campaigns [ESA Proposal, 1990]:
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‘The European: ESA GPS Campaign containing all the European ESA

sites from Kiruna to Mas Palomas plus a limited number of fi-
ducial sites in Europe. More: details on this campaign may be
found: in. Chapter 9.

The Global GPS Campaign: A look at Figure 8.1 shows that it
is necessary to determine the coordinates of the isolated
points (Malindi, Ibaraki, Perth, and Kourou) using the data
of a. world-wide GPS campaign. These -isolated points were
therefore measured during the First GPS IERS and Geodynamics
Experiment GIG’91, January 22 to February 13, when most of
the VLBI and SLR sites were equipped with GPS receivers
[IERS, 1990].

For this second campaign a preanalysis was performed as a part of

the ESA project to answer the following. two major questions:

- What are the sites that have to be included in the GPS campaign

and the GPS data processing to ensure the site accuracy speci--

fied in the contract ?

- What quality of satellite orbits and site coordinates are at-

tainable with such a global GPS campaign ?

Starting from these basic questions many problem areas showed up.’
In this chapter the results of this study will be presented.

The preanalysis contains the following steps:

(1)

(2)

(3)

(4)

Selection of a reasonable set of sites (ESA tracking sites,
fiducial sites, and auxiliary sites).

Compilation of a set of orbital elements for all the satel-
lites available during the GIG’91 Campaign.

Computation of 4-day satellite arcs (December 10 to 13).

Simulation of GPS data for these four days including data
noise and troposphere biases.
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(5) Definition of. clusters of sites on different continents.
Baselines were formed within each cluster and between clus-
ters and common satellite visibilities were checked. Auxilia-
ry sites were added to the network where necessary to get
enough double difference observations.

(6) Processing of the simulated data to estimate orbit parame-
ters, thereby fixing the fiducial sites on known coordinates
and allowing for troposphere biases and/or biases in the fi-
ducial site coordinates. Discussion of the orbit quality un-
‘der different circumstances (biases, baselines used).

(7) Use of the orbits estimated in (6) to compute the coordinates
of the ESA tracking sites, again allowing for different bias
types.. Discussion of the site coordinate accuracy for diffe-
rent orbit and processing types.

More details on the simulation and the processing strategies will
be given below.

8.1.2 The GIG’91 Subnetwork Used in -the Simulation

Due to the tremendous amount of data that was available from the
GIG’91 Campaign we had to restrict ourselves to a manageable sub-
set of fiducial sites to establish the reference frame. The fol-
lowing selection criteria were used:

- The site has to be a VLBI or SLR site with coordinates known in
. a global reference frame.

- The site should be located as closely as possible to an ESA
site (the shorter the baseline length, the better the accuracy

of the relative coordinates).

- 24 hour tracking of GPS satellites available during the entire
GIG’91 experiment.

- Good geometry within the considered cluster: Baselines not too
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long to ensure common satellite visibility, baselines not too

short to allow for high precision orbit determination (single

difference observations from short baselines contain almost no

orbit information, see section 3.2.1).

sites occupied with P-code receivers are

- Receiver type used:
preferred.

The list of sites selected according to these criteria and used

in the simulation study is given in Table 8.1 and Figure 8.2

shows a map containing these sites.

Station Name  State Receiver Type Co-lLocation Type
Ibaraki Japan Trimble SST - ESA
Kiruna Sweden Ashtech LD-XII —— ESA
Kourou Fr. Guiana Trimble STD -— ESA
Malindi Kenya Ashtech LD-XII —-—— ESA
Mas Palomas Spain Ashtech LD-XII -— ESA
Perth Australia Trimble SLD —— ESA
Canberra Australia Rogue VLBI, SLR "FID
Hobart Australia Minimac 2816AT  VLBI FID
Yarragadee Australia Rogue SLR FID
Goldstone USA Rogue VLBI, SLR FID
Kokee USA (Hawaii) Rogue VLBI, SLR FID
Richmond USA . Rogue VLBI, SLR FID
Westford Usa Rogue VLBI, SLR FID
Hartebeesthoek South Africa Rogue VLBI FID
La Silla Chile WM 102 SLR FID
Santiago Chile Rogue SLR FID
Simosato Japan Trimble SST ‘SLR FID
Tsukuba Japan Minimac 2816AT VLBI (Mob.) FID
Madrid Spain Rogue VLBI FID
Matera Italy Rogue VLBI, SLR FID
Onsala Sweden Ashtech LD-XIT VLBI FID
Kaduna Nigeria Trimble SST ——— AUX
Quito Ecuador TI-4100, 7-Chan. —— AUX

ESA: ESA Tracking Site FID: Fiducial Site

Table 8.1

List of Sites Selected from the GIG’91 Campaign

for the Simulation Study

AUX: Auxiliary Site
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8.1.3 Simulated GIG’91 Data and Biases
8.1.3.1 Simulated GPS Observations

The simulation of GPS observations using the program SIMULA has
been described in section 7.1. As a first step a list of coordi-
nates for all the: selected sites was compiled to be  used in the
simulation as true coordinate: values.

Using an actual set of broadcast messages from December 10, 1990,
a priori orbital elements were gathered for all the satellites.
These orbital elements were the starting values for the genera-
tion of 4-day satellite arcs (December 10-13, 1990),. the true or-
bits.

Using these true coordinates and orbits two sets of GPS phase and
code observations were generated for the 4 days (December 10-13,
day numbers 344-347, one day = one. session): one set without, the
other with troposphere biases.

The characteristics of the simulated: data are listed in Table
8.2.

General Characteristics:

December 10 - 13, 1990
00:00 - 24:00
4 sessions

.Time span covered
Session definition
Number of sessions generated

~Session length 24 hours
Number of Sites 23

Number of Satellites 15
Minimum satellite  elevation 20 degrees

Data sampling rate 60 seconds

Observation Noise:

Phase L, observation: 0.003 m

Phase L, observation: 0.003 m

Code L, observation: 1.000 m

Code L, observation: 1.000 m
Table 8.2

Characterization of the GIG’91 Data Simulation
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The generation of the second set of simulated observations in-
cluding troposphere biases was done using the same parameters as
for the first set (data noise only). The type of tropospheric
refraction errors generated for this second set will be discussed
in section 8.1.3.2. '

No ionosphere biases were introduced since in the coordinate and
orbit estimation process the ionosphere-free linear combination
L, (see 3.1.3) of the original L, and L, carrier phase measure-
ments will be used. )

Although for convenience the GPS data set was simulated for a
time interval in December 1990, the results will be the same for
January 1991 because the satellite constellation remains almost
the same but shifted backward in time by 4 minutes per day.

8.1.3.2 Simulated Troposphere Biases

The tropospheric zenith delay biases were generated as described
in section 7.3 using the parameter values given in Table 8.3.

Troposphere Modeling:

No deterministic model used
First Order Gauss-Markov

Deterministic model
Stochastic process

RMS for constant tropo. blas: 0.040 nm : (o in 7.3)

Correlation distance : 100 km - (d°,dE in 7.3)

Power spectral density (PSD): 110" 7 m?/s (& in 7.3)

Correlation length in time : 3600 s (B in 7.3)
Table 8.3

Parameters Used for the GIG’91 Simulation
of Troposphere Zenith Delay Biases

The constant zenith delays randomly generated with a. variance of
of 4 cm (see section 7.3) are compiled in Table 8.4 for all the
sites used in the simulation study.
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Station Name Constant Troposphere Zenith Delay Biases (m)
Day 344 Day 345 Day 346 Day 347
Ibaraki 0.0287 -0.0342 -0.0576 0.0094
Kiruna 0.0045 0.0352 -0.0440 0.0499
Kourou - 0.0566 -0.0296 -0.0115 0.0522
Malindi 0.0415 -0.0478 -0.0928 0.0778
Mas Palomas 0.0279 -0.0065 -0.0144 0.0283
Perth -0.0093 -0.0148 -0.0129 -0.0492
Canberra 0.0246 -0.0585 . 0.0553 0.0129
Hobart 0.0067 0.0226 0.0550 -0.0049
Yarragadee -0.0123 -0.0814 0.0425 0.0660
Goldstone -0.0300 -0.0126 -0.0593 0.0078
Kokee 0.0063 0.0090 0.0560 -0.0591
Richmond ~0.0157 -0.0559 0.0052 - 0.0115
Westford -0.0270 0.0412 0.0082 -0.0043
Hartebeesthoek -0.0814 -0.0390 0.0085 -0.0125
La Silla 0.0593 -0.0188 0.0195 0.0618
Santiago 0.0027 -0.0761 0.0698 -0.0112
Simosato -0.0170 -0.0284 - 0.0330 0.0841
Tsukuba 0.0258 -0.0386 -0.0096 - 0.0125
Madrid -0.0251" -0.0347 0.0241 -0.0244
Matera -0.0365 0.0212 0.0012 . =0.0849
Onsala -0.0555% -0.0241 0.0678 -0.0411
Kaduna -0.0265 0.0121 0.0273 0.0498
Quito -0.0255 0.0209 0.0082 0.0234
Table 8.4

Constant Troposphere Zenith Delay Biases for Each Site and
Session of the GIG’91 Simulation Study

An example for the variations in the delays because of the sto-
chastic process is shown in Figure 8.3.

Due to the long distances in this global network spatial correla-
tions of the tropospheric refraction between sites are negligible
although they were taken into account.

The tropospheric zenith delays for the same site were computed
independently for each day (session). This may not be very rea-
listic since the weather conditions might as well be similar from
one day to the next. With the formulae developed in section 7.3
it would easily be possible to generate tropospheric zenith de-
lays not only‘correiated with distance but also from one day to
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the next (same time of the day). From section 3.2.2.1, however,
itiis alsévclear fhét a mean tropospheric zenith biés over the
four‘déys of simulated data will have more or less the same ef-
fect on the orbits as a bias in the height of the site. Site co-
ordinate biases (for fiducial sites) will be dealt with in the
hekt section. " o -

0.10

0.05 ==

0.00 p=-

-0.05 ==

" Days 344,345,346,347

o | | | || |

Trop. Zenith Correction (m): KOUROU

<100. 100, 300, ©  500. 700. 900. 1100. 1300. 1500.
Time in Minutes

"Figure 8.3 -
Tropospheric Zenith Delays for the Site Kourou
Simulated Using a Stochastic Process.

8.1.3.3 Simulated Fiducial Coordinate Biases

The simple procedure to simulate errors in the fiducial site co-
ordinates has been outlined in section 7.4. The.fiducial site co-
ordinates were randomly changed by a few centimeters compared to
the "true" set according to the following sigmas (assuming a nor-
mal distribution): ' ' '

“Sigma of coordinate changes in north direction: . 0.030 m.
Sigma of coordinate changes in east direction: 0.030 m
Sigma of coordinate changes: in height ' - . -t '0.050 m
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Thus the coordinates of a fiducial site may be wrong by up to
9.cm in horizontal position and up to 15 cm in height. We will
refer to this biased coordinate set as "AS". According to the in--
stitutes producing VLBI and SLR global solutions, the errors in
the coordinates of the fiducial sites should be smaller.

The actual coordinate biases generated may be found in Table 8.5.
For the fiducial sites closest to the ESA tracking sites the
values are plotted in Figure 8.4. '

Station Name ' Coordinate Biases

' A North (m) A East (m) A Up (m)
Canberra 0.026 0.016 0.133
Hobart _ : 0.002 0.003 -0.064
Yarragadee -0.019 0.004 -0.017
Goldstone . 0.033 0.007 -0.049
Kokee 0.010 -0.063 0.090
Richmond -0.044 -0.062 0.020
Westford -0.022 0.034 0.107
Hartebeesthoek -0.020 - -0.035 0.039
La Silla -0.040 -0.005 - -0.075
Santiago ‘ -0.022 -0.041 -0.056
Simosato -0.031 -0.019 0.016
Tsukuba -0.008 - =0.033 0.099
Madrid 0.020 -0.023 0.014
Matera 0.000 0.084 0.054
Onsala -0.030 0.021 -0.037

Table 8.5

Coofdinate<Biases fbr all'the Fiducial Sites
used in the GIG’91 Simulation Study

By fixing the fiducial sites at the "biased" locations in the or-
bit estimation step biases are introduced. into the orbits. Biases
are then introduced ihto the_coofdinates of the ESA sites, too,
directly by the wrong fiducial coordinates fixed and indirectly
‘by the. "biased" orbits.

In addition to the coordinate set AS we created three different
coordinate sets to study the influence of systematical errors in
the fiducial site coordinates. In the first set all the
Australian fiducial sites are shifted by the same considerable
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amount of 50 cm in height, in the second by 50 cm in north direc-
tion, and in the third set by 50 cm in east direction (see Table
8.6) .

SIMULATED COORDINATE BIASES
Fiducial Sites Closest to ESA Sites

Coordinate Biases in mm
150

100

A\

-100 1 ] ! ] ] ]
Onsala Hartebeesthoek Madrid Richmond Tsukuba Yargadee

B Height North East

Figure 8.4

Coord. Set Direction of Shift Shift

AH Height 50 cm

AN North 50 cm

AE East 50 cm
Table 8.6

Coordinate Sets with Systematic Shifts in the
Australian Fiducial Site Coordinates
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8.1.3.4 Simulated Orbit Biases
Two types of orbital errors were investigated in this study.

First, orbital biases are produced by introducing  troposphere
biases or by fixing the fiducial siteSTat-wrong coordinates. In
contrast to these indirect orbital biases. we also produced orbit
errors (see section 7.2) by rahdomly changing the "true" orbital
elements in order to generate orbits with biases of the order of
0.5 to 1.0 m. The sigmas of the normal distributions used for the
generation of the errors in the orbital elements are summarized
in Table 8.7, a typical example: for the differences between the
true orbits and the biased orbits is given in.Figure 8.5.

Orbital Element Sigma used for
Random. Errors

a Semi major axis o, = 0.002m

e Eccentricity o, =2-10"°

i  Inclination o, = 0.001"

Q Ascending Node og = 0.001"

v Perigee 0, = 0.001"

u, Argument of Latitude o,, = 0.002"

p, Direct Rad.Press.Coe. 0,0 = 10" 1'% m/s?

p, Y-bias Coefficient 0,, =0 m/s?

Table 8.7
Sigmas for the Generation of Random Biases
in the Orbital Elements for the GIG’91 Simulation Study

To see the influence of these "biased" orbits on the estimation
of the ESA tracking site coordinates these  "biased" orbits
instead of the "true" orbits were used in the computations.
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SIMULATED - TRUE ORBITS

Start Date and Time: 1980 12 11 00:00:00
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Figure 8.5

8.2 Processing Strategy and Solutions -

8.2.1 Processing Strategy

Due to the distances between continents we decided to form clus-
ters of sites on different continents (one cluster in Europe, one
in the U.S.A., one in Australia, and one in Japan, see baseline
set A defined in Figure 8.6). Each of these clusters must contain
one or more fiducial sites. The different clusters are then
linked to each another via the fiducial site coordinates given in
a global reference frame and not via extremely long GPS baselines
from cluster ' to cluster. For test purposes, however, we also
formed the inter-cluster baselines to see the differences we get
in the results when introducing these baselines, too (see base-
line set B defined in Figure 8.7). ‘
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BASELINE SET A FOR ORBIT DETERMINATION

45° G A i T e X WeAENY
A NE vl
1’\'\ xu!uu \/n
[~ xourou —~
A QUITO
\IA!LIA

%0° _ 1%0° - 3000 15° 90 -
[eESA oVLBI +SLR__ 2 AUXILIARY]

BASELINE SET B FOR ORBIT DETERMINATION

45°

oQ
40°
%0° 1% 300° , 5 90°
[eESA. oVLBI _+SLR__ s AUXILIARY|
BASELINE SET C FOR ESA SITE DETERMINATION
45°
(1
40°

[eESA _oVLBI _+SLR s AUXILIARY |

Fiqgures 8.6, 8.7, 8.8
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Data were processed in two steps:

Step 1: The baselines between the fiducial sites (and the neces-
sary auxiliary sites) were used to estimate the satellite
orbits. The coordinates of one or more fiducial sites per
cluster were fixed. Due to the data noise and the diffe-
rent biases introduced the estimated orbits differed from
the "true" orbits.

For this first step different baseline sets were ﬁsed and the
number of fiducial sites fixed was varied (see Table 8.8). The
set UE contains the data of two clusters on the same hemisphere
whereas set UA the data of one cluster on each hemisphere.

Step 2: The orbits estimated in step 1 were used together with
the baselines connecting the ESA tracking sites with the
fiducial sites (baseline set C, see Figure 8.8) to esti-
mate the coordinates of the ESA sites. Due to the data
noise, the different biases introduced, and the quality
of the estimated orbits, the estimated. ESA site coordi-
nates differed from the "true" coordinates.

Set '~ Baselines Used : Fiducial Sites Fixed

A All baselines within the clusters | ' All

: (see Figure 8.6)

B All baselines (within and between - All
clusters, see Figure 8.7)

1P |Baselines of set A - One per cluster *’

US |U.S. baselines only \ >U;S. Fiducials

UE |U.S. and European baselinesi _ U.S. and Europe

UA |[U.S. and Australian baselines U.S. and Australia

*) canberra, Goldstone, Hartebeesthoek, Madrid, La Silla, Tsukuba

. Table 8.8
Baselines Used and Fiducial Sites Fixed for Different
Orbit Estimation Runs:
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In all program runs uniquely the ionosphere-free linear combina-
tion L, was used (see section 3.1.3).

No attempt was made to estimate troposphere parameters in order
to reduce the influence of troposphere biases, nor did we try to
diminish the effect of the wrong fiducial site coordinates (e.g.
by putting a priori constraints on the coordinates. instead of
fixing themn).

8.2.2 Solution Types

"According to the processing strategy outlined in the previous
section and the different baseline sets listed in Table 8.8 solu-
tions were produced with all the different combinations of bia-
ses. The list of the solutions computed in connection with set A
is given in Table 8.9.

Solu. Set Trop. Coor. orbit Coo./Orb.
No. used Biases Biases Biases Results
1 A %) -— - -— AA
2 A *) yes: ——- —— AATR
3 A *) ——- yes —— AACO
4 A *) yes yes ——— AATRCO
5 C *) - - AA CCAA
6 C *) yes ——— AATR CCAATR
7 C *) R yes AACO CCAACO
8 C *) yes yes ‘AATRCO- CCAATRCO:
9 A —— AH- ——— AAAH.
10 A —-—— AN —— AAAN
11 A m—— AE —-—— AAAE
12 c -— AH AARH CCAAAH
13 C - AN AAAN. CCAAAN
© 14 C - AE AAAE CCAAAE
15 c - - yes  CCOR
.16 C yes: —— yes CCTROR
17 - C ——- yes yes CCCOOR
18 - C yes yes yes CCTRCOOR

*) The same solutions were produced for all the
baseline sets given in Table 8.8.

Table 8.9
Solutions Computed for the ESA Preanalysis Study
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The different solution types are:

1-4
5-8"

Orbit Determination with different error sources.

Estimation of ESA site coordinates ‘using the orbits estl-
mated in 1-4. ' .
9-11: Orbit determination with systematlcally biased Australlan
’ fiducial site coordinates.
12-14: Estimation of ESA site coordinates using the orbits esti-
mated in 9-11. _

15-18: Estimation of ESA site coordinates using randomly biased
| orbits according to section 8.1.3.4 .

8.3 Results
8.3.1 Global Orbit Quality

In this section we discuss the orbit results obtained in the
orbit determlnatlon runs as. deflned by solutlons 1-4 and 9-11 in
Table 8.9.

8.3.1.1 The A Poscerior1 rms Error of the Phase Observation in
Orbit Determination

Figure 8.9 Show5~the estimates of the a posteriori rms error m;
for the different basellne sets (see Table 8.8, Flgures 8.6 and
8.7) and the varlous error models used..

If the only error source is data noise, m, is identical with the
noise 0, = 3 mm used in‘the simulation (see Table 8.2). If we add"
troposphere or. coordinate biases to the. error model m, increases
by about 60 %, if both effects are added m, is roughly doubled.
It is worthwhlle noting that coordinate. blases obv1ously do not
show up 'in m0 'if only data from one cluster are used (baseline
set US) or if only one fiducial site per cluster is kept fixed.
This means: that in: these cases coordlnate blases may not be de-
tected by comparing m to the theoretical a prlorl value o, and
that the orbits may have undetectable systematic errors.
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A POSTERIORI PHASE RMS ERRORS
Global Orbit Estimation

g Phase Observation RMS in mm

Coord.Bias Tropos.Bias - Crd.+Trp.Bias

Bassline Set
NNe EOdwr Zus [Cue [Jua

Figure 8.9

As soon as more than one cluster of fiducials is involved,. the
inconsistencies can no longer be absorbed by rotating or scaling

the orbits, especially if we have clusters on both hemispheres
(compare set UA to UE).

Below we will present. the rms errors for the orbital parameters
only'for the case "data noise". The corresponding values for the
cases "noise'+ troposphere biases", "noise + coordinate biases",
and "noise + frbposphere + coordinate biases" are easily obtained
by_multip}ying the presented formal errors by

rms of biased solution

f = (8.1)
rms of unbiased solution : :

where these values may be extracted from Figure 8.9 .
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8.3.1.2 Formal Errors of Orbit Parameters

Figures 8.10(a)-8.10(h) contain for each orbit parameter the mean
value of the associated formal error (mean over all satellites).
Using formulae (7.2) to (7.10) we can deduce the corresponding
formal errors of the satellite positions. The most important con-
-tributions come from the argument of latitude (about 2.5 m for
set B), the ascending node (1.2 m), and the inclination (1 m).
These numbers give, however, only a rough idea of the orbit pre-
cision.

For the set US the formal errors are by a factor of 2.5 (Y-bias)
to 9 (inclination) larger as compared to those using set B. (We
will see similar results in 8.3.1. 3). By adding a second cluster
to the set US the formal errors are considerably reduced espe-
cially for the angular elements.

Formal Errors of the Satellite Positions:

In Figures 8.11 to 8.13 the formal errors in the satellite posi-
tions (using the six different baseline sets) are given for sa-
tellite 2 in radial, along track, and out of plane directions
(see Figure 6.1) over a time interval of four days. They were
computed using the formulae given in section 6.1.2 .

We see short period variations (with a period.of one satellite
revolution). Apart from this periodic behaviour the formal- errors
grow towards the boundaries of the arc (especially in along track
direction, due to the error in the mean motion), showing that the
orbital positions are best determined in the middle of the arc.
If the satellite orbit has to be extrapolated, the formal errors
(as well as the actual errors) will grow rapidly.

As expected there are significant differences in the strengths of
the solutions: the orbits based on the US fiducial sites only are
about 5-6 times less pre01se1y determlned than the orbits using
the complete set of fiducial sites.
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FORMAL ORBIT ERRORS: DATA NOISE ONLY
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Figures 8.11, 8.12, 8.13
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To have GPS data available from two clusters for orbit
determination (set UE) already helps considerably, in particular
if the two clusters are on different hemispheres (set UA) The
differences between the sets'A, B, and 1P, finally, are dquite
small and demonstrate, that global orbit improvements may be
successful using only few clusters of fiducial sites.

We should point out that the formal errors of the satellite posi-
tions, even using the best case (set B), are already of the.order
of 10 to 30 cm without including biases (data noise only). The
estimation of GPS satellite orbits with an accuracy of a few cen-
timeters using double difference observations seems therefore un-
likely in the near future. '

Formal Errors of Relative Satellite Positions:

The motivation to study relative satellite positions was given in
section 6.1.3. Let us select four satellites (SVN 2, 6, 9, and
13) visible from the US fiducial sites during the window in the
frame of the satellite visibility plot in Figure 8.14.

In Figures 8.15 and 8.16 the formal alond track errors»of the
four satellites are given for set A and set US on day 345. The
visibility window is again indicated by the frame.

Within the window the formal along track errors of set A are
about 1/3 those of set US. : |

Figures 8.17 and 8.18 correspond to Figures 8 15 and. 8.16" but
show" the formal errors of the satelllte positions xelatxve to
satelllte 13 (formulae for the computations were given in section
6.1.3).
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SATELLITE VISIBILITIES OVER THE U.S.
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Figures 8.14, 8.15, 8.16
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FORMAL ERRORS OF RELATIVE SAT. POSIT.: DATA NOISE ONLY

Start Date and Time: 1990 12 11 00:00:00

Dataset=Baseline Set A, Component=Along Track

- \d
o
oolw
o @ y
Y -
.8% b

2 g ~

O

100 200 300 400 500 600 700 800 S00 1000 1100 1200 1300 1400 1500
Time from Start in Minutes

0

&8

-t
(4]

© o 0o © 9 0 o
—
o

&

Relative Formal Emors in Meters

838

Dataset=Baseline Set US, Component Along Track

."0 o‘ %
[ )

.. °°°°o° ® .. 0060,. “

Y ..3-.. . 'o.o o, . °o°.
“’ .“:2. “” .“o 2 .
- . ® .

- >, * >,
b3 &2 Mﬁﬂ % ‘::o 3330

100 200 300 400 500 600 700 800 900 1000 1100 1200130014001500 :
Timae from Start in Minutes

0

XX . » - - [ X X ) -

Dataset=Baseline Set US, Component=Distance

[+ ] » ¢}
1 1

N
I

17

0

Relative Formal Errors in Meters

MW [N

100 200 300 400 500 600 700 800 SO0 1000 1100 1200 1300 1400 1500 |
Time from Start in Minutes

«eo SYNG—SYNI3 _ eee SYNG — SYN13 |

Le oo SYN2 — SYN13

Figures 8.17, 8.18, 8.19
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Whereas no big differences exist between the absolute and rela-
tive formal errors for set A (Figures 8.15 and 8.17), we see thét
for the set US the formal errors of the relative satellite posi-
tions over the US are much better than for the rest of the world.

When looking at the_fofmal errors of distances between satellites
(see Figure 8.19) we notice a strange effect in the satellite
pair (9,13).

This effect is due .to a relatively close encounter of the two sa-
tellites twice per revolution. Figure 8.20 shows the distances
between satellite 9 and 13. SVN 9 revolves the earth in plane A,
SVN 13 in plane C (see Figure 2.7) and both satellites arrive at
the intersection of the two orbital planes at about the same time
(see Figure 8.21). | ' '
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Figure 8.20
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Figure 8.21
"Close™ Encounters Between Satellites SVN 9 and SVN 13.

Satellite SVN 9 is located in Plane A, SVN 13 in Plane C.
’ December 11, 1990

8.3.1.3 Comparisons with the True Orbits

In this section we make ﬁse of the fact, that in the case of si-
mulations we have the "true" orbits available for comparisons.

Comparison of Orbital Elements:

Figures 8.22(a)-(h) show the mean of the differences (absolute
value) between the estimated and the "true" orbit parameters for
the case "noise + tropbsphere + coordinate biases" (see Table
8.9). These differences do not show as strong a dependence on the
baseline set used as the formal errors (see Figures 8.10(a)-(h)).
They are also larger by almost an order of magnitude than the
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corresponding formal errors. (The formal errors for solutions of
type 4 (see Table 8.9) are given by the values in Figures
8.10(a)-(h) for solution type 1, multiplied by approximately a
factor f=2 (see egn. (8.1))). This makes it clear that large sy-
stematic errors have been introduced into the orbital parameters
(due to the troposphere and coordinate biases) that are not re-
flected by the formal errors.

Comparison of Satellite Positions:

In the section on formal errors we have seen that already the da-
ta noise leads to formal errors in the satellite positions of 10
to 30 cm. This is confirmed by the differences between the orbits
estimated using baseline set A and the true orbits for day 345
given in Figures 8.23 to 8.25 (radial, along track, and out of
plane directions).

As usual the along track component shows the largest errors
followed by the out of plane, and the radial component.

In Figures 8.23 to 8.25 w¢ also see the effect of the troposphere
and coordinate biases (sée section 8.1.3.2 and 8.1.3.3) on the
orbit quality: the troposphere biases do not degrade the orbit
quality very much, whereas the effect of the wrong fiducial site
coordinates is clearly visible. The maximum orbit errors due to
the coordinate biases are of the order of 10 cm, 80 cm, and 20 cm
for the radial, along track, and out of plane component respecti-
vely for satellite 9 shown here. For some satellites they are
even larger (by up to a factor 4).

The dependence of the orbit quality on the baseline set used
shows the same characteristics as in the case of fhe formal er-
rors. Figure 8.26 is included as an illustration. The quality im-
provement from the weakest baseline set (US) to the strongest set
(B) is about a factor of 5, when averaging over all satellites.
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ESTIMATED - TRUE ORBITS: BASELINE SET A
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Figure 8.26

The best global (ahdbregional) orbits that may be computed today
show discrepancies of approximately 0.5 meters when compared in
an overlapping time interval [Lichten & Bertiger, 1989b]. This is
comparable to the differences between the estimated and "“true"
orbits given here. ' '

Comparison of Relative Satellite Positions:

Let us have one more look at the relative ‘positions of satellites
2,6,9, and 13, which are all above the US sites during the window
defined in Figure 8.14. The picture we saw for the formal errors
is even more prondunced in the differences between the estimated
and the true relative positions (see Figures 8.27 and 8.28).

Assuming that the relative satellite positions are more important
than the absolute positions when using double differences in the
data processing (see section 6.1.3), these Figures seem to indi-
cate, that using only the three US fiducial sites in the orbit
determination gives orbit results as accurate over the region of
the US as using the global baseline set A. Small errors or in-
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consistencies in the coordinates of the fiducial sites outside
the US could even degrade the orbit quality over the US.
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However, outside the US the quality of the orbits from set US
decreases very rapidly (by a factor of 6 after half a
revolution). The same holds when looking at the inter-satellite
distances (see Figures 8.29 and 8.30 for orbits of set A and set

US respectively).
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Comparison with a Coordinate System Transformation:

The reference system of the satellite orbits is primarily defined
by' the coordinates of the fiducial sites. In the presence of co-
ordinate biases such systems may depend on the special .selection
of fiducial sites. In this case transformation parameters between
the two frames may be estimated. The method was presented in sec-
tion 6.2.4. S

When comparing the "US orbits" (the orbits obtained with set US)
with the true orbits using the program STDHIM (see 6.2.4), only
very small rotations and small séale factors result between the
two orbit sets (and orbit frames), showing that ;he'orbits are
given in almost the same system. That the "US orbits" are better
determined above the US sites than elsewhere, may be seen by com-
paring the orbits over the region of the US and over e.g. South
Africa (using the elevation mask option described in section
6.2.4): the rms of the estimated similarity transformation is
larger by 50 % (30‘cm instead of 21 cm) for the orbit comparison
over South Africa. ' '

More interesting is the case of the systematic fiducial site
biases introduced in Australia (see Table 8.6). These systematic
shifts of the fiducial coordinates on one continent change the
individual satellite'orbits'and.the reference frame of the orbit
system. As an example the parameters of the similarity transfor-
mation (see program STDHLM, section 6.2.4) between the orbits ob-
tained using the coordinate set AH (see Table 8.6) and the true
orbits are given in Table 8.10 together with the residual rms er-
rors in radial, along track, and out of plane directioﬁs.

The decrease of the residual rms errors in the radial and along
track components shows that a considerable part of the orbital
biases may be interpreted as a change in the orbit reference
frame. From the estimated transformation parameters we see that
no significaht:rbﬁations and .scale. factors can be detected be-
tween the two frames. The main difference is a translation in z-
direction. Shifting the fiducial sites in Australia by 50 cm cau-
ses the satellite orbits to move in the same direction by a conm-
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parable'amount (the vertical in Australia. is almost pointing in:
the direction of the geocentric z-axis). This also explains the
remarkable decrease’  of the residual sum in the radial direction.

Residual RMS Errors:

:cbmponent Without Transformation With Transformation

. Radial S 0.203 C ' 0.097
Along Track 0.506 : 0.382
out of Plane 0.398 ' - 0.437

Transformation Parameters:

Translation in x-direction:" 0.019 % 0.007 m
Translation in y-direction: -0.004 * 0.007 m
Translation in z~direction: -0.326 £ 0.007 m
Rotation around x-axis: 0.000 * 0.000 arcsec
Rotation around y-axis: 0.000 * 0.000 arcsec
Rotation around z-axis: 0.000 * 0.000 arcsec
Scale factor: 0.000 £ 0.000 ppm
Table 8.10

Comparison of Orbits Computed with the Australian Fiducial Site
Coordinates Shifted in Height by 50 cm with' the "True™ Orbits
Estimating a Similarity Transformation

At first sight a scale in the orbit system might look like a
plausible consequence of the wrong station heights in Australia
(see [Santerre, 1991]). A scaling of the orbits, i.e changing. the
semi-major axes, is not possible, however, because the resulting
change in the mean motion of the satellites would 1eadit6 extre-
mely large along track biases over 4 days. (Changing the semi-ma-
jor axis by only 1 cm (seé eqn. (7.1)) will introduce along track
errors of about 40 cm after 4 days).

Orbits estimated using coordinate sets AN and AE (see Table 8.6)
give similar results when compared with the STDHLM program.
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8.3.2 Global Coordinate Quality

In the second step outlined in section 8.2.1 the ESA site coordi-
nates were estimated (see solutions 5-8 and 12-14) using the or-
bits of step 1 (computed with different baseline sets and diffe-
rent biases). The isolated Kourou and Malindi sites (see Figure
8.1) were estimated together with the orbits in step 1 when the
baseline sets A, B, or 1P were used and thus contrlbuted to the
estimation of the orbits. '

Even for the short baselines ambiguities were not resolved to in-

teger numbers 'in the solutions presented here.

8.3.2.1 The A Posteriori rms Error of the Phase Observation in
Coordlnate Estimation

Figure 8.31 givés~therrms'error of the phase observation when

using orbits based on different baseline sets.

A POSTERIORI PHASE RMS ERRORS
ESA Site Coordinate Estimation

OPhase Observation RMS in mm

7
: E e i //%/ : x
Coord.Bias Tropos Bias Crd +Trp.Bias
Baseline Set

WS 0w HAZous [CJue [CJua

Figure 8.31
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The solutions based on measurement noise only give an rms m,
‘which is close to the 3. mm épeéified in data simulation. The rms
error is slightly larger due to the orbit biases caused by the
observation noise in the simulated data. With the exception -of
the solutions 7 (coordinate biases, see Table 8.9) using the or- -
bits from baseline set A, B, and 1P (see Table 8.8), where no in-
crease in the rms error can be detected, all the other solutions
show an rms error about twice as large as the data noise. These
larger observation rms errors are the result of the biases in the
coordinates of the fiducial sites closest to the ESA sites, the
troposphere biases, and the biases in the orbits estimated in
step 1. In the case of the solutions with troposphere biases the
rms errors are almost ihdependent of the baseline set used. This
means, that the main inconsistencies are due to the troposphere
biases and not due to the errors in the satellite orbits.

8.3.2.2 Formal Coordinate Errors

The formal errors (see Figures 8.32 to 8.35) we obtain for the
north, east, and height components as well as for the léngths of
the baselines connecting the ESA sites to the closest fiducial
site (see Figure 8.8), all are 'chh smaller than the actual
biases introduced into the estimated coordinates (see next sec-
tion). A'large portion of the biases is obviously absorbed by sy-
stematical deviations of the estimated ESA site coordinates from
their true values and do not show up in the statistics.

In each of the four plots (Figures 8.32 to 8.35) we see a similar
dependence of the formal errors on the baseline‘length..According
~to these formal errors the quality of the coordinates estimated
does not change much depending on the baseline set used in the
orbit estimation step. Solutions using orbits computed from set
. A, B (not plotted here), or 1P give almost identical formal er-
rors.
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The north component is, however, much better determined (by a
factor of about 3 or ‘4) than the other quantities plotted. The
" reason for this asymmetry méy be found in the satellite configu-
ratipn as demonstrated by [Santerre et al., 1990]. What we see
here is in good agreement with the ratio of the semi-axes of the
error ellipsoid he gives for ambiguity-free solutions (ambigqui-
ties not resolved to integer numbers).

8.3.2.3 Comparison with the True Coordinates

The estimated ESA site coordinates differ from the "true" coordi-
nates due to (depending on the biases introduced):

data noise

- troposphere biases
- biases in the fiducial site coordinates and
- biases in the orbits estimated in step 1 .

The maximum differences between the estimated and the true coor-
dinates, if data noise is considered oniy; are 7 mm in north,
28 mm in east, 13 mm in height direction, and 22 mm in the base-
line length. )

If in addition troposphere biases are included (see Figure 8.36),
we get one more confirmatioh of the fact that troposphere biases
are mainly influencing the station heights (see section 3.2.2.1).
Figure 8.36 has been produced using the orbits of set A. It shows
that the effect of the troposphere biases on the station heights
is of the order 3-8 cm. We should remember, however, that tropo-
sphere biases were simulated assuming that the biases of a site
were independent on different days. If there are not independent
even larger height errors might result. In the case of very long
baselines the troposphere will also affect the horizontal posi-
tion (see Malindi in Figure 8.36). ' A

The effect of biases in the fiducial sité coordinates is demon-
strated in Figure 8.37.
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ERRORS IN ESTIMATED COORDINATES
Due to Troposphere Biases
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The comparison of Figures 8.37 and 8.4 makes it.clear, that the
major part of the errors in the estimated ESA site coordinates is
caused by the errors in the fiducial sites closest to the ESA
site considered (see also Figure 8.8). Since the errors in the
estimated coordinates are of the same order of magnitude as the
errors in the fiducial site coordinates (see Table 8.5), we may
conclude that (at least for short baselines) the influence of the
wrong fiducial coordinates on the ESA sites via orbit errors is
small.

Figures 8.38 to 8.41 show the errors in the coordinates due to
both, troposphere and coordinate biases. If only baselines from
one or two clusters (US, UE, or UA) are used, errors of more than
20 cm in the east component and in height and more than 10 cm in
the north component and baseline length may’ result. With the
baseline sets A, B, or 1P, however, all the baseline errors are
below 10 cn. '

In a last study we wanted to check the approximate formula given
by [Bauersima, 1983] (see eqn. (3.34)). We simulated orbits (see
section 8.1.3.4) containing biases of about 0.5 to 1.0 meters or
2 to 4 parts in 10° (see Table 8.7 and Figure 8.5). The induced
coordinate errors (when using these simulated orbits) are given
in Figure 8.42. They are increasing with baseline length as pos-
tulated by eqn. (3.34). When taking the length of the coordinate
error vector for the long baselines Richmond-Kourou,(3713 km) ,
Hartebeesthoek-Malindi (2838 km), and Madrid-Maspalomas (1772
km), we get an accuracy of 1.6:10°°, 2.8-10"%, and 2.0-10° %,
which is in good agreement with the worst case formula (3.34).

The east component is clearly the worst. This has to do with the
fact, that the satellite ground tracks are in most cases running
in a north-south direction due to the inclination of about 55 de-
grees and the rotation of the earth (see [Santerre, 1991]).
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ERRORS IN ESTIMATED COORDINATES
Due to Simulated Orbit Biases
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Figure 8.42

In summary we may say that even in the presence of troposphere
and coordinate biases, it should be possible to determine site
coordinates anywhere on the earth with an accuracy of below 10 cm
using a set of about 20 globally distributed sites for orbit de-
termination. It is clear that a considerable part of the coordi-
nate errors due to the troposphere and coordinate biases might be
removed by estimating troposphere parameters and by estimating
also the fiducial site coordinates in the orbit determination
step (using appropriate constraints on these cdordinates).
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9. EUROPEAN ESA GPS CAMPAIGN (ESA’91): REGIONAL ORBITS

The amazing strength of a satellite system like GPS for coordin-
ate and orbit' determination is only now becoming clear. This canm-
paign has been included in this thesis to show the potential of

continuous satellite tracking with the present, although still

incomplete satellite constellation. Free network solutions and
solutions using the fiducial point concept are presented.

9.1 Network and Campaign: Description

9.1.1 The European ESA Tracking Sites and the Fiducial Sites

In December 1990 it was decided that, as a part of the ESA pro-
ject outlined in section 8.1.1, the network consisting of the 6

European ESA tracking sites (Figure 9.1) should be determined in
a separate campaign. The aimed at accuracy was 10 cm with respect

to a well-defined reference frame (as e.g. the International Ter-

restrial Reference Frame (ITRF)). In addition.to these 6 European
ESA tracking sites 8 fiducial sites (see Figure 9.1) were select-
ed to establish the reference frame'and to enable orbit improve-
ments according to the fiducial site concept: Kkeep the fiducial
sites fixed at positions accurately known from VLBI (Very Long
Baseline Interferometry) or SLR (Satellite Laser Ranging) for the
orbit determination.

The entire European network covers an area of about 2000 km X
5000 km.

9.1.2 The ESA’91 GPS Campaign

The GPS campaign to measure the European ESA tracking network was
organized by the Institute of Physical Geodesy at the Technical
Universify Darmstadt, Germany, and took place from May 1 to May
12, 1991.
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European ESA Tracking Sites and Fiducial Sites
Occupied During the European ESA GPS Campaign, May 1991
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As many of the ESA sites as possible were occupied by the same
receiver type: New Trimble 4000SST receivers with P-code on L,
were used at 5 ESA sites and at the fiducial sites Herstmonceux
and Wettzell. Mas Palomas, the sixth ESA'site, was equipped with
a Trimble 4000STD receiver. The other fiducial sites were occu-
pied by Rogue SNR-8 and Ashtech L-XII (ét Onsala and Metsahovie)
receivers (see Table 9.1).

Station Name State Receiver Type Co-Location Type
Fucino Italy Trimble SST —— ESA
Kiruna Sweden Trimble SST —— ESA
Mas Palomas Spain Trimble SST —— ESA
Redu Belgium - Trimble SST —— ESA
Rehbach Germany - Trimble SST —— ESA
Villafranca .Spain Trimble SST —— ESA
Darmstadt Germany Trimble SST -—— THD
Herstmonceux England Trimble SST SLR FID
Kootwijk Netherlands Rogue SLR FID
Madrid Spain Rogue VLBI FID
Matera Italy Rogue VLBI, SLR FID
Metsahovie Finland - Ashtech L-XII VLBI, SLR FID
‘Onsala Sweden Ashtech L-XII VLBI FID
Tromsoe Norway Rogue . VLBI FID
Wettzell Germany Trimble SST . VLBI, SLR FID

ESA: ESA Tracking Site  FID: Fiducial Site
THD: Technische Hochschule Darmstadt

. _ Table 9.1
List of ESA Tracking Sites and Fiducial Sites
Occupied During the European ESA GPS Campaign, May 1991

To get the 2-dimensional coverage needed for navigation purposes
the satellites have now been evenly distributed in space and may
no longer be observed during daily time-windows of several hours.
The number of satellites visible during the day varies between 3

X

and 4 for 80 % of the time (see Figure 9.2). \ .
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" Humber of Visible Satellites vs Tine
apy Station : THDarmstadt = Latitude :49 51°48"N Longitude : 8§ 48°44'E
Date : 1 Hay 1994 Zone & B:0@ Cut-off El¢vation L 19

Nunber of Satellites

D A e Oy~ DA

Increnent of 68.8 minutes

Figure 9.2
Satellite Visibility Plot for the ESA’91 GPS Campaign:

Due to this circumstance we decided to track the GPS satellites
for 24 hours a day. Two short breaks were necesséry (at 4:00 anc
16:00) to download the data. All the Trimble receivers were
sampling data at a rate of 4 epochs per minute making the pfeprb~
cessing of the observations (cycle slip repair) very easy even
for baselines longer than 1000 km. Unfortunately it was not
possible to have all the ‘fiducial sites tracking at the same
rate. Table 9.2 summarizes the campaign characteristics.

Time span covered May 1 - May 12, 1991

Session definition : 00:00 - 24:00
. Number of Days (Sessions) ' 12 days
- Session length : : 24 hours

Number of Sites _ : 15

Number of Satellites : 15

.Data sampling rate 15, 30, and 120 seconds

Table 9.2
Characteristics of the ESA’91 GPS Campaign
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9.2 Processing Strategies

In the European ESA,CampaiQn three different receiver types were
involved. Because combining different receiver types is critical
(see e.g. [Gurtner et al., 1989a]) we formed baselines (the so-
called single difference files (see section 3.1.4) are actually
formed in the Bernese GPS Software) preferably between the same
receiver types. In this way a pure: Trlmble-network was establish-
ed and the other receivers were connected to the Trimble recei-
vers by short baselines (see Figure 9.1). The antennae phase cen-
ter offsets we introduced for the three receiver types are given
in Figure 9.3.

PHASE CENTER ECCENTRICITIES FOR EUROPEAN ESA CAMPAIGN (17-AUG-91)

- RECEIVER TYPE ANTENNA S/N: FREQ PHASE CENTER ECCENTR (M)
ANTENNA- TYPE FROM- TO L* NORTH EAST up -
RRKKAKKAKKKNKRKKKKKK - KKKKKK RRKRKKR . X kKK %k kK Kk, kKKK

ROGUE o 0 999999 1 0.0 0.0 0.0779
ROGUE, 2 0.0 0.0 - 0.0964
TRIMBLE 4000STD 0 999999 1 0.0 0.0 0.0595
TRIMBLE 4000STD 2 0.0 0.0 0.0580
TRIMBLE 4000SST 0 999989 1 0.0 0.0 - 0.0692
TRIMBLE 4000SST 2 0.0 0.0 0.0677
ASHTECH LD-XII 0 999999 1 0.0 - 0.0 . 0,0640

0.0 0.0 0.0640

ASHTECH LD-XII . ' 2

ANTENNA PHASE CENTER OFFSETS MEASURED FROM‘'BERNESE REFERENCE POINT
(BRP) TO L1/L2 PHASE CENTER.

BERNESE REFERENCE POINTS:

ROGUE BOTTOM OF CHOKE RING

TRIMBLE 4000STD : BOTTOM OF ANTENNA PREAMPLIFIER
TRIMBLE 4000SST : BOTTOM OF ANTENNA PREAMPLIFIER
ASHTECH LD-XII : BOTTOM OF ANTENNA PREAMPLIFIER

Figure 9.3
Antenna Phase Center Offset File Used for the Receivers
Involved in.the European ESA Campaign
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Of the 12 days of data only a subset of 6 subsequent days was se-

lected and processed, namely days 123-128 (May 3 - May 8, 1991).

The - characteristics of the 1-day, 3-days, and 6-days solutions
are listed in Table 9.3. 3

‘Solutions | #Days Arc L. forbit §Trop.Par./ #Fiduc.
‘ : ‘ N (days) Par./Sat. Base./Ses. Fixed
B1NT2323-2828 AL R T 0 !
- B3NT2325+2628 T3 3 8 o 1
. B3NT2328 6. 3 8 0 1
B1TB2323-2828 1 1 7 1 1
B3TB2325+2628 3 3 8 1 1
B3TB2328 6 3 8 1 1
B1TM2323-2828. 1 1 7 6 1
B3TM2325+2628 3 3 8 6 1
B3TM2328 6 3 8 6 1
F1NT2323-2828: 1 1 7 -0 3
F3NT2325+2628 3 3 8 (0} 3
F3NT2328 6 3 8 o 3
~F1TB2323-2828 | 1 1l 7 1 3
F3TB2325+2628 3 3 8 1 3
F3TB2328 - 6 3 8 1 3
F1TM2323-2828 1 1 7 6 3
F3TM2325+2628 | 3 3 8 6 3
F3TM2328. 1 6 3 8 6 3
F1TN2323-2828 1 1 0 1 3
F1TN2325+2628: 3 1 0 1 3
F1TN2328 6 1 0 1 3
Table 9.3

Solutions Computed for the ESA’91 Campaign

Every solutionwin}Tab;e 9.31waé;COﬁ§uted using the data of all
the sites (except Metsahovie, which was not included in the pro-
cessing). |

Whereas' 1-day satellite arcs were used for the 1l-day” solutions,
3-days arcs were set up?for‘3-day5*and56-days solutions, i.e. two
sets of orbit parameters per satellite were estimated for the 6
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days. For each satellite the 6 Keplerian elements (see Figure
4.1) and one (for 1-day arcs) or two (for 3-days arcs) radiation
pressure parameters were determined (see section 4.2.1.4). No a
priori constraints were used for the orbit parameters. We did not
try to form longer arcs, because then our force model might not
be sufficient (see section 4.1).

The solutions F1TNxxxx in Table 9.3 were obtained using l-day arc
standard orbits derived from the broadcast messages (see section
4.3, program DEFSTD).

In the "free" network solutions only one site, namely Wettzell,
was fixed, in the fiducial point concept the three sites Herst-
monceux (SLR), Wettzell (VLBI), and Tromsoe (VLBI) were fixed us-
ingl ITRF values for the coordinates (see [Boucher & Altamini,
1989] and Table 9.4). '

Station Name Geocentric ITRF Coordinates in Meters
X Y Z
HERSTMONCEUX 4033459.189 23626.249 4924303.096
KOOTWIJK 3899225.427 396731.704 5015078.257
ONSALA "3370702.540 711805.104 *© 5349764.008
TROMSOE 2102940.527 721569,.327 5958192.027
WETTZELL TR - 4075579.451 . 931807.118 4801570.900
HERSTMONCEUX : Flush Bracket on Sollar Pillar (near SLR 7840)
KOOTWIJK : Point 339334-25
ONSALA : Point 401 Survey Marker
TROMSOE ¢ 'GPSM Survey Marker B
WETTZELL TR : Point 7598
Table 9.4

ITRF F1duc1a1 Slte Coordlnates Used for the ESA'91 Proce551ng

The selectlon of Madrld and Matera instead of Herstmonceux and
Wettzell as f1duc1a1 sites would have covered a larger -part .of
Europe, but the local ties between the VLBI and the GPS reference
points for these two sites are not ‘available yet. It is therefore
clear that the three chosen sites in the'northern part of Europe
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will: not. constitute a good reference frame for the sites far in
the south (especially for Mas Palomas).

Troposphere zenith delays were estimated as a constant over one
day with an a priori constraint of 5. cm, or as a series of tropo-~
sphere parameters (1 parameter per 4 hours) constrained with

(10.1)
o = 2 cm (in 4 hours)

(see section: 5.2.1.1). Troposphere parameters were determined re-
lative to Wettzell.

All the solutions were computed using L3 (the ionosphere free li-
near combination) and no attempt was made so far to resolve the
initial carrier phase ambigquities.

9.3 Results
9.3.1 Orbit.Results~
9.3.1.1 Formal Errors of the Orbital Parameters

From Table 9.5 containing the formal errors of the orbital para-
meters (see section 4.2.1.4 and Figure 4.1) for 1-day and 3-days
arcs we see that the semi-major axis, thé eccentricity, and the
direct radiation pressure pafameter are better determined by
about an order of magnitude when using 3-days arcs instead of 1-
day arcs. For the angular elements the improvement is still about\
a factor of 3. The drastic change in the formal error of the
semi-major axis is due to the fact, that the semi-major axis de-
termines the mean motion of the satellite. An error in the mean
motion causes an along track error growing linearly with time
(see eqn.- (7.3)). ' '
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Arc Length a e i Q © u, P,

1" Day 0.18 9.7-10%° 0.09 0.11 3.19 0.68 1.1-10"°

3 Days ~0.01 1.9-10°° 0.03  0.04 2.31 0.10. 4.3-10°!'!
Table 9.5

Formal Errors of the Orbital Parameters for 1l-Day and‘3-Days¢Arcsk

The: errors in Table 9.5 for the 3-days arc let us expect formal
errors in the satellite positions of about 3-5 meters (compare
Table 7.1).

No big differences in the formal errors may be detected between
the solutions with a different number of tropospheré’parameters
estimated.

9.3.1.2 Comparison With Broadcast Orbits

A comparison of the broadcast orbits (see section 4.3) with the
orbits we determined (solution F3TM2325) shows differences of the
order of 3-8 m (see Figure 9.4). If we assume that our orbits are:
more  accurate than the broadcast orbits (see coordinate results
below as an indicator), these differences are in‘good agreement
with the approximate quality of the broadcast orbits: given in
section 3.2.1.2, eqn. (3.37)...

9.3.1.3 Comparisons of 1-Day, 3-Days, and 6-Days Orbit Solutions

Let us start with the comparison of orbits where no extrapolation
is needed. In Figures 9.5 to 9.7 the orbit differences between
the 3-days solution (F3TB2325) and the first 3-days arc of the 6--
days solution (F3TB2328) are very small (10-30 cm). This is to be
expected since the only difference between the two solutions is
that in the 6-days solution. all the 6 days contributed to the
site coordinate estimates.



190

) BROADCAST ORBITS — ORBITS FROM 3—DAYS SOLUTION F3TM2325
Start Date and Time: 1991 05 03 16:10:00
‘ SWVN=2

Differences in Meters

0 1000 2000 . 3000 4000 : - 5000
: . Time from Start in Minutes L
A A a rack ©oo OutotPlane _=» = = Radial |

Figure 9.4
Differences Between a 1-Day Arc Derived From Broadcast Messages
And a 3-Days Arc From Solution F3TM2325

The differences between the 1-day solutions (F1TBxxxx) and the 6-
days solution (F3TB2328) amount to a maximum of 10 m in along
track, 1-2 meters in the other directions. It seems that with a
"regional network of this type we may not expect to get 1-day or-
bits with a quality better than 1 m. We see, howéver, that the
orbits are in much better agreemeﬁt when satellite 2 is over Eu-
fope, indicated by the frames. The same is true for the positions
of satellites 6, 16, and 19 relative to satellite 2 shown in Fi-
gure 9.8 (see also section 6.2.3 and 8.3.1.3) when all these four
satellites are above Europe (indicated by the frames).

‘When we extrapolate the orbits from the first - 3-days solution
'(F3TB2325) into the interval of the second 3-days solution
-~ (F3TB2628), we get another indication of orbit precision. Figure
9.9 shows the extrapolation over a time interval of 2 days. .The
differences remain almost constant over the 2 days of ex-
trapolation. Only the along track component shows a small trend.
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ORBITS FROM 1-DAY AND 3-DAYS SOLUTIONS COMPARED TO

Differences in Meters

Differences in Meters

Differences in Meters

ORBITS FROM 6-DAYS SOLUTION
Start Date and Time: 1991 05 03 16:10:00

SVN=2 Component=Along Track

10 4

~10

0 1000 2000 3000 4000
Time from Start in Minutes

| Orbits Erom }. .« 1-Day Soliions _+ « » 3-Davs Solion |

5000

SVN=2 Component=Radial
25
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Figures 9.5, 9.6, 9.7




192

RELATIVE ORBITS FROM 1—DAYS SOLUTIONS
COMPARED TO ORBITS FROM 6—DAYS SOLUTION"

Start Date and Time: 1991 05 03 16:10:00

Component = Along Track
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Figure 9.8

EXTRAPOLATED ORBIT FROM SOLUTION F3TB2325 COMPARED

TO ORBIT FROM SOLUTION F3TB2628
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Figure 9.10 shows the differences between. the extrapolation of
the first arc of the 6-days solution F3TB2328 into the interval
of the second arc and the éecond arc of solution F3TB2328. If we
compare Figure 9.9 and Figure 9.10 we remark that they show al-
most identical variations. The fact that the estimated site coor-
dinates are common to both arcs‘in;the'case»of the 6-days solu-
tion, whereas the two 3-days solutions are independent of each
other, does not have much impact on the orbit differences between
the two arcs. This means that most of the differences between the
orbits of the two arcs is due to the data available, the tropo-
sphere, and other influences, and not to the different estimates
of site coordinates.

EXTRAPOLATED ORBIT FROM ARC 1 OF SOLUTION F3TB2328-

COMPARED ARC 2 OF SOLUTION F3TB2328
Start Date and Time: 1991 05 06 16:10:00 :
. SWN=2

Differences in Matars

Time from Start in Minutes
lAAANomT@ck o o o Out of Plane * = * Radial I

Figure 9.10

9.3.1.4 Orbits Using Different Troposphere Approaches

In Chapter 8 we have seen the influence: of the simulated. tropo-:
sphere biases on the orbits by comparison with the true orbits
(see. Figures 8.23 to 8.25). The orbit  biases due to the tropo-
sphere were of the order of 10-30 cm for the global GIG’91 net-
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work (baseline set A) and about-3 times larger for a regional
network (baseline set US). |

Here we may compare the "fiducial" solutions with zero, one, or
six troposphere parameters estimated per day and baseline. Fi-
gures 9.11 to 9.13 show the orbit comparison in along track, ra-
dial, and out of plane directions of the 3-days solutions
F3NT2325 (no troposphere parameters) and F3TB2325 (1 trop. para-
meter per day) with solution F3TM2325. The differences in both
cases are similar and below 1 m ih.along'track, 20 cm in radial,
and 50 cm in out of plane directions. They are consistent with
the simulation results mentioned above and indicate that the ef-
fect of the tropospheric delays on the 6rbits, if carefully mode-
led, is below 1 m.

9.3.2 Coordinate Results
9.3.2.1 Free Network Solutions
Comparison of 1-Day and 3-Days Solutions:

‘Because only one point (Wettzell) was fixed in the free network
solutions (allowing the network and the orbits to rotatetaround
this point) we compare the daily GPS solutions B1TB2323-2828
using a 7-parameter Helmert transformation. The rotations and
scale factors between the free daily solutions and the 6- days so-
lution (B3TB2328) are given .in Figure 9.14.

We see that the rotations are of the order of 10-20 masec and the
scale factors of a few parts in 10°. This means that the orienta-
tion and scale of the network is reproduced by GPS within a few
parts in 10° from day to day just using one fiducial site and
single-day arcs. The rotations are slightly larger if the déily
solutions B1TMxxxx instead of B1TBxxxx are compared, probably due
to the larger degree of freedom. '
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ORBITS FROM SOLUTION F3TM2325
Start Date and Time: 1991 05 03 16:10:00

ORBIT FROM SOLUTIONS F3NT2325 AND F3TB2325 COMPARED TO
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ROTATIONS AND SCALE FACTORS
BETWEEN DAILY SOLUT. AND 6-DAYS SOLUT.

Rotations in masec, Scale in ppb
0
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Z_

N% i
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. N-axis E-axis U-axis Scale

_ DAY OF YEAR
l12a W14 Edigs 126 EEl1r [

Figure 9.14
Reference Frame Comparisons Between Daily Solutions
Using Single-Day Arcs (B1TB2323-2828)
and thé 6-Days Solution B3TB2328

An example of the transformation quality between two daily solu-
tions, B1TM2525 and B1TM2626 (day 125 and 126, 6 troposphere pa-
rameters per day), is given in Table 9.6.

The largest residual is about 3.3 cm and most of the residuals

are below 2 cm in all three components for this network of
2000 km x 5000 km.
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Station Name Residuals in a Local System (mm)
North East -Up
DARMSTADT 3.5 -15.8 -1.0
FUCINO -8.8 -2.1 5.2
HERSTMONCEUX. 17.5 -11.1 -12.6
KIRUNA. -16.8 16.9 0.9
KOOTWIJK 3.3 -12.2 4.8
MADRID -3.9 17.8 -33.3
MAS PALOMAS 8.5 27.6 12.7
MATERA -15.4 -12.9 26.4
ONSALA 2.3 8.6 -10.8
REDU 7.7 -15.7 1.0
TROMSOE -3.3 32.6 14.2
VILLAFRANCA : , 9.9 -14.3 -3.0
WETTZELL TR -4.6 -19.3 -4.3
Rms of Transformation: 16 mm

Residuals of a 7-Parameter Transformation between the Solutions
of Day 125 and Day 126 (B1TM2525 and B1TM2626) '

The comparison between the two 3-days solutions (B3TM2325 and
B3TM2628) is even better: ’

14.8 mm

Rms of transformation

-0.004 +- 0.001 arcsec

-0.003 +- 0.001 arcsec
0.002 +

-0.002 +

Rotation around north-axis:

Rotation‘around east-axis

0.001 arcsec

Rotation around up-axis

0.003 ppm

Scale factor

From these results we can see the amazing strength that is given
already now with 24-hour satellite tracking and the satellite
constellation available today letting us. figure out the potential
of the: full GPS configuration.

Figure 9.15 shows the rms errors of the Helmert transformations
between two single day solutions: (days 125 and 126) for different
solution types (see Table 9.3) and also between two 3-days solu-

tions.
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RMS ERROR OF 7-PARAMETER TRANSFORMATION
" FOR DIFFERENT SOLUTION TYPES

Rms Error in mm

100

1-Day Solutions _ 3-Days Solutions

: ) o Solution Type
ESH - Broadcast Orbits NN No Trop. Par.
1 Trop. Par./Day 6 Trop. Par./Day

Figure 9.15
Rms Error of Helmert Transformations between 1-Day solutions
(days 125 and 126) and between 3-Days solutions (days 123-125 and
126-128) for Different Solution Types.

The relatively poor quality of the broadcast solutions shows that
in fact an orbit improvement is most important. The consistency
of the solutions increases clearly with the number of troposphere
parameters. estimated (0, 1, and 6 troposphere parameters per day
and baseline).

Comparisons with VLBI and SLR:"

Unfortunately at present we only have the local ties' (between
VLBI/SLR and GPS points) for 5 of the fiducial sites used during
the ESA’91 campaign. (Metsahovie has. not been included in the pro-
cessing yet). If we compare the. 6-days free network solution
B3TB2328 with the ITRF coordinates for these 5 fiducial sites,
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the result is not comparable in quality to the internal GPS con-
sistency (see Table 9.7).

Station Name Residuals in a Local System (mm)
‘North East Up
HERSTMONCEUX _ 21.0 =19.5 42.6
KOOTWIJK 16.4 =-13.7 -63.1
ONSALA ‘0.6 89.8 6.2
TROMSOE 1.8 =-20.2 2.7
WETTZELL TR -39.8 -36.4 11.6

Rms of Transformation: 48 mm

Table 9.7
Residuals of a Helmert Transformation Between the 6-Days GPS
Solution (B3TB2328) and the ITRF Coordinates

Two problems show up:

(1) The big residual of almost 9 cm in the east ¢omponent of On-
sala: In view of the GPS solutions presented above and the
daily repeatabilities (see section 9.3.2.2), one is tenpted
to assume a problem in the.local ties between the VLBI and
the GPS point. Looking at  the solutions using the fiducial
poiné concept, the same discrepency between GPS and VLBI
shows up, but even larger (no transformation): 13.1 cm for
the east component of Onsala. The only problem that might re-
side in the GPS analysis is the combination of the Trimble
receiver at Wettzell and the Ashtech receiver at Onsala (the
only Ashtech involved) (see Figure 9.1).

(2) There might also be a problem in the height of the Kootwijk
site. This is however difficult to confirm. The baseline
Koothjk-Redu is agaln a mixed . baseline (Rogue-Trlmble) and
1ncludes the problem of different phase center offsets.

It cannot be ekcluded even, that the probléms are caused by an-
other site. As soon as Matera and Madrld will be included in the
comparison the 51tuatlon will become clearer.
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9.3.2.2 Solutions Using the Fiducial Point Concept
Baseline Repeatébility:

In the case of the free network approach it is not reasonable to
study daily repeatabilities, because each daily solution is given
in a slightly different reference frame due to small rotations of
the network (and thevorbits) around the fixed site Wettzell (see
Figure 9.14). ‘

By fixing three sites we have established a reference frame com-
mon to all solutions. In Table 9.8 we show the daily repeatabili-
ty of the solutions F1TM2323~-F1TM2828 for the baseline Darmstadt-
Wettzell which has a length of about 314 kn.

Day Deviation From the Mean Value in,Hillimeters
Latitude Longitude Height Length Length (ppnm) -
123 1.4 1.5 . -6.1 -1.2 -0.004
124 0.3 ‘=0.6 0.6 0.6 0.002
125 -0.6 -0.6 7.8 0.6 0.002
126 0.0 0, 3.1 -0.8 -0.002
127 -1.3 . =~2!8  -0.4 2.3 0.007
128 0.3 1.6 -5.0 -1.6 -0.005
Rms 0.9 1.7 _ 5.1 1.5 0.005
Table 9.8

Daily Repeatability of Baseline Darmstadt-Wettzell (314 km)
Single-Day Arcs Estimated and 6 Troposphere Zenith Delays per
Day (Solutions F1TM2323-F1TM2828)

All the results lie within a few millimeters of the mean value
over the six days and therefore below 1-10” . It should be point-
ed out, that these results were not achieved with satellite arcs
of several days, but with single-day arcs, i.e. each day was
treated independently of the other days. It is clear that the re-
peatability inside the region of the three fiducial sites is es-
pecially good. The baseline Darmstadt-Fucino (954 km in length)
which lies outside the triangle of fiducial sites, shows a repea-
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tability of about 1-10°° in horizontal position, 2.5-10"% in
height.

 If ﬁo troposphere parameters are estimated (solutions F1NT2323-
FINT2828) the height repeatability is clearly degraded by about a
factor 4 (see Table 9.9).

Day | . Deviation From the Mean Value in Millimeters
Latitude Longitude Height Length Length (ppm)
123 1.7 3.4 -27.8 -3.5 -0.011
124 - -0.5 =-3.9 12.0 3.9 0.013
125 0.3 0.1 7.9 0.2 0.001
126 0.1 0.1 -17.3 -0. -0.002
127 -1.1 0.7 -2.3 -1.1 -0.003
128 -0.4 -0.4 27.3 0.9 0.003
Rms 0.9 2.3 20.1 - 2.5 0.008
Table 9.9

Daily Repeatability of Baseline Darmstadt-Wettzell (314 km)
Single-Day Arcs Estimated but no Troposphere Zenith Delays
(Solutions FINT2323-F1NT2828)

Using the broadcast orbits (no orbit improvement) the daily re-
peatab}lity of the baseline Darmstadt-Wettzell is of the order of
10 mm in latitude, 18 mm in height, and 50 mm or 0.15 ppm in
baseline length (see Table 9.10). The longitude; with 50 mm,
shows the lowest quality, whiéh is typical for orbit biases (see
simulation results in section 8.3.2.3).
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Day' Deviation From the Mean Value in Millimeters
Latitude ILongitude Height Length Length (ppm)
123 4.1 32.2 14.6 -29.9 -0.095
124 - =5,0 -4.1 -8.2 2.4 0.008
125 10.6 53.1 8.1  =-48.6. -0.155
126 -12.9 36.7 24.0 -38.9 -0.124°
127 -5.2 -42.1 -22.9 39.1 0.124
128 8.4 -75.8 -15.7 75.9 0.241
Rms - 9.2 50.5 18.4 1 49.1 0.156
Table 9.10

Daily Repeatability of Baseline Darmstadt-Wettzell (314 km)
Using Broadcast Orbits (Solutions F1TN2323-F1TN2828)

Comparison of 1-Day and 3-Days Solutions:

Table 9.11 gives the differences between solution F1TM2525 and
F1TM2626 (allowing for a translation between the two sets).

Station Name Residuals in a Local System (mm)
North- East Up
DARMSTADT 2.2 -9.0 6.2
FUCINO 7.3 20.5 19.1
KIRUNA -7.2 -21.5 -10.3
KOOTWIJK -4,2 -10.0 12.9
MADRID -17.0 24.0 -40.3
MAS PALOMAS 8.9 11.6 -18.7 .
MATERA 8.5 13.0 38.6
ONSALA 1.8 -2.0 -10.8
REDU 0.4 -9.7. 11.5
VILLAFRANCA -3.3 -6.7 =-9.7
WETTZELL TR 2.6 -10.2 1.5
Rms of Translation: 16 mm

Table 9.11

Residuals After a Translation (3 Parameters)
Between the Solutions of Day 125 and Day 126

(F1TM2525 and F1TM2626)
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The daily solutions agree with each other on the level of 2-3 cm

. over the entire network. A few years ago this quality, if at all,

could only have been achieved by using at least 4-5 days of GPS
data [Beutler et al., 1986].

The two 3-days solutions F3TM2325 and F3TM2628 are compared in
Table 9.12. ' ’

Station Name Residuals in a Local System (mm)
- North East ~ Up
DARMSTADT , -2.3 -12.8 =19.0
FUCINO -4.4 3.7 -3.4
KIRUNA : ~8.2 -17.1 -35.7
KOOTWIJK *=4.9 -17.7 -17.4
MADRID : 15.9 4.6 ' 20.1
‘'MAS PALOMAS : 13.1 59.9 55.6
MATERA -6.5 2.1 25.4
ONSALA -0.8 4.6 -10.1
REDU =-2.9 -12.7 -15.1
VILLAFRANCA 4.1 -2.6 16.6
WETTZELL TR -3.0 =12.1 -17.0

Rms of Translation: 20 mm

Table 9.12
Residuals After a Translation (3 Parameters) between the 3-Days
Solutions F3TM2325 and.F3TH2628’_

'The results in this case are not as consistent as for the two

daily solutions shown above. The main difference is given in the
residuals of Mas Palomas. It is obvious, however, that with the
three fiducial sites in the north (about 3000 km away from Mas
Palomas) and with the estimation of troposphere parameters
(allowing~thé network to rotate slightly) it is not possible to
establish a reference frame for the sites far in the south of Eu-
rope. The picture will certainly change, if Madrid and Matera
will be introduced as fiducial sites. ' '

When allowinghfor a 7-parameter Helmert transformation (instead
of a translation only) most of the resdiuals are below 1 cm and
the rms drops to 11 mm. The estimated rotations are -2, -3, and 2



204

masec in the local north, east, and up directions plus minus 1
masec. The scale amounts to 0.003 *-0.002 ppm.

We may conclude that with the present satellite constellation and
24-hour satellite tracking the quality of the coordinate results
is better than 1:10" % and a network of the size of Europe may be
determined to 1-3 cm centimeters.

9.3.2.3 Comparison of Free Network and Fiducial Point Concept

In this regional analysis the fiducial point concept still seems
to give solutions that are more consistent than the free network
soluﬁions. Difficulties arise, however; outside the region of the
fiducial sites (e.g. at Mas Palomas). To be reélly of help} the
net of fiducial sites should cover the entire region'éf interest.

It is still a problem, however, whether the fiducial site coordi-
nates in Europe are reliable (local ties, transformation between
SLR and VLBI system). We have seen problems when comparing GPS
solutions with VLBI/SLR coordinates (see section 9.3.2.1). In or-
der to establish a high quality network in Europe the fiducials
should be known to within 1—2°cm,;else'biaées (distortions) will
be introduced into the GPS solutions.

The constellation of. the GPS is becoming more complete every
year, and with every new satellite in orbit the strength of the
GPS solutions increases, so that GPS becomes more and more inde-
pendent of the other techniques. As we have seen above GPS alrea-
dy is capable to establish a local reference frame with a stabi-
lity of-a few parts in 10° by fixing one site only. '
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10. TURTMANN 1989 GPS CAMPAIGN: LOCAL TROPOSPHERE MODELING

\
\
\

We use this campaign to demonstrate the quality of local tropo-
sphere- models and the value of troposphére parameter estimation
in small networks.

10.1. Network and Campaign Description
'10.1.1 The Turtmann 3D Test Network

The Turtmann 3D test network is situated in the central Valais, a

large alpine valley in Switzerland. Figqures 10.1 ‘and 10.2 show

the size and shape of the network. As stated in [Rothacher et
al., 1986] the net was designed with the following objectives:

(1) Apply GPS techniques in the mountains
.(2) Test, compare, and evaluate different receiver types

(3) Install a test net for other survey techniques such as iner-
tial systems, EDM measurements, etc.

(4) Inxgstigate recent .crustal movements by repetition of the
initial measurements after a 1long period of time (> 10
years). '

The original network consists of 8 sites and spans both sides of
the valley. Stations 7 and 8 define a 4.2 km long baseline at the
bottom of the valley (620 and 670 meters in height). Stations 1
to 3 are situated on the northgrn slope between 1010 and 1530 me-
ters, stations 4 to 6 on the southern slope between 1130 and 1480
meters. The stations were carefully selected to allow the pre-
cise determination of relative 3D positions using terrestrial me-
thods. Station 9 (Emshorn) is located at a- height of 2270 m and
was added to the net in 1987. Thus the maximum height difference
between stations is about 1650 m (Turtmann 7 to Emshorn 9).
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The Turtmann 3D Test Network
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Perspective Drawing of the Turtmann Network
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The various terrestrial measurements utilized to establish a high
quality ground truth are descrlbed in detail in [Gurtner et al.,
1989b}. The 3D adjustment w1th the three coordinates of station 7
fixed, yields results in the order of 1-2 mm in horizontal, 3-
5 mm in vertical position. There exists no ground truth coordi-
nates for station 9 (Emshorn).

Several GPS campaigns took place in Turtmann during the last few
years with many different receiver types involved. Here we will
only use the data of the Turtmann 1989 Campaign, Results obtained

for other Turtmann campaigns may be found in [Rothacher et al.,

1985] and [Gurtner et al., 1989b].

10.1.2 The Turtmann 1989 Campaign

During the 1989 campaign a total of 16 receivers were gathering
data in the Turtmann network (10 WM-102, 1 Trimble 4000SL, 1
Trimble 4000SLD, and 3 Trimble 4000ST). In Table 10.1 the cam-
paign schedule is listed. '

Station Height July
: (m) . 5 6 7
1 Brunnen 1010 WM WM TT
2 Braentschu 1508 WM - WM, TT WM, TT
3 Jeizinen 1500 WM WM,WM,TD WM,WM, TS
4 Ergisch 1133 WM WM WM
5 Oberens 1387 WM WM WM
6 Agarn 1475 ‘WM TT- WM
7 Turtmann 624 WM,WM,TD WM,WM, TS WM, TD,
8 Susten 678 WM WM, TT WM,WM,TT
9 Emshorn . 2271 WM WM, TT WM

WM: WM-102, TS: Trimble SL, TD: Trimble SLD, TT: Trimble ST

Table 10.1
Turtmann 1989 Observation Schedule

On many points more than one receiver was operated in parallel.
The additional receivers were positioned on nearby points with
known local ties. These very short baselines allow studies on the
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combination of different receiver types. Such studies are not
presented, however. Only the data of the WM-102 receivers were
used to produce the results presented below.

The GPS measurements were taken during sessions of 4 hours on
each day. Figure 10.3 shows the satellite distribution for Turt-
mann during the sessions.

S

Figure 10.3
Satellite Distribution for Turtmann on July 5, 1989, 7®*-11! UT

Surface met data (pressure, temperature, and humidity) Qere mea-
sured at each site at time intervals of 15 minutes. These data
are the basic material for the computation of a local troposphere
model as described in section 5.1.2. )



209
10.2 Processing Strategies
10.2.1 L, Solutions and Ionbsphere Modeling

In small networks (< 20 km) it may not be the best approach to
process the ionosphere-free linear combination L, (see.section
3.1.3) for the following reasons:

(1) The 1onosphere-free linear combination L, has an observation
noise which is about 3 times larger than the noise in L, (see
Table 3.1). This 1mp11es that the estimated coordlnates will

" be 3 times less accurately determlned if we disregard syste-
matic errors. '

'(2) Antenna phase center offset errors in L, and L, will be in-
creased in L, by a factor of 2.5 and 1.5 respectively. Since
the accuracy aimed at in such a small network is of the order
of a feW‘millimeters, errors in the antenna phase centers of
only a few millimeters will already show up in the results
when processing L,. |

We therefore decided to use the L, observations only and to cor-
rect the  scale introduced by the ionospheric refraction (see
[Beutler et al;, 1988] or [Santerre, 1991)]) by using an iono- .
- sphere model computed from L, one-way phase observations (see
section 3.1.3). All the solutions below have been obtained using
the same ionosphere model. Details and results concerning  the
estimation of simple ionosphere models may be found in [Wild et
al., 1989] and [Rothacher et al., 1990].

All the solutions have been computed using the data of the three
--days (complete solutions). An elevation cut-off angle of 20 de-
grees was. used.

10.2.2 Local Troposphere Modeling

The most important features of this Turtmann network are its
small size and its large height differences. The former makes im-
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mediately clear that orbits are not of great importance (see eqn.
(3.34)). The latter implies that the most challenging problem
when processing the Turtmann 1989 Campaign lies, no doubt, in the
modeling of the tropospheric refraction. All the different models
and parameter estimation possibilities discussed in Chapter 5
have therefore been tested and will be compared.. They are llsted
in Table 10.2.

Approach | Description

A Use of.a local troposphere model
‘ (section 5.1.2).

B " Estimation of one and more troposphere zenith
delays per baseline and per session putting a
priori constraints on the troposphere parame-
ters and parameter dlfferences

(sectlon 5. 2 1.1).

C Estimation of the tropospherlc zenith delays as
o ' a polynomial in height for each session. Only
one parameter per session was estimated, namely
-the helght gradlent of the tropospheric delay
(section 5.2.1.2).

D Estimation of one stochastlc tropospherlc ‘
zenith délay per baseline and per session
. (section 5.2.2). '

Table 10. 2
Trosposphere Hodellng and Estlmatlon Approaches
for the Turtmann 1989 GPS Campaign

In approach A polynomials of degree 2 for the refractive index.
have been computed every 20 minutes. Values between the met samp-
11ng times are obtalned by linear 1nterpolatlon.

The parameters of model B and D have been estimated relative to
the site TURT 7 (Turtmann) after having removed a plausible a
priori model for tropospheric refraction (e.g. Saastamoinen).

The availability of a high precision ground truth will be a great
advantage in the interpretation of the results.
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10.3 Results
10.3.1 The Tropospheric Delays

The four major solution types listed in Table 10.2 give us de-
tailed information on the variations of the tropospheric zenith
delay with time and station height.

10.3.1.1 Tropospheric Delays of the Individual Models
Delays'from a Local Troposphere Model (Apprqach A):

An example of the tropospheric delay as a function of height ob-
tained by approach‘A has been included in section 5.1.2, Figure
5.2 . Relative to the standard model by Saastamoinen described in
5.1.2 the tropospheric delay is assumed to be a polynomial of de-
gree 3 in height (integration of the refractivity (see eqn.
(5.4)) represented ‘as a polynomial of degree 2 relative to the -
standard model). The temporal changes of the delay are totally
correlated: between the sites as can be seen in Figure 10.4. The
variations are of a few mm/hour up to more than 2 cm within 20
minutes early in the morning. Figure 10.5 shows that the varia-
tions relative to the site .TURT 7 (Turtmann) are much sﬁallerl
(abouF 1-2 nm/hour). An exception is the highest site EMSH 9 with
a sudden change of the delay by 1 cm around 9:00 am. This feature
is probably real, since it shows up in the results of all the
different models (see Figure'lo,lz below). Figure 10.5 also illu-
strates that the gradient in height of this local model is quite
different from the one of the standard atmosphere. Between the
lowest (TURT 7) and the highest site (EMSH 9) we have a diffe-
rence of 5.5 cm or a gradient difference between the two models
of about 3.3 mm per 100 m height difference.

N

Delays From Deterministic Estimation (Approach B):

If only one deterministic troposphere parameter is estimated per
baseline and session, no information is available on the temporal

~changes.
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LOCAL TROPOSPHERE MODEL - SAASTAMOINEN ZENITH DELAYS
DAY =07/07/89

657 713 7330 7:47 803 8:20 837 853 910 9:27 9:43 10:00-10:17 10:33 10:50 11:07
: Time

STATION =88 AGAR6 = BRAE2 ¢<—< EMSH9  »»— ERGI 4
¥ JFIZ 3 +—+—+ OEMS S ewe SUST 8 ©60 TURT 7

Figure 10.4

LOCAL TROPOSPHERE MODEL — SAASTAMOINEN ZENITH DELAYS

Zenith Delay Difference in Meters

RELATIVE TO THE SITE TURT 7
DAY =07/07/89

-0059 - . :
—0.06 1 .

-0.07 - . . . .
6:57 7:13 7:30 7:47 8:.03 820 837 8:53 90 9:27 9:43 10:00 10:17 10:33 10:50 11:07
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¥ JEIZ 3 +—+—+ OEMS 5 e«=w SUST 8

Figure 10.5
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Figure 10.6 demonstrates what happens if we estimate 1, 3, 5, or
9 troposphere delay parameters per session corresponding to 1
parameter per 4 hours, per 1.5 hours, per 1 hour, and per 0.5
hours. ‘

ESTIMATION OF TROPOSPHERE PARAMETERS

STATION=EMSH @ DAY=07/07/89

—o_“ -

-009 3

-o10 ) ™ ns e - "~ s e e - n% Time
Session—Param. 1.5h-Param. 1.0h = Param, 0.5h = Param, Model

Figure 10.6
-1, 3, 5, and 9 Tropospheric Zenith Delays Estimated per Session
With A Priori Constraints Between Subsequent Parameters of
7.4 mm/1.5h, 6 mm/1h, and 4.2 mm/0.5h
for 3, 5, and 9 Parameters Respectively

More and more. details of the time variations become visible. By
increasing and increasing the number of parameters per session we
could go to the limit of estimating one troposphere zenith deiay
per observation epoch. This extreme case will give the same re-
sults as the stochastic estimation (approach D). The question is,
however, whether the obtained variations of the tropospheric ze-.
nith delay are real. This may depend very much on the momentary
strength of the satellite scenario.

To keep the variations in time within reasonable limits, we may
use a priori constraints between subsequent parameters (see sec-
tion 5.2.1.1). In Figure 10.7 we show the tropospheric zenith de-
lays we get when small or large constraints are introduced.
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TROPOSPHERE PARAMETERS USING DIFFERENT A PRIORI SIGMAS
. STATION=EMSH9 DAY=0707/89

Trop. Zenith Delay in Meters

-0.07 -
— 042 — 134 — — 424 — = 134 — = 424 — PSO [mm/a.5h}

Figure 10.7

It is obvious that the tropospheric delays obtained with large a
priori sigmas (e.g. 42.4 mm/0.5h) are unrealistic (changes of se-
veral centimeters within half an hour). A value of 4.2 mm/0.5h
(corresponding to a power spectral density & of about 10" % m?/sec
according to eqn. (5.31)) might be appropriate in view of the
fact that we estimate relative troposphere parameters in a small
network. The formal errors of the troposphere delay parameters
vary between 0.8 and 3 mm depending on the size of the con-
straints and the number of parameters estimated per session.

The problem of finding reasonable a priori constraints:in the de-
terministic case is analogous to the choice of reasonable values
for the power spectral density in the stochastic estimation and
will be further discussed below (approach D).

Delays from the Estimation of a Polynomial in Height (Approach
C):

Since in this case one parameter (the linear change of the tropo-
spheric delay with height) is estimated per session, we get in-
formation only on the change of the delay with height (relative
to an applied standard model). The values obtained for the three
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sessions are (in mm per 100 m of height difference) -0.0012
mm/100 m, -0.0020 mm/loo m, and ~-0.0027 mm/100 m with formal er-
rors of 0.0001 mm/100 m.

Delays from Stochastic Estimation (Approach D):

Figure 10.8 shows an example of the tropospheric zenith. delays
obtained with stochastic estimation using different power spec-
tral densities (PSD). The behaviour of the tropospheric zenith
delays when changing the PSD is comparable to the one in the case
of deterministic estimation when changing the a priori con-

straints (see Figure 10.7).

STOCHASTIC TROPOSPHERE ZENITH DELAYS

USING DIFFERENT POWER SPECTRAL DENSITIES (PSD)
STA'HON-BBAE 2 DAY=06/07/89

ith Delay In Meters

713 7:30 7:47 8:.03 8:20 8:37 853 9:110 9:27 9:43 10:00 10:17 10:33 10:50 11:07 11:2311:40
-Time -

[PSD__ee5 100E-10 &+ 100E~09 e 100E-08 = 1.00E=07

Figure 10.8.

Although some of the characteristics of the variation in time may
be real, an influence of the satellite scenario (see Figure 10.9
and Figure 10.3) on the estimation  process can easily be recog-

nized.

The power spectral density should  therefore to be chosen to take
into account not only the: size of the network and the clues ob-
tained from surface met data: (e.g. the information in Figures
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10.4 and 10.5), but also the satellite sceﬁario:-smaller PSD va-
lues should be used for a poor satellite geometry.

The formal errors of the stochastic delays are of the order of
0.8 mm - for a PSD of 10"’ m?/sec, 10 mm for a PSD of 10"’ m?/sec.

CAMPAIGN: TURTMANN 1988 STATION 1: BRAE 2

FIRST OBS. EPOCH: 8%-07-06 7:16:00.00 , ONE CHARACTER = 4.00 MINUTES

TOTAL NUMBER OF OBSERVATIONS: 1178 : :

SVN FRQ #0OBS
3 L1 86| HREERIRE IR AR R IR RN, |

"6 L1 118 | Atk AR AR R R AR IR AR AT NI Ik i
8 L1 131 HRAER AR R AR R R AR AR A AR R RN A R h A . l
9 L1 Py VIRAE LR R A AR S22 oS AR S RS AR A AR ARttt el it Al AR AL RSl |
11 L1 1921 P R R R R R R R 22 2 |
12 L1 PISARASAA AR E AR A a2 A AR AR SRRl AR A ARl R R AR s AL el Al AR
13 L1 1441 _******t'*********************f*t****|

7:16 7:52 9:07 9:34 9:57 11:04 11:32

Figure 10.9
Satellite Tracking Scenario of July 6
for the Turtmann 1989 Campaign

10.3.1.2 Comparison of Tropospheric Delays

The different approacheé-may»be compared with each: other either
as'a function of height or as a function in time.

Comparison in Height:

All the four approaches of Table 10.2 give us the change of the
tropospheric zenith delay with height. The comparison of these
height gradients is presented in Figure 10.10 and demonstrates
that all the four models are in close agreement. Especially the
fact that the local troposphere model derived from surface met
data  only and, as a totally independent approach, the estimation
of troposphere parameters from GPS observations give similar re-
sults, has to be emphasized. '

Although(the four models differ by only 1 cm over the entire
height difference of 1650 m' (corresponding: to a gradient  diffe-
rence of 0.6 mm/100 m), there is a large discrepancy between the
gradient of the standard troposphere model given by the zero line
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in Figure 10.10 and the gradients of the four models. Obviously
the standard troposphere model is not represéntative for the gra-
dients actually pxeSent fn the atmosphere. A wrong gradient,
however, will cause a scale in the station heights. '

* TROPOSPHERE ZENITH DELAYS IN HEIGHT

MODELLING AND ESTIMATION
DATE AND TIME = 07JULB9:11:00:00

0.01

Trop. Zenith Delay in Meters

600 700" 800 900 1000 1100.1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 22002300

Station Height
e-6-8 Local Troposphere Model . #-4-& Deterministic Estimation .
¢-o-¢ Stochastic Estimation w—=—w Pokmomial in Height Est.

Figure 10.10

Comparison in Time:

Three of the four approaches listed in Table 10.2, namely A, B,
and D, yield time variations. of the tropospheric delay. We have
to be careful, however, since the deterministic and stochastic
estimates have been determined relative to a standard model of
the tropospheric delays and relative to the delay at the TURT 7
site:

Ar:”'i(t) = (ar’(t) - ar, ) - (Ar°(t) - Ar) ) (11.1)

STATION i TURT 7

We have to subtract the same standard model from the tropospheric
delays of the local troposphere model. The results for the site
BRUN 1 on July 6 and for the site EMSH 9 on: July 7 are given in
Figures 10.11 and 10.12.
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TROPOSPHERE ZENITH DELAYS

MODELLING AND ESTIMATION
STATION=BRUN 1 DAY =06/07/89
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Figure 10.11

Trop. Zenith Delay in Meters

TROPOSPHERE ZENITH DELAYS

MODELLING AND ESTIMATION
STATION=EMSH 9 DAY=07/07/89

Trop. Zenith Delay in Meters
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Time - '

[ 886 Local Troposphere Model =-a Deterministic Estimation e—o—¢ Stochastic Estimation I

Figure 10.12
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In both figures the deterministic and stochastic estimations are
very similar. This is to be expected, because the same set of GPS
observations was used in both estimation processes. But it also
means, that a detailed modeling of the troposphere can be done
using conventional least squares estimation techniques. If the
same time resolution and corresponding values for the a priori
constraints in the deterministic and the power spectral density
in the stochastic case are used, the results should be identical
within the formal errors. The results shown in Figures 10.11 and
10.12 have been computed using a priori constraints of
o

= 4.24 mm and o, = 100 mm for the deterministic estimation

rel bs
(see eqns. (5.33) to (5.37)). A power spectral density of
10" !'% m?*/sec and an a priori sigma of 100 mm were used in the

stochastic case.

Whereas on July 6 (see Figure 10.11) no correlation at all can be
detected between the local troposphere model and the estimated
variations, there is a nice resemblance between the two on July
7, indicating that at least part of the variations are probably
real. The systematic shift of about 1.5 cm between the local mo-
del and estimated values at the highest site EMSH 9 shows that a
small gradient difference still exists between the two approa-
ches. This is even more apparent in Figure 10.10.

10.3.2 The Site Coordinates

In this section the coordinate sets resulting from the four ap-
proaches (see Table 10.2) are compared with each other and with
the terrestrial solution.

10.3.2.1 Comparison of GPS Solutions

Since troposphere biases and troposphere model differences
propagate into the station heights (seé section 3.2.2.1), we only
compare the differences in the station heights. The changes in
the horizontal coordinates between the four models are below
1 mm. In Figure 10.13 the height differences between the solu-
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tions A, B, and D and the solution C (estimation of a troposphere
gradient in heigth) are plotted as a function of station height.
In the deterministic estimation B only 1 troposphere parameter
per session . (and baseline) was estimated. The stochastic solution
was poduced with a power spectral density of 10" % m?/sec (a smal-
ler value will give results similar to the solution B).

HEIGHT DIFFERENCES OF GPS SOLUTIONS |
COMPARED TO POLYNOMIAL ESTIMATION IN HEIGHT
0.029
0024 R
0.019

Height Differences in Meters

-0.016 ] - \
-0021

600 800 1000 1200 1400 1600 . 1800 2000 . 2200 2400
Station Height in Meters

+—4— Looal Troposphere Model  #-e-+ Stochastic Estimation
060 Deterministic Estimation

Figure 10.13

The trend we see in the height differences between the local tro-
posphere model and the other models is caused by the difference
in the troposphere gradient presented in the last section (see
Figure 10.10). According to the magnification factor given in
section 3.2.2.1 a difference. of 1 cm in the tropospheric zenith
delay between the highest and the lowest site produces a height
difference of about 3 cm between these sites, in good agreement
with what we see in Figqure 10.13. The gradients in height of the
other two solutions are very consistent with the gradient estima-
tion (approach C). '

- The heights of the stochastic estimation remain closer to solu-
tion C compared to solution B. This might indicate that some of
the time variations of the tropospheric delays visible in the
stochastic estimation (see e.g. Figure 10.12) are real. There can
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be no doubt. that such time variations occur in: the early morning

hours.

10.3.2.2 Comparison with Terrestrial Solution

The comparison with the terrestrial solution has to be done
through a Helmert transformation (similarity transformation),
because the terrestrial solution is given in a different coordi-
nate system. For the site EMSH 9 there is no:ground truth avail-
able. Again we are interested only in the station heights, in
this case the residuals in height after the transformation. These
'height‘residuals are given: in Figure 10.14 for the solutions A to
D.

HELMERT TRANSFORMATION BETWEEN GROUND TRUTH
- AND GPS SOLUTIONS

0.024 -
R . R ® . .
00191 ' {
0.014 ]
0.009
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-0.0014
~0.006
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—ooﬁj
-00169 2

-0.021

600 700 800 900 1000 1100 1200 1300 1400 1500 1600
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s |ocal Troposphere Model e Stochastic Estimation
660 Deterministic Estimation = Polynomial in Height Est.

Figure 10.14

The four solutions exhibit a common slope in height compared to
the éround truth. Because all the solution show the same trend,
probably the ground "truth" is not correct (the terrestrial mea-
surements are also affected by the troposphere). The strange
downward peak at a height of about 1500 m (BRAE 2) might be ex-
plained by an incorrect antenna height. With the exception of so-
lution B all the solutions agree with each other within 3-8 mn.
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It should be pointed out that the difference between solution B
and D is not due to the fact that in one case deterministic, in
the other stochastic techniques have been applied. Both solutions
could be obtained by either technique. The main difference is
that only 1 troposphere parameter was estimated per session and
baseline in the deterministic solution B (corresponding to a fil-
ter solution with a very small PSD). With the estimation of more
parameters per session we can produce the same results as the
ones using stochastic modeling. This has been demonstrated in
section 10.3.1.2.

Figure 10.14 suggesﬁs that the GPS results have a quality of
about 1 cm in height over a height difference of 1650 m. To as-
sess the actual accuracy of the gradient in height given by the
GPS solutions (which is quite different from the gradient in the
terrestrial solution), howevér, the GPS data of the other Turt-
mann campaigns taking place under different meteorological condi-
tions should be processed in the same way and compared with fhe
results presented here.
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A. APPENDIX

A.1 Transformation from Osculating Keplerian Elements to Position
and Velocity

We start with the osculatihg Keplerian elements (see Figure 4.1)

given at epoch t :

Semi-major axis

Eccentricity

Inclination
Right ascension of ascending node

Argument of perigee

+t € O K 0 P

Perigee passing time

Instead of tp also the argument of 1latitude u,=u(t;) may be

given.

With the gravity constant G and the mass M of the central body we
then have:

Mean motion: n = [ 9% ]1/2 (A.1)
a
o
Mean anomaly: M = n-(t-t)) (A.2)

Eccentric anomaly E from Keplers equation (to be solved iterati-

vely):
E - e-sinE = M : (A.3)
True anomaly v from

v_l1+e.
tan 5 = J I-e tan

(A.4)

it
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or from argument of latitude u:

Length of radius vector:

2
__,a(1-e”) _ _. - a.
¥ =711 ecosy _ 2 (1 e-CosE)

Position vector (components) in orbital plane:
X = r-cosv

y = r-sinv

Position vector in equatorial coordinate system:

X
r = R, (-Q)R, (-i)Rs(-w)[ Y J

Velocity vector components in orbital plane:

X = - | —CM . simv
a-(l-ez)
y = I —CM - (e + cosv)
‘ a-(l-ez)

Velocity vector in equatorial coordinate éystem:

X
r = Ra(—Q)Rl(-i)Ra(-a))[ Y ]

A

(A.5)

(A.6)

(A.7)

(A.8)

(A.9)

(A.10)
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Rotation matrices:

: [ cosw -sine 0

R, (-0) = sinw cosw O (A.11)
L o o 1)
(1 0 o )

R (i) = 0 cosi =-sini (A.12)
\ 0 sini cosi |
[ cosQ -sinQ@ o)

R,(-Q) = sinQ cosQ O (A.13)
L0 0 1,

A.2 Transformation from Position and Velocity to Osculating
Keplerian Elements

Calculate the two vectors
h=rxr "h=|h| (A.14)

q-= -[ hxt + GM f ) qg=|ql (A.15)

h is a vector normal to the orbital plane, giving the angles i
and Q:

sini sinQ
h =h | -sini cosQ (A.16)
cosi
tan @ = - h,/h, , k' = (h,,h,,h,) (A.17)
cosi = h,/h (A.18)

The vector q is inside the orbital plane and points to the peri-
gee.

True anomaly:

i =h_
sin v = qr rr (A.19)
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h?-GMr

cos v =
q-r

Argument of latitude with:

sini-simu = r /r , © = (r ,r,,r,)

¥ = (r,,r,,r,)

sini-cosu = —— ‘(r, (r'r) - r_ -r?)
r-h 3 3

Argument of perigee:

Semi-major axis and eccentricity:

= 4
€ = oM
2‘
4o __h®
GM- (1-e?)

—

~

With mean motion n and eccentric anomaly E

3
a

E _ | l-e v
tan 3 = 1te tan >

we obtain the perigee passing time

n = [@]uz

t, =t -(E-e-sinE)/n

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)
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A.3 Partials of Position and Velocity With Respect to Osculating
Keplerian Elements

Partials with respect to semi-major axis a:

X
a-at2’ (t=t,)
1-e?
i) 3n etcosv
932 e (tt))
1-e?
(A.29)
8% _ _ X , 3GM _x .
d3a ~ _2a T op? (t tp)
Y _ _ ¥, 3GM ¥ el
aa 2a * 2 a (e-t))
Partials with respect to eccentricity e:
%§ = - —JL; (2 - cos®v + e-cosv)
l-e
%ﬁ = —JL; -cosv (A.30)
l-e
%g = - 949;§i%1; ((e + cosv) + (1 + e-cosv)cosv)
8y _ _ __an (1 - (2 + e-cosv)cos’v)

(1-e?)?/ 2
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Partials with respect to perigee passing time t s

@
»

at ¥
P
y _ _
at y
P
(A.31)
0X ‘ GMx
—_ s ===
atp r?
ay _ . GMy
at 3
P r
Partials of rotation matrices:
3R, [ -sine -cosw O )
30 (T0) = cosw -sinw O (A.32)
\ 0 0 0} ’
R~ [0 0 0
3T (-i) = 0 =-sini -cosi (A.33)
L O cosi =-sini |
3R, [ -sinQ -cosQ 0 )
30 (-Q) = cosQ? -sinQ O (A.34)
| 0 o 0 :
Derivatives with respect to argument of latitude u:
d _ r? .
dur_ 2 2r
a‘n l-e
(A.35)
d . _ __awn
qu f = r
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