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VORWORT

'Urspriingliches Konzept des Satelliten-Navigationssystems GPS war die Verwendung der
Laufzeiten von Codes, welche den Trigerwellen aufmoduliert sind. Hochpriizise geodatische
Anwendungen im kinematischen Modus, mit Anforderungen im cm-Genauigkeitsbereich, sind
damit aber nicht erreichbar gewesen. Erst die Verwendung der Trigerwellen selbst, durch
Messung der Phasenlaufzeitéinderungen, hat der GPS-Technologie zu dem enormen Aufschwung
verholfen, welcher in den letzten Jahren beobachtet werden kann. Ein zentrales Problem ist dabei
die Berechnung der unbekannten Anzahl von ganzen Wellenlingen (sogenannte Ambiguities),
welche den gesamten Wellenzug der Trigerwelle, zusdtzlich zu den Phasenmessungen,
ausmachen.

In der vorliegenden Publikation beschreibt Herr Dr. M. Cocard ein Softwarepaket, mit dem aus
differentiellen GPS Messungen cm-genaue Trajektorien von Flugzeugbewegungen bestimmt
werden konnen. Die Software wurde bei realen Fliigen getestet. Der Bericht kann in zwei Teile
unterteilt werden, einem ersten, die Entwicklung der Software, und einem zweiten, dic An-
wendungen. Ein wichtiger Aspekt war aber nicht nur die Erstellung der Software, die bei
Testfliigen funktionierte, sondern vor allem auch die wissenschaftliche Analyse zum Einfluss der
Parameter des Messsystems und der Messanordnung auf Giite und Zuverlissigkeit der Ergebnisse.
Herr Cocard hat herausgearbeitet, in welchem Mass die erreichbaren Genauigkeiten

- von der Distanz zwischen Referenzstation und Flugzeug,

- von Ein- oder Zweifrequenzmessungen,

- von der Satellitenkonstellation,

- der Integrationszeit,

- der Qualitit der Codemessungen und

- der stochastischen Modellierung der Ionosphére abhiingen.

Die real durchgefiihrten Experimente umfassten

- Laser-Profiler Fliige,
- SAR Fliige mit der Deutschen- Versuchsanstalt fiir Luft- und Raumfahrt und

- GPS gestiitzte Aerotriangulationsfliige in Zusammenarbeit mit der Professur fiir
Photogrammetrie und Fernerkundung.

Herr Cocard hat zusitzlich ein Kapitel iiber Anwendungen bei "Airborne" Verfahren in der
Geophysik, insbesondere bei der Aerogravimetrie, ergéinzt. In einem internationalen Forschungs-
projekt, bei dem die Schweiz aerogravimetrisch beflogen worden ist, konnte Herr Cocard die Giite
seiner hochpriizisen Positionierung, angewandt auf Beschleunigungen, demonstrieren. Durch
Korrektur der aus GPS ermittelten Storbeschleunigungen war es mdglich, die unterschiedlichen
Anziehungskriifte des Alpenkdrpers und der Erdkrustenstruktur vom Flugzeug aus zu detektieren.
Nachbarliinder haben inzwischen Interesse bekundet, die Aerogravimetrische Schwerekarte der
Schweiz auf ihr Gebiet auszudehnen. Zudem bestehen konkrete Pline fiir die Weiterentwicklung in
der Anwendung bei Landeanfliigen in der Schweiz. Ein gemeinsames Pilotprojekt mit dem
Bundesamt fiir Zivilluftfahrt (BAZL), der Swisscontrol und der Crossair ist in Bearbeitung
(Projekt ALFASTAR).

Die Schweizerische Geoditische Kommission (SGK) der Schweizerischen Akademie fiir Natur-
wissenschaften (SANW) dankt Herrn Dr. Cocard fiir seinen wertvollen Beitrag zur satellitenge-
stiitzten Priizisions-Navigation in der Schweiz. Herr Prof. Dr. G. Beutler, Astronomisches Institut
der Universitiit Bern, hat diese Arbeit mit vielen wertvollen Anregungen bereichert. Thm sei an
dieser Stelle in aller Form fiir seine Kooperation und seine Beitriige gedankt. Herr Prof. Dr. E.
Klingelé, Institut fiir Geodisie und Photogrammetrie der ETH Ziirich, hat den aerogravimetrischen
Teil geleitet. Von der SANW wurden die Druckkosten fiir diesen Band tibernommen, wofiir die
SGK ihren Dank ausspricht. ‘

Direktor F. Jeanrichard Prof. Dr. H.-G. Kahle
Bundesamt fiir Landestopographie ETH Ziirich
Vizeprisident der SGK . Président der SGK



PREFACE

Le concept du systtme de navigation GPS était basé a 'origine sur les mesures de temps de
parcours du signal émis par les satellites. Ces mesures, appelées ,.pseudo-distances” sont
effectuées a ’aide de codes, modulés sur les ondes porteuses. Toutefois pour les applications
géodésiques a hautes précisions la qualité des mesures de pseudo-distances est insuffisante. Grice
a Pintégration des mesures de phase on a pu constater ces derniéres années un essor important de la
technologie GPS. Le probléme central pour obtenir une précision de quelques centimétres est de
déterminer les nombres entiers de cycles inhérents aux mesures de phase.

Dans le rapport présenté ici, Dr. M. Marc Cocard a développé une série de logiciels permettant de
déterminer les trajectoires d’avions a I’aide de mesures différentielles GPS avec la précision du cm.
Ces logiciels ont €t€ testés avec succes lors de vols réels. Le travail comprend deux parties: la
premiere est consacrée au développement des logiciels et la seconde aux applications. Non
seulement le développement des logiciels mais surtout I’analyse scientifique de I'influence des
parametres du systéme de mesure et de I’agencement des mesures sur la qualité et la fiabilité des
résultats représente un aspect important du travail. M. Cocard a déterminé dans quelle mesure les
précisions obtenues dépendent:

- de la distance entre la station de référence et I’avion
- de mesures a une ou deux fréquences

- delaconstellation des satellites

- dutemps d’intégration

- dela qualité des mesures des pseudo-distances

- de la modélisation stochastique de I’ionosphére.

Les expériences effectuées comprennent:

- des vols avec levés de profils au LASER

- des vols SAR en collaboration avec le "Deutsche Versuchsanstalt fiir Luft- und
Raumfahrt"

- des vols d’aérotriangulation, assistés par GPS en collaboration avec la chaire de
photogrammétrie et de télédétection de I'EPF Zurich

Le travail de M. Cocard est complété par un chapitre consacré aux applications géophysiques
aéroportées, en particulier a I’aérogravimétrie. M. Cocard a pu démontrer la qualité de son procédé
de positionnement de haute précision pour déterminer les accélérations de 1’avion dans le cadre
d’un projet international de recherche pour lequel un survol aérogravimétrique de la Suisse a eu
lieu. La Direction fédérale des mensurations cadastrales a mis aimablement son avion 2 disposition.
Que M. Hiibscher, du Service de vol de cette organisation, trouve ici I’expression de notre
reconnaissance. Dans le cadre d’un projet-pilote commun 2 1’Office fédéral de 1’aviation civile,
Swisscontrol et Crossair, on étudie I’application de ces méthodes aux vols d’approches en Suisse.

La Commission géodésique suisse de 1’ Académie suisse des sciences naturelles remercie Monsieur
Cocard de sa précieuse contribution a4 la navigation de précision assistée par satellites. Le
professseur G. Beutler de I’Institut d’astronomie de 1’Université de Berne a enrichi ces travaux de
ses précieuses suggestions. Qu’il trouve ici ’expresssion de notre vive reconnaissance. Enfin, la
Commission géodésique suisse remercie I’ Académie suisse des sciences naturelles pour la prise en
charge des colits d’impression de ce volume.

F. Jeanrichard, directeur Prof. Dr. H.-G. Kahle
Office fédéral de topographie EPF Zurich
Vice-président de la CGS Président de la CGS



FOREWORD

Originally, the concept of the satellite navigation system was to use the travel time of codes that
were modulated onto carrier waves. High-precision geodetic applications in the kinematic mode
requesting accuracy in the range of cm were not attainable. It was not until the actual carrier
phases themselves were used, by measuring the differences of the travel time phases, that GPS-
Technology was able to experience the boom we have seen in recent years. A central problem,
however, is how to calculate the unknown number of whole wave lengths (so-called ambiguities)
that make up the wave, in addition to the phase measurements.

The following publication by Dr. Marc Cocard presents the development of a software package
with which, by the use of differential GPS-measurements, trajectories of aircraft movements at the
cm-level of accuracy can be pin-pointed. The software has successfully been tested on real flights.
The publication is divided into two parts, the first being the development of the software and the
latter its application. An important aspect of the work was not only the creation of the software
itself, but also the scientific analysis of the influence of various parameters on the measurement
system, and the order of measurements on the quality and reliability of the results. Dr. Cocard
worked out to what extent the accuracy is dependent on the following

the distance between the reference stations and the aircraft
the single or double frequency measurements

the satellite constellation -

the integration period

the quality of the code measurements and

the stochastic modelling of the ionosphere

The experiments that were carried out included

- Laser profiling flights

- SAR flights with the "Deutsche Versuchsanstalt fiir Luft- und Raumfahrt”

- GPS aided aerotriangulations flights in collaboration with the ETH professorship
for Photogrammetry and Remote Sensing

Dr. Cocard has also supplemented a chapter on "airborne"-methods in geophysical applications,
particularly as applied in aerogravimetry. During an international research project in which
Switzerland was flown over aerogravimetrically, Dr. Cocard was given the opportunity to
demonstrate the quality of high precision positioning for the measurement of the accelerations of
the aircraft. By correcting the disturbancy accelerations which were determined by GPS, it was
possible to detect the gravity anomalies of the Alps and the structure of the earth's crust from the
aircraft. In the meantime, bordering countries have stated their interest for the aerogravimetric map
to be extended into their region. In addition, there exist concrete plans for the further development
of the application for landing approaches in Switzerland. A combined project between the
"Bundesamt fiir Zivilluftfahrt (BAZL)", Swisscontrol, Crossair and the ETH Zurich has
commenced.

The Swiss Geodetic Commission (SGC) of the Swiss Academy of Natural Sciences (SANW)
would like to thank Dr. Cocard for his valuable contribution to satellite aided precision navigation
in Switzerland. Prof. Dr. G. Beutler of the Institute of Astronomy of the University of Bemn
enriched the paper with many valuable suggestions. At this point, we would like to express our
gratitude to him for his co-operation and contribution. We are equally grateful to Prof. Dr. E.
Klingelé of the Institute for Geodesy and Photogrammetry of the ETH Zurich, who was in charge
of the aerogravimetric part. The SGC's thanks also go to the SANW who kindly took on the costs
for the printing of this edition. R

Director F. Jeanrichard Prof. Dr. H.-G. Kahle
Federal Office of Topography ETH Zurich
Vice President SGC President SGC



Abstract

Abstract

This report deals with the calculation of highly accurate trajectories of moving vehicles,
and of airplanes in particular, from differential GPS measurements processed in the off-
line mode. : '

In the last few years the Global Positioning System (GPS) has become the most powerful
navigation system world-wide. Although it was developed by the American Department of
Defense (DoD) and is, therefore, primarily designated for military use, the number of civil-
ian users is rapidly increasing from day to day. Based on satellite measurements, GPS al-
lows instantaneous positioning accurate to within 100-200 meters. [Remondi, 1984] has
shown that differential processing of phase measurements allows improvement of position
accuracy to few centimeters. There are numerous applications for spatial trajectories calcu-
lated with such high quality accuracy: e.g. their integration in photogrammetric aerotriangu-
lation allows considerable reduction of the number of control points on the ground. Also in
airborne gravimetry new horizons are being opened by using GPS.

A software system for processing kinematic data in the off-line mode has been developed.
Its key features are presented first. A robust and flexible approach using simultaneously
phase- and code-measurements in a differential way is used. For the computation the differ-
ences between the code and phase information, measured by the roving receiver as well as
by a fixed reference receiver, are used in order to reduce the systematic errors, which affect
both receivers in a similar way. The main differences between the phase and the code data
are (a) noise (decimeters to meters for the code, millimeters for the phase) and (b) the un-
known ambiguities in the phase measurements, which are known to be integer values. Proc-
essing is carried out in two steps: firstly a least squares adjustment is applied in order to de-
termine the time-invariant parameters, using the entire data set. Parameters which are con-
sidered as invariant are the ambiguities and the coordinates of the roving receiver during
stationary periods. Next, the integer values of the ambiguities are determined. In a second
step the trajectory is re-processed by introducing the known ambiguities. '

The key problem in obtaining high-accuracy trajectories consists in making reliable identifi-
cation of the integer-valued ambiguities. It is demonstrated that a conventional sigma de-
pendent rounding strategy, commonly used in static applications, is still a useful tool in off-
line kinematic processing. In addition, a more powerful search strategy has been analyzed
and simulations show that under ideal conditions the integer values of the ambiguities can be
retrieved within one epoch worth of dual-frequency measurements. These simulated results
have been validated by real data. With increasing distance between the roving and the refer-
ence receiver a stochastic modeling of the ionospheric path delay gave good results but also
showed the limitation of instantaneous ambiguity resolution.

Using GPS data of good quality trajectories with an accuracy of a few centimeters were re-
covered. With increasing distance between rover and reference station (up to 100 kilome-
ters), however, all ambiguities could not always be resolved and the quality of the resulting
trajectories deteriorates to some decimeters. But even in this case it was possible to derive
the velocity and acceleration of the aircraft with high accuracy from the coordinates.

ETHZ IGP-GGL



Abstract

Zusammenfassung

Thema des vorliegenden Berichts ist die Bestimmung von hochprizisen Trajektorien von
bewegten Triigern vorallem Flugzeugen mit Hilfe von differentiellen GPS-Messungen im
Off-line Modus.

Das Global Positioning System (GPS) hat sich in den letzten Jahren zu einem der besten und
verbreitesten Navigationssysteme weltweit entwickelt. Obwohl es vom DoD (Department of
Defence) der Vereinigten Staaten betrieben wird und somit vorallem fiir militirische
Zwecke bestimmt ist, wiichst die Zahl der zivilen Benutzer tagtiiglich. Messungen zu Satel-
liten ermoglichen eine momentane Positionsbestimmung mit einer Genauigkeit von 100-200
Metern. Durch das Einbeziehen von Phasenmessungen im differentiellen Modus kann aber
eine Genauigkeit von einigen Zentimeter erreicht werden [Remondi, 1984]. Die Anwendun-
gen fiir solche hochgenauen Trajektorien sind mannigfaltig. So fiihrt z.B. die Integration von
GPS in die photogrammetrische Aerotriangulation zu einer erheblichen Reduktion der
bendtigten Passpunkte am Boden. Auch in der Aerogravimetrie 6ffnen sich durch den Ein-
satz von GPS neue Horizonte.

Programme zur Auswertung von GPS-Messungen im Off-line Modus wurden erstellt. Ein
robuster und flexibler Ansatz unter gleichzeitiger Verwendung von differentiellen Code- und
Phasenmessungen wurde benutzt. Durch die Differenzbildung der Messungen des bewegten
Empfingers und des statischen Referenzempfingers konnen eine Reihe von systematischen
Fehlern grosstenteils eliminiert werden. Die Hauptunterschiede zwischen Code- und Pha-
senmessung sind (a) die Messauflosung (Dezimeter bis Meter fiir den Code, Millimeter fiir
die Phase) und (b) die zusitzlichen unbekannten, aber ganzzahligen Mehrdeutigkeiten der
Phasenmessungen. Fiir die Auswertung wurde folgendes zweistufiges Vorgehen verwendet.
In einem ersten Schritt werden aus allen Messungen die zeitunabhiingigen Parameter mit der
Methode der kleinsten Quadrate ausgeglichen. Als zeitunabhiingige Parameter gelten die
Mehrdeutigkeiten der Phasenmessungen und die Koordinaten des bewegten Empfinger
withrend statischen Perioden. Anschliessend werden die ganzzahligen Werte der Mehr-
deutigkeiten bestimmt. In einem zweiten Schritt wird die Trajektorie unter Verwendung der
im ersten Schritt bestimmten Mehrdeutigkeiten berechnet.

Das zentrale Problem um eine hoche Genauigkeit der Trajektorien zu gewihrleisten, ist die
zuverldssige Identifizierung der ganzzahligen Werte der Mehrdeutigkeiten. Es konnte
gezeigt werden, dass die bei statischen Auswertungen oft verwendete statistische Rundungs-
Methode (sigma dependent rounding strategy) auch in kinematischen Anwendungen benutzt
werden kann. Daneben aber wurde ein effizienterer Surchalgorithmus analysiert. Simula-
tionsrechnungen zeigten, dass es unter idealen Bedingungen moglich ist, die Mehrdeutig-
keiten aus Zweifrequenz-Messungen einer einzigen Epoche auf ihre Integer-Werte zu fix-
ieren. Dieses Simulationsresultat bestiitigte sich im Fall von reellen Messdaten. Mit
zunehmender Distanz zwischen bewegten und Referenzemfinger zeigte ein stochastisches
Modellieren des Ionosphiireneinflusses gute Resultate aber auch die Grenzen der schnellen
Auflésung der Mehrdeutigkeiten.

Unter Verwendung von qualitativ guten GPS-Messungen konnten Flugtrajektorien mit einer
Genauigkeit von einigen Zentimetern bestimmt werden. Mit zunehmender Distanz zwischen
bewegtem und Referenzempfinger (bis zu 100 km) konnten nicht mehr alle Mehrdeutig-
keiten gelost werden und die Qualitdt der Koordinaten verschlechterte sich zu einigen
Dezimetern. Aber auch in diesem Fall konnten Geschwindigkeit und Beschleunigung mit
hoher Genauigkeit aus den Koordinaten abgeleitet werden.

ETHZ IGP-GGL
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1 Introduction

The Global Positioning System (GPS) has made a tremendous impact on geodesy. It allows
the measurements of networks on a global scale with an accuracy comparable to the accu-
racy achieved by Very Long Baseline Interferometry (VLBI). The methods used for static
positioning are based on highly accurate measurement of the carrier phase of the signals
emitted by GPS satellites, whereas the conventional navigation approach uses less accurate
code measurements. Efforts have been made to use phase measurement for kinematic pur-
poses as well, to obtain trajectories of vehicles of all kind with the highest precision.

The applications for highly precise GPS trajectories cover a wide range. The determination
of terrain elevation by measuring the height above ground with a laser ranging system is
only possible if the position and the flight level of the aircraft are known accurately; GPS
may be used for this purpose. The accurate determination of photogrammetric projection
centers.of an acrophotogrammetric block with GPS allows significant reduction of the num-
ber of terrestrial control points. For geophysical airborne surveys positioning is essential
(aeromagnetism, aeroradiometry etc.). For the determination of the earth's gravity field with
an airborne gravimeter the information of the GPS trajectory is necessary for the determina-
tion of the location, the velocity and the acceleration of the aircraft. It is characteristic of all
these applications that the positions need not be determined on-line during the flight, but
may be calculated in the post processing mode (off-line mode).

When starting the project ‘GPS-supported aerotriangulation’ in 1990 it soon became obvi-
ous that the approaches used in commercial software at that time were not robust enough to
reliably deal with kinematic flight data, With the poorer satellite constellation in 1990 the
requirement of continuous phase data without major losses of lock to the satellites during the
entire flight was difficult to meet. Software for the processing of absolute and differential
-code measurements had already been developed at our institute at an earlier stage. In order
to be able to produce our own solutions, we therefore decided to extend the existing soft-
ware by integrating the phase measurements. The goal was to have a robust and flexible tool
at our disposal to process kinematic GPS data in the off-line mode. This also allowed us to
study different aspects of kinematic GPS, such as the fast ‘on the fly’ ambiguity resolution
in the dual frequency mode. ‘On the fly’ ambiguity resolution is commonly understood as
the mode where only measurements during the moving phase of the vehicle are used to fix
ambiguities.

The key features of the software system are presented in chapters 2 to 4.

- Inchapter 2 a two-step strategy for the off-line mode, simultaneously using code and
phase measurements in the differential mode, is presented.

- Chapter 3 deals with the problem of screening phase measurements, in a kinematic
environment in particular.

- The main challenge when processing kinematic GPS data is the reliable fixing of the
double difference ambiguities to integer values. Different strategies are discussed in
chapter 4 and the details of the implemented search algorithm are given. Special em-
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phasis is put on the discrimination potential of single and dual frequency measure-
ments. These are studied in a theoretical way by using simulation techniques.

Results from real GPS data are presented in chapters 5 to 8. The data sets were selected by
their characteristics to show specific aspects and problems in the processing of kinematic
GPS data, based on the performance and limits of our approach. Special emphasis is put on
the problem of ambiguity resolution and the validation of the obtained trajectories.

The main topic of chapter 5 is instantaneous ambiguity resolution in the dual fre-
quency mode. The results of the simulations from chapter 4 are first validated in the
ideal case of a static 10 m baseline. We analyze the instantaneous discrimination po-
tential on high-quality flight data. Using two reference stations at different locations
we focus on the impact of the distance between the reference and roving receiver on
ambiguity fixing and coordinate determination.

Results from the first kinematic data sets collected at our institute in 1989 show the
low capacity for retrieval of the ambiguities from single frequency measurements
under the satellite constellation available in 1989. The main topic of chapter 6, how-
ever, consists of the comparison of two heterogeneous unsynchronized data sets, i.e.
the trajectories obtained by GPS and by a simultaneously operating Laser-tracker.

Chapter 7 deals with the use of GPS in aerophotogrammetry. Photogrammetric
aerotriangulation is one of the few examples allowing an accurate external validation
of the GPS trajectory. After a general discussion of the question as to how to include
the GPS-derived coordinates of the projection centers in the photogrammetric bundle
block adjustment, data from a test flight is analyzed.

The interesting characteristics of the data set, presented in chapter 8, are comprised
in the fact that it has been collected simultaneously with airborne gravity meter data.
Different reference stations, located at distances of some 100 kilometers apart, were
occupied during the survey. This allowed comparison of the coordinates. In addition,
velocity and acceleration of the airplane, as derived from GPS, are of interest for the
reduction of the gravity meter measurements.
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2 Processing of kinematic GPS data

2.1 Observation equations

Two different types of observation are carried out by GPS receivers: phase measurements,
which correspond to the difference between the carrier signal generated by the internal oscil-
lator of the receiver and the carrier signal coming in from the satellite, and code measure-
ments. The code measurements (pseudo-range measurements) are obtained by correlation
technique using known pseudo-random sequences, which are modulated on the carrier wave.
Basically both types of observations can be thought of as range measurements corrupted by
some biases.

2.1.1  Zero-difference observations

The basic observation equation related to the code measurement is given e.g. by [Bauersima,
1983]: ’

pity) =dj+c-cly—c-cl’' +lon; + Trp;

-, . . . 2.1
= | X'(t;)-X; (tR)|+clBiasj ~clBias' + Ion; +Trp; @D
and for the phase measurement by :
Qi(tx)=d; +c-cl;—c-cl' = lon; +Trp; -
=|X'(t;)~ %,(t,) | + clBias, - clBias' — \- A’ — Ion] + Trp)] 22
with
te receiving time in GPS time.
tr transmitting time in GPS time.
c speed of light in the vacuum.

dj =| X'(t;)— %,(t;)| slant range between receiver and satellite.

X (tr) coordinates of the satellite (i)

%;(tg) coordinates of the ground station (receiver j)
clBias' =c-cl' unknown clock bias of the receiver (in meters).
clBias; =c-cl, clock bias of the satellite (in meters).

Al ambiguity of the phase measurement.

Ion; path delay due to the ionosphere.

Trp, path delay due to the atmosphere.

A wavelength of the carrier.
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The measurements are actually related to the nominal time of the receiver clock ¢,,,. The
corresponding 'true’ GPS time of reception ¢, is :
= tyom —Cl; (2.3)

This means that the coordinates of the receiver 5c'j refer to the 'true' GPS time. The coordi-

nates X' and the clock error cli of the satellites, however, have to be calculated at the time

of transmission ¢,

4
=1, —? (2.4)

The time difference between the transmission and reception time of the signal corresponds
to the propagation time of the signal, i.e. the distance from receiver to satellite divided by
the speed of light.

It is interesting to note that the transmission time #, can be directly connected to the nomi-
nal time using the pseudo-range measurement.

d: di dé , )
t =tR_7L= Nom = l——(':——tNom— —c—]'i'CIJ—Cl' -cl'

- % +cl(ty,,) (2.5)
If we assume that the positions X' and the clock errors ¢l of the satellites are calculated
using broadcast or precise ephemerides, the unknown parameters to be determined are :

- the geocentric coordinates of the roving receiver  x;, Y2

- the clock bias of the roving receiver clbias;

- the ambiguities of the carrier phase ' A

For the actual processing the equations (2.1) and (2 2) have to be linearized. Formally the
linearized equation can be written as

. a(dl . z
i __qi J . =
li —lilpo +2(dp ) dpm lflpo +Zam dpm (26)
m=1 m p0 m=1
where :
lJ‘I . is an approximated value for the measurement I', obtained from the observa-
14
tion equation using the approximation values p, for the unknown parameters.
dp, are the linearized unknown parameters.
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i
a,= 7 ! are the coefficients of the linearization.
P

The coefficients a, of the linearisation for the code and the phase measurements are then :

a,= X1y Z clBias Ai
code e, ey e, 1 0 (27'3)
phase | e, e, |e,| 1 | A
with . .
_ X'(t) - x, (1) . = Y'(t;)-y;(tg) Z'(t;) = 2,(t) (2.7-b)

e. =17— T = e, =7=: -
TR0 7 | Xe-E )| | Xi(er) - %(2)

where e. .. are the Cartesian coordinates of the unit vector between the receiver (at recep-

X0

tion time) and the satellite (at transmission time).

2.1.2  Single-difference observations

The so called 'single difference' measurements are obtained by forming the difference be-
tween two simultaneous observations from two different stations to the same satellite. This
differentiation technique may be applied to code as well as to phase measurements. The si-
multaneity is in fact defined by the readings of the two receivers. This means that the true
GPS times of the two zero difference measurements are not equal, due to the different re-
ceiver clock biases. Even in the absence of any receiver clock error, transmission times
would slightly differ because the distances to the satellites are different. In the following
equations the indices (f) will be used for the fixed station, (m) for the moving receiver and
(s) for the satellite.

The observation equation for the single difference code measurements are:

Apfnf(tNom) = pfn (tNom m) - psf(tNom f) (28)

and for single difference phase measurement :

A(p:nf (tNom) = (p:n (tNom m) - (p;'(tNom f) (2.9)
They may be formally expressed by :

code:  Ap;,, = Ad,, + AclBias,, — AclBias,, +Alon, . + ATrp,, (2.10-a)
phase: A@,, = Ad;, + AclBias, — AclBias, — A+ AA,, — Alon, . + ATrp,, (2.10-b)
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with:
Adly =|X0tr,) = X, ()| = | Xt ) = F, 0 ) (2.10-c)
AciBias,, = clBias, (tx,) — clBias, (tp ) = ¢-(ch (tgn) = L, (ta))) (2.10-d)
AclBias,, = clBias, (tg,,) = clBias,(t, )
= ¢ (el (tgm) = cli () (2.10¢)
zc'('(‘lit_Cls'(tRm—tRf)) =0

From the point of view of system performance this term may be neglected, since typical val-
ues for 4cl’ are on the order of 10-10 or better. A differential synchronization error

(g — ;) of 1 second would provoke an error of 3 mm in AclBids,’nf , This assumption,

however, is no longer correct under Selective availability (SA), where an artificial degrada-
tion of the satellite clocks is introduced.

Alon,, = Ion, —Ion; differential ionospheric delay.
ATrp,, = Trp, —Trp;  differential tropospheric delay.
A4, single-difference ambiguity of the phase measurements.

If we assume that the positions X* of the satellites are calculated using broadcast or precise
ephemerides and that the coordinates of the reference station %, are known, the unknown

parameters to be determined are :

- the geocentric coordinates of the roving receiver  x,,y,,z;

- the differential clock bias of the roving receiver AclBias,,

- the 'single-difference’ ambiguities of the carrier-phase AA,,

The coefficients of the linearisation for the code and the phase measurements are then :

a, = | X, | Y | Zu | AclBias,, | AA®
code | e, |e, |e 1 0 (2.11-a)
phase | e, | e, | e, 1 A
with
— Xi(tTm)_xm(tRm) Yi(tTm)—ym(tRm) - Zi(tTm)_zm(tRm)

e (2.11-b)

e, =17 € =1 = 1T=
R -] T B -E )| | R ) = )

where e, ., are the Cartesian coordinates of the unit vector between the receiver (at recep-

B33 {14

tion time) and the satellite (at transmission time).
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2.2 - Computational approach

The strategy used here to deal with kinematic GPS data is to process code and phase meas-
urements simultaneously. The unknown parameters are subdivided into two groups : the
time dependent and the time independent parameters.

The time dependent parameters refer to one epoch only

- clock biases
- coordinates of the moving receiver

The time independent parameters are common to two or more epochs

- coordinates of the moving receiver if at rest
- ambiguities of the phase measurements

The processing involves the following steps.
- Screening of the phase measurements for cycle slips
- Definition of a site allocation table
- Initialization of the ambiguities

- Determination of the time independent parameters
(floating point solution of the ambiguities)

- Fixing of the double difference-ambiguities to integers (if possible)

- Determination of the time dependent parameters.

The different steps will be discussed in more detail below. The screening of phase measure-
ments for cycle slips is dealt with in chapter 3. The problem of fixing the double-difference
ambiguities to integers is discussed in chapter 4.

The basic idea is to perform a least square estimation in two steps. In the first step the time-
independent parameters are estimated. For each epoch all time-dependent parameters are
eliminated from the normal equation system (NEQ). The reduced NEQ systems are then ac-
cumulated over the total time span. By inversion the time independent parameters are ob-
tained. In the second step the values of the ambiguities, obtained from the first step, are used
to determine the time dependent parameters, i.e. the coordinates of the moving receiver. The
advantage of this procedure is that it allows the implementation of the total amount of meas-
urements in estimating the ambiguities, and that it is best suited for the off-line mode.
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2.2.1 Site allocation table

For the moving receiver a site allocation table is defined with the temporal information of
the stationary site occupations.

Two examples are given in illustration :

Example 1 :

FIXED
MOVING [ - - " " m - - s s s s s m s e e e e e s e e s

T .
beg end

The Moving Receiver does not include any stationary site occupation.

Example 2 :
FIXED
e L Lo —
MOVING Site 1 " sie2 | Site 1
beg Tl T2 T3 T4 Tend

In this configuration there are three stationary periods and site 1 was occupied during two
periods (period 1 and 3).

2.2.2  Initialization of ambiguities

Initialization of phase ambiguities is carried out by using code measurements, and a map- .
ping file containing the value and a corresponding period of validity for the ambiguities is
created.

For every satellite a value for the ambiguity is calculated from the difference between the
single-difference of the code observation and the single-difference of the phase observations.
By subtracting equation (2.10-a) from equation (2.10-b) and neglecting ionospheric refrac-
tion, one obtains :

AA;f(t,-)=%‘(Ap;f(t,.)—mp:,,(r,.» 2.12)

If an interruption in the phase measurements occurs, a new ambiguity is set up. This means
that a specific value for an ambiguity is only valid for a certain time span, from epoch i, to
epoch i,, and over this time span the initial value for the ambiguity is defined as the mean

value from all individual epoch values:

AT (i) = D (A%, (8) - AQL, (1)) 2.13)

i=i
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The following diagram illustrates graphically a mapping file of the ambiguities for 7 satel-
lites (S1 to S7) as a function of time.

S1—-----¢ E e L
S2 -

S3—4 -0 4 s4 sS4 4 s4
A%

S4 - ss- T ) ss 55 ss

S6

beg end

Figure 2.1 : lllustration of a mapping file of ambiguities.

The quality of these values depends on the quality of the code measurements and on the
amount of uninterrupted phase data used for the averaging. These values are only used as
starting values in the next step.

2.2.3  Evaluation of time independent parameters

To deal with kinematic GPS data we introduce two different normal equation systems, the
first referring to the unknowns of one single epoch, the second covering all unknowns,
which are common to several epochs. "

Let us remind ourselves that the time independent parameters are :

- The coordinates of the stationary sites (given in the site allocation table).
- All phase ambiguities (given by the mapping file for ambiguities).

For each satellite i at every epoch j up to 4 independent measurements (phase and code on -
L1 resp. L2) are available. Using equation (2.6) the linearized observation equations may be
written as:

n; = ;am -dp, —(; - l}lpo) with the associated weight  p/ (2.14)

Using matrix notation the previous formula may be written as :

v=Ax-f with the associated weight matrix P (2.15)
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A least squares estimation using the optimization criteria v’ Py = minimum leads to the cor-
responding normal equation system (NEQ) :

(ATPA)-x=A"Pf or N-x=n with N=A'PA and n=ATPf (2.16)

The coefficient matrix A (design matrix per epoch) for n satellites is given in figure 2.2.

A —matrix x y z Ad |AL AL |AL AL |....|AL AL |....| A} AL
Satl: Code L, el el el 110 0
Satl:Code L, |e! e; e, 110 0 0 0 0
Satl: Phase L, | e, e, e 1 |A,; O
Satl: Phase L, | e, e, el 1| 0 A,
Sat2:Code L, |e? i ¢! 1 0 0
Sat2:Code L, |e} e e} 1 0 0
2 2 2 0 0 0
Sat2: Phase L, |e; e, e; | A, O
Sat2: Phase L, | &2 e} e 1 0 A,
Sati:Code L, |ei e e 1 0 o0
Sati:Code L, |e. e e 1 0 0
. i i 0 0 0
Sati: Phase L, | e, e, e, 1 A, O
Sati: Phase L, | ¢! e, e 1 0 AL
Satn:Code L, |e; e, e 1 0 0
Satn:Code L, [e; e, e |1 0 o0
n 0 0 0
Sat n: Phase L, |e; e; e; 1 Ay O
Sat n: Phase L, | ¢" e, e 1 0 A,
Figure 2.2 :  Design matrix for the measurements of one epoch.

The weight matrix P may be assumed to be diagonal and deduced from a priori values for
the different types of observations. Typical values for the a priori rms for the different types
of observations are :

phase 2-5mm
C/A-code 1-5m
P-Code 0.1-0.8m

Some refinements can be obtained by introducing weights which are dependent on the base-
line distance and/or of the elevation angle.
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The NEQ matrix N for one epoch becomes :

X y z Acl An AL An Ap AL AL
Z(ﬁieiei) Z(l—)‘eie;) Z(ﬁieie:) Z(ﬁi"i) Pueiy Puehn Pueit Pnern Pueidy  PLeA L
i=l i=l i=l =1l

Z(T’ie.\.e;) Z(ﬁ'e,i"i) E(ﬁie;) p,‘_,e;.ku Pize;)‘u Pile;}"u pile;)"l-z Pueyhy  PhegAr
i=l i=1 =1
n n
E(ﬁ'eiei) Z(F'ei) Puehy  Puehi Puety  Puehrn rueiAy  PLeApn
i=l i=l
Z(ﬁi) leku l”;.z)"Lz Pil)‘-u P;.z;"l.z Py PLah
i=l
I’;.tkzu \ 0 ) 0
0 P
0 0 0
pi,?\.zu . 0 . 0 0
0 PLAL
0
P;.ll)"zu ,
0 PhLAn
Figure 2.3: NEQ-matrix N for one epoch

where p= 2 p; is the sum of the weights of the different observation types present.
=1

The constant term n = AT Pf of the normal equation system becomes :

An Ap

Aufl Mafia

Acl Ap,

Z(ﬁ)‘

Ay Ay

Aufii Mk

X y Z AZI

Y Se@ el

i=l i=1

n n
A'Ll Ll A'LZ L2

Figure 2.4 : Constant term n of the NEQ-system for one epoch.
with ()= p,f,
j=1

This normal equation system for a single epoch regroups the ITRF-92 coordinates and the
synchronization error of the moving receiver as well as the ambiguities of the phase differ-
ences. The time dependent elements of this normal equation system are then eliminated us-
ing a Gaussian elimination procedure.

As the clock is always time-dependent, it is eliminated. The coordinates of the receiver are
only eliminated during a ‘moving period’. Whether the receiver is on a fixed site or in mo-
tion is determined by the site allocation table.
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Example 1: Moving Receiver Example2:  Moving Receiver
on fixed site in motion
( Elimination of the clock bias ) ( Elimination of the 3 coordinates
and the clock bias )

X Y _Z Acl Al A2 A3 A4 A5 -ATPf X Y Z Acl Al A2 A3 A4 A5  -ATPf

Figure 2.5: Elimination of the time dependent parameters from the NEQ system.

For every epoch the corresponding NEQ system is reduced and the remaining part added to
the second separated NEQ system, which contains only the time independent parameters.
After having sequentially added all individual parts from all epochs, one obtains the NEQ
system for the independent parameters, containing the coordinates of the stations occupied
for 2 or more consecutive epochs and the ambiguities. Solving this system gives the so-
called floating point solution for the ambiguities. The NEQ system also contains all infor-
mation necessary for determining the integer values of the ambiguities. (chapter 4).

2.2.4  Evaluation of time dependent parameters

In a third step, the entire calculation is repeated, where the values for the ambiguities are in-
troduced as known. The same normal equation system for a single epoch as in the previous
step is used, but only the ITRF-92 coordinates and the synchronization error of the moving
receiver are introduced as unknowns.
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2.2.5  Flow-chart of the computational approach

Measurements :

code - differences

phase - differences

site allocation
table

mapping file with initial values
of the ambiguities

Y

floating point solution
of the ambiguities

integer fixed solution
of the ambiguities

S T i TR S B RN N st R

GPS-Trajectory

Figure 2,6 : Overview of the different steps in the processing of kinematic GPS data
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2.2.6 Remarks

When processing dual-frequency measurements it proved to be necessary to introduce two
different clock biases for the single differences of the L1 and the L2 phases. The use of a
unique clock parameter led to strong constraints in the solution. Theoretically the estimation
of two clock biases corresponds to the double differencing of the L1 and L2 phase observa-
tions.

To account for the tropospheric path delay the model given by [Saastamoinen, 1973] was
implemented, and surface meteorological data derived from a standard model of the tro-
posphere were used. This a priori model was adopted for all examples presented here. If not
explicitly specified only measurements above a minimum elevation angle of 15° were used
in the computation.

Ionosphere refraction was modeled by additional stochastic biases (see chapter 4.4).

For the computation of the satellite coordinates the broadcast ephemerides were used [Van
Dierendonck et al, 1980] for all the data sets, except in chapter 8 where precise ephemerides
of the CODE analysis center of the IGS (Beutler, 1994) were used.

ETHZ IGP-GGL



Chapter 3 -17- Detection and repair of cycle slips

3 Detection and repair of cycle slips

A well known problem in the processing of GPS phase measurements are jumps of a full
number of cycles in the phase measurements, so called cycle slips. The presence and the fre-
quency of cycle slips are good indicators of the quality of GPS receivers. In the new genera-
tion of receivers cycle slips are becoming less and less frequent. Nevertheless their presence
can never be totally excluded.

The most common procedure for screening GPS data is to look for outliers in the triple dif-
ferences using L1, L2 measurements or some linear combination of the two basic frequen-
cies. This method works very well in the case of static data, but cannot easily be applied to
kinematic data. A further particularity of triple-difference screening has to be seen in the fact
that detected cycle slips cannot unambiguously be assigned to a station and a satellite.

3.1 . Screening of kinematic data

In the following sections some different methods for screening kinematic GPS data are pre-
sented. Common to all methods is that they may fail under severe ionospheric conditions
with large short-time fluctuations.

3.1.1 Integrated Screening

A strategy often used to detect cycle slips is a sequential search during the adjustment proc-
ess itself. If we assume e.g. that the processing is done using a Kalman filter, the following
steps must be executed:

1. Propagation of the state vector and its covariance matrix.

2. After linearization of the measurement model the reduced measurements (i.e.
the terms ‘observed-computed’) may be calculated : zp = Z - f(xg) + Noise
(zgp = reduced measurement, Z = observed, f(xg) = computed ). reliably

3. Checking the reduced measurements zp for possible cycle slips. reliably

Update step with the checked measurements. reliably

The basic idea is to extrapolate the state vector and its covariance matrix and to make an es-

timate for the value of the measurements for the new epoch without actually using the new

measurements. Comparing this estimate with the measurements allows the detection of cycle -
slips. The only problem is obtaining an estimate for the state vector, i.e. the coordinates,

from the propagation which is accurate enough to detect for cycle slips at the 1-cycle level.

This means, in the case of L1 measurements, because an L1-cycle corresponds to 19 cm, that

the quality of the extrapolation should be on the order of one centimeter. Whether this is

possible or not depends on the dynamic of the movement and on the time span over which

one has to propagate.

If we consider e.g. a photogrammetric flight with a data rate of 1 Hz, the movement during
the photogrammetric lines is smooth enough to allow a reliable screening (see also chapter
7.3.4 Interpolation to the time of exposure), but during the curves things often become criti-
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cal due to higher dynamics and to the fact that often the quality of the GPS data is poorer.
Unfortunately loss of lock to the satellites often occurs during curves: practical experience
shows that often different parts of the data can not be screened reliably.

3.1.2  Screening using phase rate measurements

A different approach is to use the phase rate to screen the phase measurements. A necessary
condition is that physically the phase rate measurements must be actually available to the
analyst. The advantage of this method is that the raw data of every satellite may be screened
separately and that therefore the screening must not skip parts of the data where only three
satellites have been measured. Another advantage of the method is that it can also be used if
only L1 data have been collected. The procedure consists of the following steps :

Ap, =0(ti,) - o(t) 3.1)

80y =@-(t-1)  with = HEN) (32)

E=AQ, ~AQ, =AQ— - At (3.3)
where

o(z,), o(t,,) are the phase measurements at the epochs ¢, and ¢,,,

Q= EQ)%PM is the average of the phase rates over the 2 epochs.

€ is the cycle slip indicator and the integer part of € gives the size of

the cycle slip directly.

The ability to detect cycle slips depends on the noise level of the cycle slip indicatore. On
the one hand the dynamics of the roving receiver and the measuring frequency have a strong
impact on the quality of the linear approximation of the phase differences by the phase rate
and on the other hand the measuring noise of the phase rates is a limiting factor in this
method.

3.1.3  Screening the difference between L1 and L2 phase measurements

If L1 and L2 phase measurements are both available, the geometry-free linear combination
L4 may be used to detect cycle slips.

(P4[m] =Q, [’n] —Q, [m]
=A@ leyl =4, - 9,lcy]
=(d+Acl+A, - A +Alon)—(d+Acl+ ), - A, + Alon,)
=(A; - A — A, - A)+(Alon, — Alon,) :

34
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So
©,[m]=const+a.- Alon,.

By looking at the time differences of subsequent ¢, measurements one obtains the follow-
ing cycle slip indicator :

AP, =0, (1) — 9,(8)
= oAlon(t,,,) - Alon(t,))
+ 7"1 '(Ax (ti+l) - Al (ti ) 7\'2 : (Az(tm) - Az(ti))
=o-4Alon-At+A, - AA -4, - AA,

(3.5)

Kinematic data are usually collected at a high frequency, typically from 0.2 to 10 Hz. For
such small values of At the term o.-4Alon, may often be neglected. The expectation value

for A9, may be written as :

Ab, =\, - A4 — 1, - Ad, | | (3.6)

where
AA = A(t,,)—A(t) isacycleslip in the L1 phase measurement.
AA, = A,(t,,)— A, (t;) isacycle slip in the L2 phase measurement.

So the indicator allows the determination of a combination of cycle slips in L1 and L2.
Theoretically it is possible to have cycle slips in the L1 and L2 which almost compensate for
each other. If we assume, however, that the cycle slips in the L2 measurements are inde-
pendent of the cycle slips in the L1 measurements and that cycle slips are rare events, the
probability of a ‘double’-cycle slip (simultaneously in L1 and L2) is very small. If, in addi-
tion, this method is combined with a screening using the phase rate measurements the sepa-
ration of combined L1 and L2 cycle slips becomes possible.

If the data frequency is not high enough or the variation in the ionospheric path delay too big
to neglect the ionospheric term o4 Alon,, a simple Kalman filter, introducing this iono-

spheric term as a state, might be used. This requires a certain regularity in the ionospheric
path delay and may be inefficient for data corrupted by ‘pathological’ ionospheric behavior.
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3.2  Screening the raw phase measurements of a stationary site

If the data was taken by a stationnary receiver one may take advantage of this fact to directly
screen the between-satellite differences of the raw phase measurements.

Let the term ‘observed - computed’ be expressed as :

0, =9, —p; 3.7

@, is the measured phase value to satellite i in [meter].

p; is the approximated pseudo range to the satellite i, calculated using the satellite
broadcast message (ephemerides and clock correction) and approximate coordi-
nates of the station.

¢;  is the reduced observation.

This reduced observation may be expressed as :

G, =b +cl (3.8)

where

b, isasatellite and station specific bias, collecting the ambiguity, orbit errors, er-

rors in the station coordinates etc.

¢l  is the clock bias of the receiver and is identical for all satellites.

In a Kalman filter approach the satellite bias b, and its first time derivative may be ‘intro-

duced as the state vector X = [b,.,li,.]

The cycle slip detection is given through the following steps :
1. The extrapolation of the state vector from time t,_, to time t; gives the satellite bias for

all satellites l;,.
2. ‘Reduction’ of the observation by subtracting the approximation : ¢, = Q, —p;

3. Calculation of the receiver clock cl; for every satellite i separately : cl, =, —l;,.

4. Taking the receiver clock bias cl as the median of the individual cl, : cl= Median(cl,)
(The median is more robust against cycle slips than averaging).
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5. Search for possible cycle slips : |8i|=i6,. —13,. —cl|=|cl,. —cl | <g with a fixed value

for € or with a statistically-derived value from the covariance matrix of the filter.

6. Correction of the detected cycle slips
7. Update of the filters

Example:
Receiver TRIMBLE 4000 SST (dual band receiver)
Site Zurich
Date 25. July. 1991
Time 8:00- 18:00 UT (10 hours of data)
Elevation mask 10 degrees
Measuring Rate 0.5Hz
Table 3.1:  System information

Satid 2 3 11 14 15 16 17 19 20 21 23
# L1 obs. 2227 10519 7769 581 4135 1684 9599 2210 B892 7404 7163
# L2 obs. 2222 10428 7760 581 4135 1623 9562 2208 8892 7369 7154

Table 3.2 :  Satellite Configuration

The capability of detecting cycle slips depends on the noise rmsqr(d;) of the difference 9§,

between the extrapolated value and the measured value of the raw phase : 8, =@, — l;,. -cl.

The rmsqr(8,) mainly depends on the frequency of the measurement. In the following table

the results for the rmsqr(8,) and the maximum absolute value of , are given for 3 different

data rates. The 4-sec and 10-sec data set was generated from the original 2-sec data set by
decimating the original set. '

Ll:[cy): || 2-SEC 'DATA:SET! || 4=SEC:DATA:SET' ' | 10-SEC'DATA:SET
satzdii v rmsgr(8) | Max (080 | rmsqr(8): | Max (&) .| rmsqr(8). | Max (1)

2 0.008 0.028 0.013 0.042 0.038 0.178

3 0.018 0.076 0.028 0.109 0.063 . 0.262

11 0.007 0.036 0.012 0.051 0.032 0.179

14 0.013 0.059 0.021 0.056 0.054 0.164

15 0.010 0.042 0.016 0.060 0.047 0.193

16 0.014 0.056 0.023 0.077 0.067 0.203

17 0.012 0.043 0.020 0.070 0.056 0.231

19 0.009 0.035 0.014 0.048 0.037 0.116

20 0.012 0.044 0.019 0.057 0.049 0.164

21 0.007 0.032 0.012 0.051 0.033 0.222

23 0.010 0.043 0.017 0.062 0.047 0.176

all 0.010 0.076 0.017 0.109 0.048 0.262
Table 3.3 :  Residuals in cycles of L1 of screening the L1 phase for different measurement rates.
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The detected cyélc slips in the L1 phase measurements are :

Epoch  |SatId! .|: Timegap:, . |  Estimated: o0 cyelerslip: oo
3336 16 4.0 sec 883969.031 883969.
3351 16 12.0 sec 33704.048 33704.
11719 2 4.0 sec -265915.985 -265916.

Table 3.4:  Detected cycle slips in the L1-phase measurements.

It is interesting to note that over 10 hours of data only 3 cycle slips occurred and that all 3
cycle slips occurred after a time gap in the data. This means that if the phase measurement is
missing for at least one epoch, a probable loss of lock to the satellite is indicated.

Note that in our processing these cycle slips would not be interpreted as such, because dur-
ing the initialization of the ambiguities a new ambiguity is automatically set up after a time
gap in the data (see section 2.2.2).

Epoch: . | |SatId: | Timegap: | Estimated: : ‘| cycle: slip. :
6857 3 36.0 sec 14292106947 14292107.
6906 3 48.0 sec 311129.989 311130.
6960 3 ' 44.0 sec -265915.985 -265916.
7031 3 2.0 sec 454092.498 454092.5
7173 3 48.0 sec 912714.911 912715.
7216 3 84.0 sec 277645.998 277646.
7226 3 2.0 sec 64654.500 64654.5
9496 17 2.0 sec 16818883.463 16818883.5
9540 17 88.0 sec 312814.395 312814.5

11734 2 34.0 sec -200224.117 -200224.

Table 3.5:  Detected cycle slips in the L2 phase measurements.

In the L2 phase half cycle slips were present and detected using the same method as for the
L1 cycle slips. This is certainly not the best way to screen the L2 data in the presence of al-
ready checked L1 data. By directly looking at the difference between the L2 and L1 meas-
urements one finds the same cycle slips but with an even higher reliability.

A high measurement rate (of the order of 1 Hz) is an absolute requirement for this method.
The advantage of the method consists in having complete control of the cycle slips for one
station (at the zero-difference level). In the case where the time gap is too big to securely
repair the cycle slip, it is still possible to flag the data set to indicate the possible presence of
a cycle slip.

It would be interesting to use this method at permanent sites (e.g. at the IGS sites). Meas-
ured at a high frequency (for example 1 Hz) the phase data can be reliably checked and then
be stored at a lower rate (for example 1/30 Hz). This avoids screening the 30-sec data sets,
which is sometimes problematic for long baselines. Screening the data of a reference station
of a kinematic survey is another typical application. (a classical ‘triple-difference’ screening

is not possible in such cases). '
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4 Strategies for the ambiguity resolution 'on the fly'

Coordinate estimation and ambiguity resolution are closely related when processing GPS
phase observations. The ambiguities of the double difference phase measurements are inte-
gers. The challenge of processing kinematic data consists in securely fixing these integers.
For on-line applications this has to be done as rapidly as possible; in off-line applications,
however, the entire data set of a kinematic survey may be used for the task.

The approach used here is to build up a normal equation system (NEQ), containing all time-
invariant parameters, i.e. the coordinates of the fixed sites and all ambiguities (see chapter
2). The inversion of this NEQ system leads directly to the floating point solution of the am-
biguities. This NEQ system also contains all the mformatlon necessary to fix the ambigui-
ties.

4.1  Conventional approach : Sigma-dependent rounding

The confidential interval around the real value of the floating point solution is used to decide
whether or not an ambiguity may securely be rounded to the nearest integer. As mentioned
above the inverted NEQ system gives for every ambiguity a real (floating point) value and
its corresponding root mean square error (rms). By fixing the confidential level to some rea-
sonable value (2-3 rms for example) the following procedure is applied :

If exactly one integer value A, lies in the interval [A,., A,], this integer value is selected
to be the correct integer valued ambiguity. (Ay, =4, —=3-1ms, Ap, =A.u+3-rms,

real
A

real

= real valued estimate of the ambiguity considered).

real

A min A Real A max

3

'

O & O >

Al A2 A3

il

Figure 4.1 : Confidence interval for the fixing of the ambiguities in the conventional approach

This resolution method may ‘be used iteratively. In a first iteration all ambiguities are.
~ checked. Those meeting the criterion mentioned are fixed and the NEQ-system is accord-
ingly modified. By introducing these fixed ambiguities as known, the geometry of the NEQ
system is stabilized and the values and the rms of the remaining, not yet solved, ambiguities
are changing. In the next iteration step the remaining ambiguities are checked. This algo-
rithm stops when all ambiguities are resolved or when in the last iteration step no additional
ambiguities were resolved. This approach is used e.g. in the Bernese Software [Rothacher,
1993]. It is also possible to fix only a user-defined maximal number of ambiguities per it-
eration step. :
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Chapter 4 -24- Ambiguity resolution ‘on the fly’

The conventional method has its limitations. It may happen that the rms of the individual
ambiguity is so large and more than one integers are lying in the confidence interval. For
static data over longer periods this hardly happens; this is, however, often the main problem
for kinematic data. On the other hand, it may also happen, especially for long baselines, that
despite good rms values no integer lies in the confidence interval. This is usually due to
systematic errors (troposphere, ionosphere, orbit errors).

Additionally, due to the fact that kinematic data is normally taken at a higher frequency
(typically 1 Hz), the estimation of the rms is often to optimistic, because the assumption of
white noise for the measurement errors is not correct. This may easily lead to incorrect fix-
ing of the ambiguities.

Nevertheless for static data this method is robust and works well. For kinematic applica-
tions, however, especially in the on-line mode where the resolution of the ambiguities has to
be done as quickly as possible, other strategies have to be applied such as search algorithms.

It should be mentioned that recently the method has been generalized to take all possible lin-
ear combinations of double-difference ambiguities into account. In this form it is well-suited
for long sessions and long baselines [Mervart et al., 1993].

4.2 Searching for combinations

Search strategies are not new in GPS processing and have been widely used in static and
kinematic GPS processing (e.g. [Remondi, 1984]). The basic idea of the search strategies is
to exploit the fact that all double-difference ambiguities have to be integers. No ambiguity is
therefore tested separately if it can be fixed as in the conventional approach. All search al-
gorithms have two key characteristics : the defining of the combinations of interest and the
validation of the correct combination.

One commonly-used method consists in defining a search space (derived for example from a
code solution) in such a way that with high probability the correct position lies within this
volume. From this search space, boundary values (minimum and maximum) for every ambi-
guities are derived. By taking all possible combinations into account, a list of all ambiguity
combinations is created. For the creation of this list [Hatch, 1989, 1990] proposed to restrict
to a primary set of 3 double-difference ambiguities. Here a grid of candidates in the 3-
dimensional ambiguity space is associated through a linear transformation to a grid of can-
didates in the 3-dimensional Euclidian space. The remaining ambiguities (secondary set) are
then determined from the coordinates associated to the primary set. Validation, is carried out
by using the phase measurements from all satellites (primary and secondary sets) and by
looking at the resulting rms of the phase residuals. More and more candidates are discarded
until only one candidate is left.

A different validation method is provided by the so-called ambiguity function, proposed by
[Counselman and Gourevitch, 1981] and used e.g. by [Mader, 1992], [Remondi, 1991]. In-
stead of looking at the rms of the phase residuals of the candidates, a function of these re-
siduals is evaluated and maximized. Small values of the resulting ambiguity function allow
discarding candidates and again the search is successful if only one candidate is left over. It
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has been shown that in the static mode the ambiguity function is not affected by cycle slips,
because the position and not the ambiguities are validated. In the kinematic mode, however,
this advantage is (at least partially) lost.

A different approach, used by [Euler, 1992], consists of using the information of the normal
equation system of the floating point ambiguities to confine the search space for the ambi-
guities and to perform the search implicitly on the NEQ system without the necessity to ac-
tually create a list of possible candidates. Validation is performed by comparing the best
candidate to the second best [Euler et al, 1990]. If the ratio of the corresponding rms is sig-
nificant, one concludes that the best candidate set is also the correct one. The use of L1 and
L2 phase measurements introduced as separate measurements (no linear combination) in a
common adjustment dramatically increases the power of discrimination of the possible can-
didate even for short observation time spans [Frei 1992].

The approach presented here is based on a strategy similar to [Frei, 1992] for using the in-

formation of the NEQ system to retrieve integer ambiguities.

4.2.1 Concept of the search strategy used

Let us assume that we have at our disposition the NEQ system containing the time inde-
pendent parameters (see section 2.2.5). If stationary sites are still present, they are elimi-
nated now. A resulting NEQ system, containing only ambiguities, is left.

The first step consists of calculating the floating point solution , where we start from the
NEQ system containing ambiguities only :

Nx=n and ¥=N'n 4.1)
The floating point solution of the ambiguities may then be written as :
Ap=Ay+% 4.2)

and the normalized root mean square error (rms) a posteriori 6, of the floating point solu-

tion is given by :

, = \/(Vﬁfpvﬂ)z \/(vﬂfpvﬂ) 43

R —uﬂ fﬂ

(The calculation of G ,can be performed without having to explicitly compute the residuals)

with

N normal equation matrix
A, initial values of the ambiguities
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A.ﬂ floating point solution of the ambiguities

<i

r residuals of the least square adjustment

P weighting matrix
fa=n, —u, degree of freedom = number of measurements - number of unknowns

An integer combination A for all ambiguities is now characterized by :
A=A, +AA 4.4)

and by the corresponding normalized root mean square error 0 :

=T
c= 1’ vav with Jrie = Fp + s (4.5)
Fix )

where n,,, isthe number of ambiguities.

The expression ¥'Pv may be written in the form :

VIPv=(F"Pv),+AF Pv) (4.6)

Note that A(¥"Pv) has to be positive because the floating point solution is the result of a
least square adjustment, which minimizes ¥'Pv. It is easy to verify that the increment
AT Pv) is given by the following quadratic form :

AFTPY)=AATN AA 4.7)

The goal of our search algorithm is to find the solution minimizing A(¥'P¥). This proce-

dure, from a certain point of view, still corresponds to a least square adjustment with the
additional condition that the unknown parameters (the ambiguities) must be integer num-
bers.

In a more general way we want to generate a list of the n best sets of integer combinations,
where n is a user-defined input parameter. In order to be able to compare the best to the sec-
ond best solution and to decide whether the discrimination is sufficient for a successful fix-
ing of the ambiguities, a minimal number of 2 sets is necessary (n = 2).

AFTPV) = min (4.8)

By using the Cholesky decomposition the NEQ matrix NV may be expressed by :

N=R'R where R is alower triangular matrix 4.9
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By introducing expression (4.9) in equation (4.7) one obtains :

AFTP?)=AATR'RAA
=(RAA) (RAA) (4.10)
-2
=| Rad]
This means that A(¥"P7) can be written as a sum of quadratic terms :

A(ﬁ’P§)=zn: Q. éaaj)z:i(A,.)2 (4.11)
i=1

=l j=1
where n corresponds to the number of ambiguities and the abbreviation A; are defined as :
A= r,8a) (412
j= ,
By introducing a second abbreviation as :

z = i(Aj)2 (4.13)
j=t

the following inequalities hold :

5 <5< o 5 <, <Z, = AGTPP) (4.14)
since
L=, +(Ai)2 4.15)

The value for X, thus only depends on the integer values for the ambiguities
[A,,AQ,...,A,.]=[Al,Ai]. If X, now already exceeds a certain limit value, then no further
combinations for [A,,,....4,.,4,]=[A.1,A,] need be examined, since all combinations

including the given combination for [Al ,A,.] must be rejected. With the strategy used this

limit value, as will be shown, can be continuously decreased during the search itself and
need not to be put to some pre-defined or user-specified constant value.
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4.2.2  Details of the search algorithms used

After this more general remarks, the search algorithm is presented below in more detail. The
following different key steps are presented first :

i) Initialization level i
ii) Variation at level i

iii) Including a combination in the list and updating the limit value

The overall procedure, based on these key steps, is summed up in:

iv) General procedure

A flow-chart of the search algorithm is drawn in figure 4.4.

i) Initialization of level i
Let us assume that we are at search level i-1, which means that the integer values for the
ambiguities [Al ,A,._,] are known, and consequently X, ; as well. Let us assume furthermore

that X, is still smaller than some limit value, so that the combination [A, ,A,._,] is at the

moment still a valid set of integer ambiguities.

Search direction Initialisation
» of level i

Al Ai-l A1 Ai+1 An

. L ] [ ] ]

AP+ oo o + AT |HAY [HFAF e e +AD
I 1 I I I
<IZ |<Z, < e+ <X =dvPv

minimized

Figure 4.2 : Initialization of level i for a given combination [Al VA ] .

We now have to initialize level i, by assigning an integer value A’ to the real estimate A

We choose A in such a way, that :

A2 =min (4.16)
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This leads to :

A, =(2,1;0a;)+ 183, =0 (4.17)
j=1
and
. 1 i-1
Sa‘.""" = ——(2 r;,jSaj) (4.18)
r Jj=t

We define the real value A™ and the associated integer value A as:
A" = A, +8a™ and A° = nearestinteger (A™) (4.19)
This means that for a given combination [Al ,A,._l] the chosen integer A° minimizes A

and thus also X.. Note that the real value A™ corresponds to the floating point solution

for A, on the assumption that the integer values for ambiguities [Al ,Ai_l] are known.

i) Variation at level i

The variation of A, around A° is performed in such a way that :

(A< (M) < (M) < (&) ...... . (4.20a)

This is equivalent to :

<X« (4.20b)

This variation is illustrated by figure 4.3. and is denoted by (Next A,) in the flow-chart
(figure 4.4.)

Figure 4.3 : Variation of A; around A,-0

Therefore, if =/ > limit the variation in level i can be stopped and the algorithm returns to
level i-1.
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iii)  Including a combination in the list and updating the limit value

If the search level n is reached, an interesting combination [A,,A"] with an associated
AG"PV)=X, < limit is found. This combination is put into a list sorted accordingly to in-
creasing A(¥'P¥). The list contains a pre-defined number (maxvariant) of combinations.

The value for the limit is now updated and set equal to the value of A(V'P¥) of the last

combination in the list, because this value is the threshold for any further combination to
enter the list. The combination may again drop out, if better candidates enter the list.

iv) General procedure

Starting at level i =0 we increment and initialize a new level (i =i +1) until level i = n is
reached or (Z; > limit)

if level i =n we accept the integer set update our list and the value of limit, we vary A,
if X, is to large we decrement i (i = i -1) and vary 4,.

The procedure stops when we again reach level i=0.

In principle, the only parameter which has to be specified is the number of elements in the
list (maxvariant) containing the combinations. The algorithm is thus just told to look for the
maxvariant best integer combinations with no other additional restrictions or information.
This only works because the NEQ system not only contains information from the phase but
also from the code measurements, which implicitly limits the ambiguity search area.
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4.2.3  Compatibility of the integer solutions with the floating point solution

The covariance matrix Q,, of the floating point solution A.ﬂ is given by :

0, =N 4.21)

and defines (see for example [Pelzer, 1985]) a n-dimensional hyper-ellipsoid. The probabil-
ity p that the floating point solution Kﬂ and an integer solution Ei are compatible is repre-

sented by the expression:

p{(A,. ~A) QA —Aﬂ)<x§'l_a}=1—a ‘ 4.22)
where
y A the quantile based on the chi-square probability density function
u degree of freedom, corresponding to the number of unknowns (ambiguities).
o error probability. (1-¢t corresponds to the confidence level)

By denoting the test variable by ¢, an upper limit for #, may be computed using the %2-

density function for a given confidence level 1-c.

h=(A-A) Q' (A-4,) and <), (4.23)

By denoting AA', =A - A.ﬂ , introducing (4.21) in (4.23) and using (4.7) the test variable may

be written as :

t, = é(AA’,.T NAA)= %A(V’P ) (4.24)

0

This leads to the following relation :

AF'PVY<ol Y2, =limit (4.25)

Our criterion for the search A(V'P¥)=min of the integer solutions is identical to the crite-

rion of looking for the set of integers with the highest probability density to correspond to
the floating point solution.

Note that we do not make use of limit during the search; the initial value for the limit for
A(¥TPYV) is formally put to ‘oo’ and during the search subsequently reduced. The value of
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t, is an indicator for the agreement between the floating point solution and the integer solu-
tions. ’

The probability statement (4.22) however is based on the hypothesis of uncorrelated nor-
mally-distributed measurements without systematic errors in the mathematical model of the
adjustment. With real data this assumption almost never holds. In particular, measurements
taken at a high sampling rate (1 Hz) are highly correlated in time. Moreover, ionospheric
refraction will cause biases. This often leads to an overestimation of the quality of the float-
ing point solution and to a deterioration of the ¢ -values.

4.2.4  Speeding up the search algorithm

As the algorithm is primarily designed for off-line applications the processing time for
finding all integer combinations of interest is not as critical as in the case of on-line applica-
tions. Nevertheless an increase in the efficiency of the algorithm can be obtained by various
means:

In the NEQ system the L2 ambiguities may be replaced by the linear wide lane combinations
(L5 ambiguities), which correspond to the difference between the L2 and L1 ambiguities.
Instead of searching for the L.1/.2 ambiguities, we search for the L1/L5 ambiguities. This
linear transformation does not influence the result of the search and the original L2 ambi-
guities may be restored after the search.

A rearrangement of the ambiguities in the NEQ system proved to be very effective: Before
entering the search algorithm the floating point solution is computed by inverting the NEQ
system (see equation 4.1). During inversion a pivot strategy, taking always the largest ele-
ment of the not yet inverted elements of the diagonal defines a classification of the ambigui-
ties. This hierarchy is used to rearrange the ambiguities in the NEQ system. In case of a
search on the L1/L2 ambiguities this automatically leads to an order where the ambiguities
pertaining to the same satellite occupy subsequent places in the re-arranged NEQ system (L1
and L2 ambiguities). In the case of a search on the L1/L5 ambiguities, the LS ambiguities
are normally occupying the ‘best’ places in the re-arranged NEQ system. This rearrange-
ment of the ambiguities does not influence the result.
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4.2.5  Compatibility factor CF and discrimination factor DF

Let us assume that from the result of the ambiguity search we have the following three rms
a posteriori of the unit weight .

G,  rms of unit weight of the floating point solution.
o, rms of unit weight of the solution with the best integer ambiguity set.
G, rms of unit weight of the solution with the second best integer ambiguity set.

The following two factors, which allow testing as to whether the best integer solution may
be accepted or not as the correct one, are introduced :

i)  Compatibility factor CF : CF=0,/c, <limit, (4.26)
(o, should not be significantly larger than ¢ ,)

ii)  Discrimination factor DF : DF =0,/0, > limit, 4.27)
(o, should be significant larger than o, )

In the ‘Fast Ambiguity Resolution Algorithm’ (FARA) [Frei, 1991] the identical approach is
proposed, where the values for limit and limit, are derived using the tool of statistical hy-

pothesis testing. The similar criteria may be found in [Euler, Schaffrin, 1990].

The corresponding probabilities p are :

i) p{CF =(01/0,) <F,, ;1uf=1-0 (4.28)
and

ii) p {DF2 =(0,/0,) < F_ . ,_a} =1-a (4.29)
where

Fo ot quantile based on Fisher’s probability density function with £, and f,

degrees of freedom on the confidence level 1—a

Srix degree of freedom of the integer fixed solution

Ja degree of freedom of the floating point solution

o error probability
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and for a given confidence level 1—a the values for limit;and limit, can be written as:

i) limity = [F, (4.30)

and

i) hmiy=\F_ ., 4.31)

In practice the increasing degree of freedom will let the values for limityand limit, tend to 1.
(For degrees of freedom approaching * e’ the estimates for ¢ ,,0,,0, are virtually error-free
and hence all differences are automatically significant). In practice a reasonable upper value

for limit,and lower value for limit, are used.

Possible reasons for failure of the compatibility test (resulting CF > limit,)

Since no boundaries for the search radius are used, if the correct solution is the best solution,
it will automatically be found. A failure of the compatibility test is therefore only possible if
undetected errors are still in the solution (e.g. ionosphere, undetected cycle slips) or if the
chosen a priori value of the code weight does not correspond to the actual quality of the code
measurements. An overweight of the code leads to a failure of the compatibility test and
normally also to failure of the discrimination test.

Possible reasons for failure of the discrimination test (resulting DF < limit,)

A failure simply means that there are more than one acceptable integer solutions. The best
solution can not be considered as the correct one because the discrimination does not allow
the exclusion of other combinations. This second criterion (a good value of the DF) is more

stringent but also more critical.

4.3 Theoretical considerations

Let us study the discrimination potential of the ambiguity search strategy .

Starting with equation (4.7) and denoting the correct integer combination as;fo, the

AF"PY), for any other integei combination 2, can be written as :

AGTPY), =(A~-A,) N4 -4,)
= (& = A) + (& — A ) N((4, - A))+ (A, - A,) (4.32)
= (A~ A, N(A —A)+(A - &) N(& - A)+2(A - A) N(4,-Ay)
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and the corresponding (¥” P¥), :

(FTPYV), = (37 PV) , + AT PY),
=(FTPV), + (4 - A,) N(4, - A))
+(A - A) N(A -A)+2(A - &) N(&,-4,)
= (VTPV), + (A = A) N (A, - A)+2(A - A,)" N(4, - A,)

(4.33)

The expectation value of (¥ TP17),. becomes :
E{GTP?),} = E{GTPP) }+ (A - A) N(A4 - 4)+2(4, - &) NE{(4,-4,)}  (434)
Taking into account that

E{(4,- A)}=0 (4.35)

and dividing equ (4.34) by the degree of freedom f =n, —u,_ we obtain:

(vTPV),} {(WP\?)O} L, = e =
E =E +—(A,~A) N4 - 4.36
and finally

o’ =002+%(Z,.—EO)TN(A',.—AO) 4.37)

where A, — A, are integer values.

The following theoretical discrimination factor DF can now be defined :

1 - - I
0'02+"(A1“A0)TN(A1_A0) 2 2
pr=21 f i =[S0 *4o, (4.38)
o, o, o,

DF represents the ratio of the rms of the best incorrect integer combination with respect to
the correct combination and primarily decides on the success of the search.

Note that DF may be computed without actual measurements.
The normal equation matrix N only depends on :

- the satellite configuration.
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- the a priori rms of the measurements (especially the resulting code weight).
- the integration time and the measuring frequency.

- the type of measurements (code , L1 phase, L2 phase).

For a given normal equation matrix N, the search algorithm as described in (chapter 4.2) is
now used to find the theoretically best incorrect integer combination, which allows the com-

putation of :
1 - = - -
Ao’ = —f—(A, -A) N(A-4A) (4.39)
The corresponding interesting discrimination factor DF is obtained from equation (4.38).

If we put the weight of a phase measurement (independent of L1 and L2 ) to 1, o, corre-
sponds to the a priori rms of a phase measurement in meters.

For the following investigation a value of G, =5mm was used. Note that Ac,® is inde-
pendent of the value of G, but that the discrimination factor DF depends on &, and dete-
riorates with increasing noise.

Below different characteristics of the ambiguity resolution are studied. Because the power of

discrimination is significantly different for single or respectively dual frequency measure-
ments, these two cases are dealt with separately.

All presented investigations are based on the satellite configuration given in figures (4.5)
and (4.6).

40 = 40 ~

[
o
1
w
o
1

N
o
1

Percent of time
Percent of time
N
o
1

10 - 10

Nr of satellites

Figure. 4.5 : Histogram of the number of satellites and the GDOP in percent of time over the day
( for station Zimmerwald ).
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Station

latitude

longitude

.

Zimmerwald minimal elevation 15

46° 52’ N
7° 28’ E

SVN

2 4 6 8 10 12 14 16 18 20 22 24

2 4 6 8 10 12 14 16 18 20 22 24

Time in Hours

Figure 4.6 : Satellite conﬁgurationfrom 19. may 1994 for Zimmerwald.
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4.3.1 Single frequency ‘scenario’

We assume that continuos L1 measurements over 30 minutes are available. How does the
discrimination factor DF behave as a function of time if we gradually add more and more
measurement epochs to the NEQ system ?

For the computation of the a priori DF the following assumptions are made:

2-sec-data (measuring frequency = %2 Hz)

- phase quality O phase =9 MM
- code quality
version 1 O core =05 m weighte,,, [weightp,,, =107
version 2 Ocoe =5 M weighty,,, [weightp,,, =107
- staticmode versus  kinematic mode

Only 4 different sequences corresponding to different satellite constellations were analyzed
and are presented in figure 4.7. The weakest constellation corresponds to Version (a) : 4-5
satellites, the best constellation to Version (d) : 9 satellites. -

For every version (a) to (d) 4 different scenarios were computed :

static mode weight;,, [weighty,,, =107

ase

static mode - weight ., [weightp,,,= 107

ase

kinematic mode  weight,,, [weight,,,,= 10~

kinematic mode  weight,,,, /weightp,,, = 107°

These results are based on a special satellite constellation. It is therefore not possible to give
a general rule here. Nevertheless the important characteristics of the behavior of the DF
clearly show up. ‘

In the static mode the change in geometry, due to the motion of the satellites, allows for reli-
able discrimination after some minutes, naturally depending on the quality of the constella-
tion (compare [Frei, 1991, chapter V.3] ). This result is not surprising and not new, since all
conventional methods for solving the ambiguities in the static mode (see also chapter 4.1)
are based on this feature.

In the kinematic mode, however, the discrimination power is much lower. As we have to
solve for a new coordinate set every epoch, the ambiguities are much more sensitive to the
number of satellites than in the static mode. With only 4-5 satellites the DF remains below
1.5 even after 30 minutes. Only with a constellation of 9 satellites, the DF for the static and
kinematic mode are comparable.

ETHZ IGP-GGL




Chapter 4 -40 - Ambiguity resolution ‘on the fly’
- 5
Version (a) -
-4 O
.8
-3 §
M-Z o
[2]
—eas se—e—e—t —t , 8
LT e
» 6
R e e e T ——
0 5 10 15 20 25 30
Time in min
5
Version (b) X
-4 9
[12d
[ Q
-3 §
b, T
QO
[¢]
]
5
0
z

Time in min

5
Version (c) 4 O
w
[¢]
L e e ._.45_3 g’
U 2
e - 13 - - 23
—-m—-—:—-—*l-—-."“*"w g

Nr. Sat.

Time in min

Version (d)

e -4

-3

Jojoed "wussIqg

Nr. Sat.

—e— static
-—e— static

weight (code) = 10
weight (code) = 10

25

30
Time in min

' —s— kinematic weight (code) = 10

—»— kinematic weight (code) = 10®

Figure. 4.7 : Theoretical discrimination factor (DF) over 30 minutes for different satellite constellations
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The quality of the code measurements is essential in the kinematic mode; it is irrelevant in
the static mode. In the static mode, the differences are often so small that in figure. 4.7 the
corresponding curves cannot be distinguished.

We conclude that in order to resolve the ambiguities in the kinematic mode with single fre-
quency measurements only, long observation periods (> 10 minutes) without major inter-
ruptions in the phase measurements and with good code measurements are required. A large
number of satellites (>8) must be involved.

4.3.2  Dual frequency ‘scenario’

The geometry is not substantially improved by the additional L2 phase measurements. Also
the quality of the floating point solution is similar as in the single frequency mode. From the
point of view of the discrimination of the ambiguity search algorithms the L2 measurements
improve the performance in a significant way (see also [Frei, 1991]). The key to discriminat-
ing the correct solution from all other potential candidates lies in the fact, that the wave-
length of the L1 and L2 phase are different but the integer values of the L2 phase ambigui-
ties must correspond to the same coordinates as the integer L1 phase ambiguities.

For the following theoretical investigation each single epoch is treated separately. No
change of the geometry in the satellite constellation helps the discrimination. This also
means that there is no difference between the static and the kinematic mode.

The discrimination factor DF as given by equation (4.38) is computed for every single ep-
och. Parameters, influencing on the resulting value of the DF are :

- half- or full-cycle integer in the L2-phase ambiguities

- the a priori rms of the measurements (code and phase)

An important characteristic is given by the behavior of different receivers under anti-
spoofing (AS). Some receivers reconstruct the L2 phase by squaring techniques. In this case
the resulting unit of the L2 ambiguities are half cycles. Other receivers succeed in recon-
structing the full cycle information.

Therefore two different scenarios are considered here :
- L1 fullcycles /L2 full cycles

- L1 fullcycles /L2 half cycles
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For the quality of the measurements the following a priori values were adopted :

- phase quality O ppase = MM

- code quality
version 1 : Ocoe =05m  weighty,, [weight,, =107
version 2 : Ocoe = 1.5m  weighty,, [weight,, =107
version 3 : Ocose =5 m weighte,,, [weight,, . =107

For all 6 resulting versions the computation of the instantaneous theoretical discrimination
factor DF over a whole day, and based on the satellite configuration as shown in figure 4.5.,
was carried out with a time spacing of 1 minute. The results are given in figure 4.8.

For a better interpretation of the result, the mean values and the standard deviations of the
DF as a function of the number of satellites are listed in table. 4.2 and drawn in figure 4.9.

Nr. of DF: . . '[#sati'= 4! |#sat = 5 |#sat = 6 |#sat = 7 |#sat = 8 |#sat = 9
(total = 1439) 17 441 511 309 126 35
Table4.1:  Number of single DF used for the computation of the mean value.

l‘\‘..bzi-’-Haif.b‘CYcléés #sat =4 |#sat =5 #sat = 6 |#sat = 7" |#sat =8 |#sat = 9
W, /W, = 107 1.02 (0.00) |1.12 (0.03) §1.28 (0.06) |1.49 (0.08) |1.72 (0.10) [1.94 (0.11)
W, /W, = 10" |1.09 (0.00) [1.26 (0.05) |1.50 (0.10) [1.77 (0.12) |2.07 (0.14) |2.30 (0.16)
Wco /th = 10-‘ 1.23 (0.00) [1.50 (0.14) [1.86 (0.17) {2.19 (0.20) |2.55 (0.13) |2.68 (0.19)
L2-Fulli Cycle:|#sat = 4! |#sat = 5 |#sat = 6 |#sat =7 |#sat-= 8 |#sat = 9
W, /W, = 10" [1.02 (0.00) |1.19 (0.07) [1.51 (0.09) {1.84 (0.13) |2.24 (0.14) |2.62 (0.13)
Wco /th = 10-5 1.09 (0.00) |1.48 (0.13) {1.89 (0.16) |2.28 (0.19) |2.75 {(0.19) |3.12 {0.23)
W, /W, = 10" |1.64 (0.00) [2.01 (0.14) |2.50 (0.22) |2.96 (0.27) |3.42 (0.25) |3.81 (0.21)
Table 4.2: Mean values of the instantaneous discrimination factor DF as a function of the number of sat-

ellites. ( In brackets the standard deviations of a single DF ).

Theoretically it is possible to fix the ambiguities with measurements from one single epoch.
If we put, for example, the threshold value for the DF to 1.8, a constellation with 6 satellites
would be sufficient with a phase quality of 5 mm, a code quality of 1.5 m and full cycles in
L2. (Results of an instantaneous ambiguity fixing within one epoch of measurements with
real data is given in chapter 5).
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4.0 4
Discr. Factor 10™ Full
35
-5
3.0 10 Full

10" Half
b 106 Full

10 Half
10 Halt

Nr. of Sat.

Figure 4.9 : The mean values of the instantaneous discrimination Jactor as a function of the number of sat-
ellites for different code weights (W oy, I Wppgse =107 71075 1107* ) and for half or full ambi-
guities in L2,

The following consideration leads to a more general interpretation of the instantaneous DF :
If we integrate over more than one epoch but still over small time spans (<2-5 minutes) the
gain for the resolution power due to the change in the satellite geometry in the kinematic
mode is small. Because geometry is not substantially strengthened by the L2 measurements,
it corresponds to the gain obtained with L1 measurements only (see chapter 4.3.1). The es-
sential improvement consists in an effect of ‘averaging’ the code measurement, if more ep-
ochs are used. This means that in a first approximation

the DF over n epochs corresponds to the instantaneous DF with an improved code weight.

In the case of uncorrelated measurements the DF over n epochs with a rms of the code
measurements o, would corresponds to the instantaneous DF with a rms for the code

measurements G, = O, / Jn.

With this generalization of the DF in mind, two important conclusions may be drawn:

- In most static applications the code measurements are only used for the determination of
the clock behavior of the receivers. They do not contribute to the ambiguity fixing either to
the determination of the coordinates. In the kinematic mode, however, the quality of the
code measurement becomes a decisive factor for a fast ambiguity resolution, the so-called
‘on the fly’ ambiguity resolution.

- The use of receivers reconstructing the full cycle in L2, even under AS conditions, has ad-
vantages. In our example the DF improves by a factor of 1.35 if full cycle L2 ambiguities
instead of half cycle ambiguities are determined.

ETHZ IGP-GGL



Chapter 4 -45- Ambiguity resolution ‘on the fly’

4.4  Stochastic modeling of the ionospheric path delay

Until now we have completely neglected the influence of ionospheric refraction on the
measurements. Let us briefly discuss this topic:

When estimating in the case of dual frequency measurements coordinates with fixed L1 and
L2 ambiguities, the ionosphere-free L3 combination may be used to eliminate systematic
distortion due to the ionosphere. The problem, however, resides in the fixing of the ambi-
guities. The high discrimination potential of the ambiguity search in the dual-frequency
mode lies precisely in the fact that unbiased L1 and L2 phase measurements are available.
Fortunately for many applications over short distances the biases introduced by the iono-
sphere are small enough to be neglected entirely for the ambiguity search. In the following
we outline a procedure taking ionospheric refraction into account.

4.4.1  The frequency dependency of the ionospheric path delay

The ionosphere is a part of the atmosphere situated above the troposphere and the strato-
sphere. It is characterized by the presence of ionized particles provoking a frequency de-
pendent path delay of the GPS signal. A sufficient approximation for L-band frequencies is
given by [Spilker 1980] :

TEC

At,, =135-107 7

(4.40)

At,,  ionospheric group path delay in [sec].

TEC  Total Electron Content along the ray given in [electrons / m?]

f the frequency of the signal in Hz
in the case of GPS: fz; =1.57542GHz and f; =1.22760 GHz.

For the code measurements the group path delay has to be used and for the phase measure-
ment the phase path delay, which differs by the sign from the group path delay. By multiply-
ing (eqn. 4.40) by the velocity of light ¢, we obtain the ionospheric path delay Ap,,, in me-

ters.

TEC

f2

Ap,,, =41 (4.41)

Ion

Due to this frequency dependency the ionospheric biases in the L1 and L2 measurements are
different and it is possible to eliminate them by using the appropriate linear combination of
L1 and L2. This ionosphere-free combination is also known as L3 combination.

The total ionospheric content, i.e. the values for activity of the ionosphere ,i.e. the TEC val-
ues, depend on the sunspot activity of the sun. For a given site on the surface of the earth a
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strong daily variation is observed (maximum values in the afternoon, minimum values early

in the morning).

4.4.2  The single layer model

Figure 4.10 : Single layer model of the ionosphere.

The single layer model
of the ionosphere con-
centrates the electrons
of all ionospheric lay-
ers in a spherical layer
of infinitesimal thick-
ness at height H above
the earth’s surface.
The total electron -
content TEC of the
ionosphere can then be
replaced in (equation.
4.40) and (equation.
4.41) by the electron
density TEC, mapped
with the 1/cos(Z) of

the zenith angle 7.

This single layer approach allows to express the ionospheric path delay as a function of the

geometry given by the coordinates of the station and the satellite.

The zenith angle of the ray with respect to the ionospheric layer is given by :

. R
sin(z) = sin 4.42
in(z) R+ H (2) (4.42)
with
R Earth radius (6370 km)
H Height of the ionosphere (~350 km).
b4 Zenith angle from the station to the satellite.
z Zenith angle at the height of the ionosphere layer.
The ionospheric path delay may then be expressed by :
TEC,
AP, = a=z % os(@) (4.43)
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The electron density TEC, may now be modeled by an analytic function depending on the
geomagnetic latitude and the hour angle of the sun where some coefficients of such a devel-
opment may be estimated using dual frequency GPS measurements. [Wild, 1993] has shown
that such GPS-derived ionosphere models approximate the real ionosphere quite well over
time intervals of several hours. Short period fluctuations remain problematic, however. Note
that for static surveys extended over several hours these short period variations in the iono-
sphere are not as critical as in the kinematic mode or for very short occupation times in the
static mode (rapid static).

4.4.3  Stochastic approach

For “stochastic’ modeling of the ionosphere, we subdivide the ionospheric path delay in two
parts. This model is very closely related to models presented by and [Bock et al., 1986] and
[Beutler et al., 1989].

p Jon = p ’I'::ldel + 6[:) lon ’ (444)

A first part is given by a single layer model using the following approach for the TEC, :

during ‘night’

TEC,=E, t,, from20" to 8" (4.45-a)
during ‘day’

TEC, = E, + E, cos((t,,, — 14")/ 24 -2m) t,, from8" to 20" (4.45-b)
where

toe denotes the local time of the corresponding ionosphére point and is identical
with

the hour angle of the sun.
E, corresponds to TEC, during the night.

E, corresponds to the maximal raise of the TEC, at 14" local time.

The model values used below are E, =10-10' and E, =30-10"and H =350 km for the
ionospheric layer. '

For the second part dp,,. of the ionospheric path delay the two following approaches for an
unknown ionospheric bias on the L1 or respectively L2 phase measurements may be used :
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1.) Absolute ionospheric biases

Phase meas.onL1: 0p;,(¢,)= 1 ) IonBias;,, (4.46-a)

cos(z ) co

Phase meas.onL2: 06p;,,(¢,)=7" ( 1 ) IonBias,,, (4.46-b)

cos(z ) co

2.) Differential ionospheric biases

Phase meas.onL1: &p;, (¢,)= (%os @ )] - lonBiasy,, (4.47-a)
Phase meas.onL2: 3pS, (¢.,)=7Y- lcos - )) - IonBias},, (4.47-b)

where

Op;,n

bt } =

Zps
ming

. S
IonBias,,,
to

. S
IonBiasy,,

'Y=(ffz)

remaining ionosphéric path delay for the phase measurements to the
satellite s after subtraction of a correction deduced from a single layer
model [in meters].

Zenith distances at the intersection with the ionospheric layers stem-

from the ray from the moving receiver z, , resp. from the reference station
z; to satellite s (see fig. 4.10).

Normalized absolute ionospheric biases for the L1 phase measurement

satellite s (along the normal to the ionospheric layer) [in meters] .

Normalized differential ionospheric biases for the L1 phase measure-
ment to satellite s (along the normal to the ionospheric Iayer) [in
meters].

scale factor to relate the L2 biases to the L1 biases.

In both cases we assume that IonBias is an unknown parameter. For both approaches, we
may now extend our NEQ system by introducing an additional unknown ionosphere bias for

every satellite.

If we would now simply pre-eliminate all JonBias parameters for every epoch together with
the coordinates of the moving receiver and the clock biases (see chapter 2.2.3), the resulting
NEQ system for the time-invariant parameters , i.e. the ambiguities, would become singular,
even if we hold the ionospheric bias of a reference satellite fixed. Note that in this case we
are trying to recover the individual L1 and L2 ambiguities from the L3 measurements only,
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since using L1 and L2 measurements together with unknown ionospheric biases per epoch is
strictly identical to the use of the ionosphere-free L3 combination.

The idea [Bock et al., 1986] is to postulate that the ionospheric biases constitute a white
noise with zero-expectation values and known variances 03, and to introduce this informa-

tion as pseudo-measurements in the NEQ system.

Distribution of IonBias: N(0,03,) (4.48)

The hypothesis that the ionospheric biases correspond to pure white noise is certainly not
correct. They are strongly correlated in time and taking this correlation into account may
improve the model. Our approach, however, has the advantage of being simple to imple-
ment. :

By introducing these pseudo-measurements our NEQ system for the time invariant parame-
ters becomes regular, but the solutions are weakened from a purely geometrical point of
view.

The advantage of introducing absolute ionospheric biases consists of the fact that the coef-
ficients indirectly depend (through the differences in the zenith angles z, and z;) on the

distance between the reference and the moving receiver. For a given noise level o, , there

is a type of distance-dependent weighting of the measurements. During many kinematic sur-
veys (e.g. flights) we often have a wide variation of the distance to the reference station. If
differential ionospheric biases are used this distance dependent weighting effect vanishes
and for all distances the same geometrical dilution depending on-the choice of the noise

level G,,, is postulated.

The use of differential ionospheric biases leads to the simpler guesses for the noise level
G,,,- We may put the noise for the differential zenith ionosphere bias of the L1 phase e. g.

to 1 or 2 cm. In the case where absolute biases are used, the value for ©,,, also corresponds
to the noise of an absolute zenith delay of some meters.

The impact of additional stochastic ionosphere biases on the geometry and especially on the
discrimination factor is unfortunately tremendous. On the one hand the ionospheric biases
finally weaken the central relationship that the L1 and L2 measurements have to fit the same
geometrical coordinates. On the other hand, however, they lead to a better, i.e. bias-free, es-
timation. .

Results are presented in (section 5.2.4 , section 7.5 and chapter 8).
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5. ‘On the fly’ ambiguity resolution Jrom reql data

5.1  Results from a short static baseline ‘Thun 94’

In order to demonstrate that the theoretically derived discrimination level of dual frequency
measurements (see section 4.3.2) may be achieved in practice, a first test with real data was
performed using static measurements over a short baseline.

5.1.1 Overview

The data stem from a campaign carried out by the Swiss Federal Office of Topography for
the study of antenna phase center variations. We gratefully acknowledge that this data set
was made available to us. :

This data set is of interest because of its duration of 24 hours and its ideal conditions: full-
cycle ambiguities in L2 and good quality of code measurements. The baseline length of 10
meters guarantees, that the ionospheric refraction may be neglected in the differential meas-
urements. The characteristics of the data set Thun are summarized in Table 5.1.

Location : Thun (CH) Starttime : March 14,1994 16:20 UT
. End time : March 15,1994 16:15 UT
Latitude : 46 45 N
Longitude : 7°35°E Duration : ~24h
Measuring frequency : every 30 sec

Receiver TRIMBLE SSE Phase Meas. : L1-Phase

L2-Phase (Full cycles)

(from the Swiss Federal
Office of Topography) Code Meas. : C/A-code (rms<0.5m)

(Anti-Spoofing ON)

Table 5.1 :  Characteristics of the data set THUN used for instantaneous ambiguity resolution
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5.1.2  Code solution

A differential kinematic code solution was computed and compared to the known reference
coordinates. This gives a first impression of the quality of the code measurements (figure
5.1).

ot b sl b
B ﬁini ; ?g}?

meters

i B L S T T s S —_—

Time in Hours

Figure 5.1 : Differences of a differential code solution to the reference coordinates
(for the 10-m baseline Thun).

The average PDOP values for the entire day are 3.1, the average number of satellites 6.4.
The standard deviation of the coordinates from the differential code solution for one epoch
are :

Cpw=028m Cy_s =040 m O tteigre = 0.80 m

This shows the good quality of the code measurements and allows the allocation of a high
weight to the code (weight,, [weight,,,,=10™), from which the ambiguity search will

benefit.

5.1.3  Ambiguity resolution on the single epoch level

First, a reference solution drawing on the phase measurements and interpreting these meas-
urements as static was computed. The coordinates and the integer values for the ambiguities
stemming from this solution were considered as valid for the subsequent test.

In the next step the measurements of every epoch are treated separately. The corresponding
NEQ system is built up and the search performed. The best and second best integer combi-
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nations are determined and from their ¢ values the empirical discrimination factor DF is
computed. The best integer combination is then checked for correctness regardless of the
value of the discrimination factor.

Let us summarize the procedure for computing the DF in table 5.2.

# of epochs R |

Phase measurements : L1 weight (Phase L1) = 1
L2 (Full cycle) weight (Phase L2) = 1

Code measurements : C/A code weight (code) =10*

Cu Ja rms and degree of freedom of the floating point solution
Lo JR rms and degree of freedom of the best integer combination
Gy Jfr rms and degree of freedom of the second best integer combination

DF =0,/c, discrimination factor

flag best solution correct or false

Table 5.2 :  Summary of the procedure for the instantaneous ambiguity resolution.

The results of this single epoch ambiguity fixing are given in figure 5.2.

Those solutions, ending up with a wrong combination are marked with a bar in figure 5.2.11.
From all 2796 epochs for only 2 epochs the best combination was not the correct one. The
corresponding DF was in one case 1.0 and in the other case 2.8. This means that if we had
chosen a threshold value of 2 for the DF, in one case we still would have accepted a wrong
solution !

Figure 5.2.IV shows the obtained values of the three different rms. Their is a good agree-
ment between G, and o, and the mean level for o, is about 3.5, which corresponds to a

rms a posteriori of 3.5 mm for the single difference measurements of the phase and to 35 cm
for the code. Due to this low noise level the obtained values for the DF are even better than
the prognosticated theoretical values, which were derived for 6 =35 mm (see figure. 4.5).
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The fact that the values of 6, are more noisy than the values of o, is due to the small de-
gree of freedom in the calculation of & 7> Which is close to zero. From a statistical point of

view, for a given error probability the threshold value for the DF increases with the decreas-
ing degree of freedom, but fortunately for the calculation of &, and ©,, which correspond to

solutions with fixed integer ambiguities, the degree of freedom is again increased to a rea-
sonable level, since the ambiguities are no longer unknowns.

As already pointed out the search for half-cycles in L2 weakens the power of discrimination.
Even though it was not necessary for this data set to look for half cycle ambiguities, the
search was nevertheless also performed in this mode with the input parameters as in the full
cycle mode. The results are presented in figure 5.3.

The number of epochs with a false ambiguity solution increases from 2 to 17 and all epochs
correspond to a constellation with 5 satellites. The maximum value of the DF within this set
of wrong solutions is DF,,,, = 1.5 and the corresponding epoch is identical to the epoch with

a

a wrong ambiguity solution in the full-cycle mode and a DF,,, =2.8.

For a given DF the percentage of epochs i over the entire day with a value DF, larger than

DF can be computed for both modes and drawn as a function of DF . This corresponds to
an empirically determined complementary distribution function and reflects the substantial
decrease in the discrimination potential for the half-cycle mode compared to the full-cycle
mode.

: =
1 2 3 4 5 6
Discrimination Factor

Figure 5.4 : Complementary distribution function of the discrimination factor DF in percent over the day.

For a constellation with a number of satellites 2 5, the degrees of freedom of the Fisher’s
probability density function for DF? =c62/c? are > 8. With every additional satellite the
degrees of freedom are increased by 2. If we use now a value of 8 for the degrees of freedom
and an error probability of 1 %, we obtain a threshold value for DF :

DE,, . (00 =1%) =6.03 =2.45

limit
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With a value of 2.5 in 90 % of the cases in the full-cycle mode and in 63% in the half-cycle:
mode a successful fixing of the ambiguities would have been possible for this data set.
These are average values over the entire day. Note that in our example one epoch with a
wrong result would still have passed this test.

5.1.4  Phase solution

If for a given epoch the ambiguities are solved correctly there is naturally no difference be-
tween the coordinates obtained directly from this single epoch or from the entire data set
processed in the kinematic mode. To show the quality of the result obtained with phase
measurements, the differences with respect to the reference coordinates are given in figure
5.5.
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Figure 5.5 : Differences of a differential L1-phase solution to the reference coordinates
(for the 10-m baseline Thun).

For this final computation the code measurements were deweighted. The result actually cor-
responds to a pure phase solution, where only L1 phase measurements with fixed ambigui-
ties were used. The standard deviations of the coordinates for one epoch are :

Cpw =13 mm Cys=21mm O peign = 4.3 mm
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5.1.5  Impact of incorrect integer ambiguities on the coordinates

One interesting problem is the impact of a wrong integer solution on the coordinates. Let us
just arbitrarily pick one epoch with 6 satellites and inspect the 10 best integer ambiguity
sets. For every set the coordinates are evaluated and the difference to the reference values
computed. '

A first look at the values of the ambiguities shows that independent of the satellite the errors
in the L1 and L2 ambiguities are almost linearly dependent (figure 5.6). This relationship is
valid for all 9 incorrect versions and can easily be explained. If we assume that there is no
frequency dependent error or influence on the L1 and L2 phase measurements, the double
difference observation DD for the phase measurements on L1 and L2 may be written as :

DD(¢,) = DD(d)+ A4, and DD(¢,) = DD(d) + A, 4, (4.40)

By taking the difference, the geometrical term DD(d) is canceled out (a relation which was
extensively used by [Frei and Beutler, 1989]).

DD(@,)~ DD(9,) = hyhy = M4, (4.41)

- .
o »n

This means on the other hand that the combination
A4, -\ A is determined with the high accuracy

given by the phase measurements. Formally we have :

(2]

Error in L2 (cycles)
- h o

-
o

s MA, = A A = const. or
-20 .15 .10 -5 0 5 10 15 20
Error in L1 (cycles) Ay (A, +dA,)— A (A +dA) = const.
(4.42)

Figure 5.6: L2 error versus LI error

The relation between the errors dA, and dA, of the L1 and L2 ambiguities yields :

A, dA, - \,dA, =0 (4.43)

Even if this relationship is not explicitly used in the search algorithm, the NEQ system im-
plicitly contains this information. This relation is the reason of the high discrimination
power in the dual frequency mode, as it was already pointed out by [Frei, 1991].

The best solution (6, =3 mm) is nicely discriminated as can be seen in figure 5.7. All other
9 combinations are at a level of about 0, =11 mm. The resulting coordinates computed
with these false integer combinations are widely spread with differences up to 6 meters as
compared to the reference solution. The floating point solution of the coordinates is in this

case directly identical to the code solution, because only one epoch has been used and the
false integer solutions are worse in comparison with the floating point solution.
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Figure 5.7 : Rms of the different integer combinations and their impact on the determination of the coordi-
nates. ’

5.1.6 Conclusions

This example shows that for short baselines, where ionospheric refraction may be neglected,
the discrimination power of dual frequency measurement allows the fixing of the ambigui-
ties within one single epoch. The requirements are phase and especially code measurements
of a high quality and a good satellite constellation. But even with 4 satellites it was possible,
in our case to find the correct integer combinations. The integration of more than one epoch
for the fixing of the ambiguities strengthens the discrimination. In particular, the statistics
allow a better detection of outliers, which is not possible with data of one epoch only. An
error of 0.3 cycle in a phase measurement e.g. can easily lead to a wrong integer combina-
tion with an acceptable DF.

An other important conclusion is that only the correct integer combination gives a valid re-
sult. All false combinations from the search, especially if dual frequency measurements are
used, leads to results which can be offset several meters and can be worse than the code so-
lution. This behavior is finally a consequence of the good discrimination potential in the
dual frequency mode.
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5.2 Results from real flight data : ‘Laser Scanner flight 94°

In the previous section 5.1 we saw in an ideal example (10-m baseline) that it is in principle
possible to retrieve the ambiguities with the measurements of one epoch only. How does the
situation change with real kinematic data stemming from a flight with a receiver moving at a
speed of about 200 km/h and a reference station on ground at a distance of 10 km or more ?

In this chapter we analyze a kinematic data set. Different strategies for retrieving the ambi-
guities were applied. Because two different reference stations on the ground at different lo-
cations could be used, the impact of the distance from the reference receiver to the moving
receiver on the ambiguity fixing process, but also on the coordinate quality, could be stud-
ied.

5.2.1 Overview

This flight took place on May 17, 1994. Differential GPS measurements were collected in
order to provide highly accurate positioning for an airborne Laser scanner. Different insti-
tutes and organizations were directly involved in or actively supported this project : The
Swiss Cadastral Authority (Vermessungsdirektion), owner of the airplane, organized the
flight. For the operation of their Laser scanner, an instrument which is still under develop-
ment, DORNIER (Deutsche Aerospace) was responsible. A good part of the organization
work was performed by the Remote Sensing Laboratory (RSL) of the University of Zurich.
The task of our institute consisted of positioning with differential GPS. TRIMBLE SSE re-
ceivers (belonging to the Swiss Federal Office of Topography) could be used. The same in-
stitution also provided us with the 1-sec data from their permanent station of Zimmerwald
(IGS-site). This means that the GPS data were made by the same receiver type as for the
static baseline in Thun (see chapter 5.1).

Let us summarize the GPS-related characteristics of the campaign in table 5.3.
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Location : Grenchen (CH) Take-off time : May 17, 1994 10:30 UT |
\ Landing- time : May 17, 1994 13:45 UT
Latitude : 47 10’N
Longitude : 7°30°E Flight duration - : 3 h 15 min.
Measuring rate : 2Hz
Receiver TRIMBLE SSE Reference stations (see location in figure 5.8)
dual frequency receivers FIX1:
_ Distance to moving : 2-12km
(from the Swiss Federal Measuring rate :  2Hz
Office of Topography) (Data set not complete)
Zimmerwald
Distance to moving : 28-35km
Measuring rate : 1 Hz

Table 5.3: Characteristics of the data set ‘Laser Scanner flight 94°

It was not possible to collect this large volume of data in the internal memory of the receiv-
ers. Therefore Laptop computers were connected to the receivers and the data downloaded
onto harddisks. Unfortunately communication problems at the reference station FIX1 oc-
curred and the L2 data were unusable after about 1 hour after take off (at 11" 26™). No L2
data were stored at the FIX1 site. After an another 1% hour (at 12" 50™) the registration of
the L1 measurements developed problems too and FIX1 could no longer be used. Fortu-
nately the data of the permanent station Zimmerwald allowed completion the trajectory in
the differential mode.

We focus our studies on two time windows :
Window 1: from 10°34" to 12"50" Duration2" 15" (L1 measurements only)

Window 2: from 10"34"™ to 11"26" Duration 52"  (L1&L2 measurements)

In a first step the reference station FIX1 was connected to the permanent site Zimmerwald
by means of a static baseline computed with the dual frequency measurements of window 2.

This task was done using the Bernese Software (Version 3.4) The L1 and L2 amblgmtles
could be fixed and it was possible to compute an ambiguity-fixed, ionosphere-free solution
for the coordinates of FIX1 with respect to Zimmerwald. These coordinates were then used
as reference coordinates in the computation of the kinematic track of the airplane. This pro-
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cedure allows us later on to compare the coordinates of the moving receiver obtained with
respect to FIX1 with those obtained with respect to Zimmerwald.

Figure 5.8 gives an overview of the situation, showing the location of the two reference sites
FIX1 and Zimmerwald and the area recorded by the Laser Scanner. The GPS trajectory cov-
ers the total flight duration of about 3 hours.

GPS-TRACK
MAY 17, 1994 =
airport
Grenchen
2
Lake of Bienne

g

C// static

baseline
o, 200
Zimmerwald
o o (o] (=)
[eo] [e2] o -
km w L © e 190

Figure 5.8 : Overview of the location of the reference sites and the GPS track
JSor the ‘Laser Scanner flight 94’
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5.2.2  Ambiguity resolution in the single-frequency mode

Let us just start by using only the L1 data and let us introduce the measurements (code &
phase) of window 1 over about 2 hours into our NEQ-system. For this integration we only

use the data for every 5" second and we apply a ratio : weight,,,, [weightp, .= 5-107. For

convenience the weight of the phase measurement is taken as unit, thus the rms of the unit
weight a posteriori, which theoretically is dimensionless, corresponds to the a posteriori
value of the rms of a single difference phase measurement in meters.

Over the entire time span there were no major interruptions in the phase measurements and
the constellation varied from 5 to 8 satellites. In total 9 different satellites were involved and
the single difference ambiguity of satellite 20 was kept fixed.

This leaves us with the NEQ system for the L1 ambiguities. By inverting the NEQ system
the floating point solution is obtained. A careful conventional approach for fixing the ambi-
guities is used, where we fix in a single step only one ambiguity (the ambiguity with the best
rms) and update the NEQ system after every step (see chapter 4.1). '

The results may be found in table 5.4 (relative to the reference station FIX1) and in table 5.5
(relative to the reference station Zimmerwald). The ambiguities and their rms are given in
units of L1 cycles. The formal error of the floating point values of the ambiguities are on the
order of 0.02 cycles and reflect the quality of the constellation and the long integration time
of 2 hours. Even if these values are far too optimistic, the stepwise fixing of the ambiguities
showed in the trajectory relative to FIX1 that the fractional part of the real value of the am-
biguity never exceeded 0.1 cycle. Using Zimmerwald as the reference, the fixing is more
difficult or even impossible due to the larger distance. The rms a posteriori increases during
the fixing from 5.9 mm to 7.8 mm compared to the increase of from 4.6 mm to 5.2 mm with
FIX1. This indicates the presence of systematic errors. Nevertheless also with Zimmerwald
as reference station the resolution of the L1 ambiguities in a single frequency scenario
seemed to be successful.

In a second run we then held the L1 ambiguities fixed and introduced the L1- and L2-
measurements in the NEQ system. If our L1 integer combinations were correct, the value of
all L2 ambiguities from the floating point solution should be close to integer numbers. The
result can be summarized by the mean and maximum value of the difference of the floating
point value to the nearest integer value. With reference station FIX1 resp. Zimmerwald the-
mean values were 0.02 cycle resp. 0.05 cycle and. the maximum values 0.07 resp. 0.13 cy-
cle.

If a search in the dual frequency mode had been used to fix the ambiguities it would not be
correct to conclude from a good correspondence of the L1 and L2 solutions that the corre-
sponding ambiguities were resolved correctly, because for the search an implicit identity of
the coordinates is postulated.
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Floating point solution CUFIXLL
L1 code & L1 phase
weight,,,, [weight,, ., 5-107
Used data frequency : 5sec O, aposteriori of unit weight : 0.00456
i SatNE ;[ Freq |\ \'EndTime: !¢ | #Epochs | | Ambig:Value (in'cycles): | Rms (cy.)
1 1 10:26:00 11:09:42 425 2250628.059 0.015"
1 1 11:10:13 11:29:57 233 -1917201.935 0.016
1 1 11:32:37 11:40:15 88 -5921626.999 0.016
1 1 11:40:43 11:50:13 113 -7554982.112 0.016
1 1 11:51:43 12:00:22 45 -9999678.096 0.019
4 1 10:27:25 10:43:59 119 1769004.529 0.029
4 1 10:44:19 10:50:45 76 814967.474 0.030
5 1 10:26:00 12:24:51 1314 -1100752.235 0.017
6 1 10:26:00 12:51:55 1315 9064492.104 0.010
9 1 10:26:00 11:13:26 392 -5970502.131 0.013
12 1 11:20:00 11:33:36 152 -4521041.197 0.020
20 Ref. | 1 10:26:00 12:51:55 1315 4625331.000 0.000
24 1 10:26:00 11:44:58 841 5940282.638 0.026
24 1 11:45:13 12:15:22 358 4524337.635 0.026
25 1 10:53:01 12:51:55 1088 -6930813.149 0.011

- Stepwise fixmg:of the ambxgumes

step : - 'Rms (A} | | Afinteger):: | | o (unitweight) | | #Epochs:
1 6 0.104 0.0098 9064492 0.00459 1315
2 1 -0.089 0.0056 2250628 0.00464 425
3 1 0.015 0.0051 -1917202 0.00465 233 -
4 25 -0.054 0.0037 -6930813 0.00470 1088 .
5 ) -0.064 0.0037 -1100752 0.00477 1314
6 24 0.040 0.0018 5940283 0.00489 -.841
7 9 0.046 0.0021 -5970502 0.00500 392
8 24 0.058 0.0032 4524338 0.00508 358
9 12 0.056 0.0043 -4521041 0.00512 152
10 4 0.017 0.0052 1769005 0.00513 119
11 4 -0.023 0.0065 814968 0.00513 76
12 1 0.058 0.0077 -5921627 0.00515 88
13 1 0.013 0.0083 -7554982 0.00515 113
14 1 0.098 0.0148 -9999678 0.00516 45
Table 5.4:  Floating point solution and stepwise fixing of the L1 ambiguities for kinematic ﬂtght data over 2

hours of observation.(distance to the reference station 2-12 km).
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 Floating point solutiol

L1 code & L1 phase

weight,,,, [weightp,,, @ 5-107 .

Used data frequency : 5 sec a posteriori of unit weight : 0.00593

#Epochs:|: | Ambig:Value (in ¢yclés): | 'Rms (cy:)

1 1 377 6838655.081 0.017
1 1 11:10:14 11:29:57 211 2670825.029 0.019
1 1 11:32:38 11:40:14 82 -1333600.030 0.020
1 1 11:40:44 11:50:13 105 -2966955.201 0.019
1 1 11:51:44 12:00:22 44 -5411651.470 0.024
4 1 10:27:26 10:43:59 105 2257462.425 0.034
4 1 10:44:21 10:50:44 62 1303425.509 0.036
5 1 10:21:02 12:24:51 1198 12220319.758 0.020
6 1 10:21:38 13:31:46 1199 8417601.095 0.011
9 1 10:21:02 11:13:26 348 -2625341.038 0.016
12 1 10:21:02 11:33:36 608 -1284804.226 0.023
20 Ref.| 1 10:21:02 13:31:46 1199 15141977.000 0.000
24 1 10:21:38 11:44:58 752 6239028.686 0.030
24 1 11:45:14 12:15:21 341 4823083.799 0.030
24 1 12:15:51 12:24:59 98 -253037.031 0.052
25 1 10:53:02 13:31:46 998 1804433.970 0.014

step. | Frac|(A}): Rins (A7) UAlGinteger) i ]! o (weightunit)i i1 | #Epochs:
1 6 0.085 0.0110 8417601 0.00596 1199
2 5 -0.079- 0.0068 12220320 0.00600 1198
3 12 0.065 0.0030 -1284804 0.00614 608
4 9 0.114 0.0026 -2625341 0.00673 348
5 24 -0.083 0.0040 6239029 0.00688 752
6 1 -0.086 0.0043 6838655 0.00703 377
7 25 0.021 0.0052 1804434 0.00703 998
8 1 -0.094 0.0039 2670825 0.00724 211
9 24 0.138 0.0048 4823084 0.00755 341
10 4 -0.166 0.0081 2257463 0.00772 105
11 4 -0.072 0.0108 - 1303426 0.00774 62
12 1 ~-0.062 0.0117 -1333600 0.00775 82
13 1 -0.132 0.0131 ", =2966955 0.00779 - 105
14 1 -0.282 0.0227 -5411651 0.00785 44
15 24 0.387 0.0291 -253037 0.00793 98
Table 5.5:  Floating point solution and stepwise fixing of the L1 ambiguities for kinematic flight data over 2

hours of observation.(distance to the reference station 28-35 km).
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5.2.3  Ambiguity resolution in the dual-frequency mode

Instead of using only L1 measurements or L1 and L2 measurements in separate runs, a high
potential of discrimination results if both measurement types are processed in the same run.
For the ideal case of a 10 m baseline measured in static mode, the results were promising
and it was even possible to retrieve the ambiguities in most cases within a single epoch (see
chapter 4.4).

We will apply the same procedure to this kinematic data set and try to resolve the ambigui-
ties within one single epoch. To check whether the result was correct (correct integer com-
bination) we compare it with the ambiguities obtained by the stepwise conventional resolu-
tion using the total data set. (see section 5.2.2).

The results of the instantaneous ambiguity fixing are given in figure 5.9 for the reference
station FIX1 and in figure 5.10 for the reference station Zimmerwald. Note that there is a
slight difference in the constellation. Nevertheless in both cases the constellations were very
good (6-8 satellites). The distance to the reference stations is given in figure 5.9.II resp.
5.10.1I and varies from 2-12 km for FIX1 and 25-35 for Zimmerwald.

Comparing these results to the corresponding result obtained from the 10 m baseline (figure
5.2), it is interesting to note that the level of the rms of the floating point solutions © p are

more or less the same, but the values for the rms of the best solutions o, are significantly

higher. This is evident in particular for the results with Zimmerwald as reference station, but
also noticeable in the result relative to FIX1. The values for rms of the second best solution
G,, however, are again more or less at the same level. This behavior of o, and ©, leads to

a significant decrease in the discrimination power of the best solution. In the case of the re-
sult with Zimmerwald as reference station the values for ¢, and o, are practically identical

over longer periods, and in 25% of the cases the search ended up with a wrong ambiguity
combination (figure 5.10.III). The black vertical bars mark the epochs where the best integer
combination for the ambiguities solution is not the correct one. With FIX1 as reference sta-
tion, the results are far better even with one satellite missing in the constellation. The correct
combination was found in more than 99% of the cases and the discrimination factor is ac-
cordingly better. '

For completeness the baseline Zimmerwald-FIX1 was also treated as a kinematic data set
and the same procedure to resolve the ambiguities within one epoch was applied. The results
are given in figure 5.11. The distances from Zimmerwald to the moving receiver are similar
to the distances to the reference station FIX1 and the results of the instantaneous ambiguity
resolution are highly correlated. (compare figure 5.10 and 5:11). The shape of ©, are simi-

lar, leading to a similar DF. More or less over the same periods the correct solutions were
found. In both cases the corruption by ionospheric refraction leads to a similar lack of dis-
crimination. '
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5.2.4  Impact of additional stochastic ionospheric biases on the ambiguity resolution

The main disturbing factor for the resolution of the ambiguities is ionospheric refraction. To
account for the ionospheric path delay, the stochastic modeling as described in chapter 4.4
was introduced. '

For the combination Zimmerwald - moving receiver the computation was repeated with
additional differential ionospheric biases per epoch. A value of 1 cm for the white noise for
a normalized differential ionospheric path delay on the L1 frequency in the zenith direction
showed itself to be sufficient. No corrections for the single layer model were applied..

The results are given in figure 5.12 and show the impact of these additional biases on'the
ambiguity search: On the one hand the values for 6, become even more noisy, but on the

other hand ©,, the rms of the best solution, is significantly better and more homogenous

than in the case without ionosphere biases. Due to the weakening of the geometry the level
of G,, the rms of the second best integer combination, drops from about:15 mm to 8 mm.

There are more possible integer combinations with a low resulting rms. Nevertheless, even if
the geometry is weaker, the percentage of epochs with correctly resolved ambiguities is
significantly higher, which shows the benefit of these additional stochastic biases to account
for the ionospheric refraction.

5.2.5 Impact of short integration times on the ambiguity resolution

Even if it would be very nice to always solve the ambiguities instantaneously, a certain inte-
gration time may be necessary to stabilize and increase the reliability of the discrimination
factor DF. The result of a computation using FIX1 as reference station and different integra-
tion times (1 sec / 15 sec / 60 sec/ 120 sec) is given in figure 5.13. The corresponding results
related to Zimmerwald as reference station are drawn in figure 5.14 (without ionospheric
biases) and figure 5.15. (with ionospheric biases).

It should be pointed out that for this computation the measured 2 Hz data (FIX1 and the
moving receiver) was reduced to 1 Hz, thus for all 3 versions the number of epochs is iden-
tical with the integration time in seconds. For this representations the central epoch of the
corresponding time intervals are used. The DF for the 1-sec version is identical to the instan-
taneous DF and corresponds to the results given in the figures 5.9.V, 5.10.V and 5.12.V.

For the version related to the near reference station FIX1 (figure 5.13), the best DF was ob-
tained. In the case of the 15-sec integration time, one epoch was still solved incorrectly (at ¢
= 663.25), where the DF value was particularly low. For all other longer integration inter-
vals the search always led to the correct integer combination.

ETHZ ‘ _ IGP-GGL



Laser Scanner flight 94

-72-

Chapter 5

4
-3
-2
1
3
-2
-1
3

” w . = w

S vovoo I% S O O Qe 3 M

288¢%8 i 8o © Sooovo

S o600 | M%%%w R%%mm

SRR - =23 =~ 23R

=3 - 3 = - o -

o|0¢ anun i o om nnunun o om wuonon,

S ke s

8 a9 a« ~ O a_M.AI__AI_ﬂ o) ﬂﬂﬂﬂﬂ

£ pf = L © £ © £ . :
i B

£ ~ . 2| | o | | [
H )~ - R

“ % *§§§§,.J o ﬂ um [

2 P, NNy, : 2 2 -

[ [P a a

675

Min of day
660
Min of day

655

@ W

without ionospheric biases).

P

; Y,
e QQ.

The DF for different integration time AT. ( reference site FIXI ).
650

The DF for different integration time AT. (reference site Zimmerwald /

.
.

645

Figure 5.13

Figure 5.14

640

635

685
IGP-GGL

680

).

AT. (reference site Zimmerwald /

1ases

ime

.

Min of day
with ionospheric b

The DF for different integration t

.
.

645

Figure 5.15

640

635

ETHZ



Chapter 5 -73- Laser Scanner flight 94

Using Zimmerwald as reference the DF is lower. In the solution where no stochastic iono-
spheric biases were estimated (figure 5.14), the impact of the ionospheric refraction on the
DF is similar for all integration times from 1 sec to 120 sec. During the two time periods
(from ¢ = 641 to 647 and from ¢ = 675 to 680) the ambiguities were solved incorrectly inde-
pendent on the integration time. By introducing stochastic ionospheric biases (figure 5.15) a
quite homogenous DF of about 1.4 led to the correct integer values for all epochs with an.
integration time of 60 seconds.

For all versions, as expected from theoretical considerations, a ‘smoothing effect’ and a
slight increase in the DF is noticeable with increased integration time, but the basic capabil-
ity of discriminating the correct solution is already present in a single epoch.

5.2.6  Comparison of the coordinates

Comparison of L1 and L2 solutions for the moving receiver :

We may derive separate ambiguity-fixed L1 and L2 solutions for the coordinates of the
moving receiver using FIX1 resp. Zimmerwald as reference stations. The difference of the
L2 minus the L1 solution (Fig. 5.16.) clearly shows a higher contamination by unmodeled
effects in the solution related to Zimmerwald. The mean values and standard deviations of
the differences are given in Table 5.6. The still good agreement of the coordinates reflects
the low activity of the ionosphere in 1994.

LA [N I B L M B B B S B SN Bt S S B B N N S B S ENL L S S B (A SR B N BN S AL B S S SO S M L N S B S A |

635 . 640 645 650 655 €60 665 = 670 675 680 - 685

Min of day wmw  Ref.Station: Zimmerwald
- Ref.Station: Fixp. 1

Figure 5.16 : Coordinate differences from L1- and L2- phase solutions for the two different reference stations
(FIX1, Zimmerwald).
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Ref. Station - : FIX1 Ref, Station - : Zimmerwald
mean value standard deviation mean value standard deviation
E-wW -2.8 mm 6.2 mm 9.7 mm 5.3 mm
N-S -4.7 mm 7.2 mm 3.4 mm 9.4 mm
HEIGHT 4.5 mm 12.0 mm -22.1 mm 16.1 mm

Table 5.7:  Mean values and standard deviations of the difference of the L1 and L2 phase solution.

Comparison of the L1, L2 and L3 solutions for the baseline Zimmerwald - FIX1 :

The static baseline Zimmerwald-FIX1 has already been used for the investigation of the

ambiguity search in the dual frequency mode. The coordinates of this baseline may also be

processed in kinematic mode and compared to a reference solution. This reference solution

was derived from a L3 ambiguity fixed solution using the Bernese Software (Version 3.4).

The kinematic L3 solution shows good agreement in the horizontal components, but sys-

tematic errors up to 5 cm still disturb the height component (figure 5.17). The L1 and L2

solutions also show larger deviations in the horizontal components due to unmodeled sys-
tematic ionospheric path delays.

4. .E-W
24 . .
Eg: ST ot M T e AU T T A DL S L™

635 640 645 650 655 660 665 670 675 680 685
Min of day

= L3 solution ( ionsphere free )
- === L1 solution
=== L2 solution

Figure 5.17 : Coordinate differences of the L1, L2 and L3 solutions for the baseline Zimmerwald - FIX]
(with respect to a static reference solution).
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Comparison of the L1 solution for the moving receiver :

Using the resolved ambiguities L1 phase solutions for the moving coordinates relative to
FIX1 or respectively Zimmerwald as reference station can be computed and compared. The
agreement is satisfactory (see figure 5.18) although the difference indicates systematic be-
havior and has jumps of some centimeters coinciding with changes in the constellation. (As
already mentioned L1 measurements from the reference station FIX1 were available over a
longer time span than L2 measurements; thus the comparison extends over window 2).

1eS"IN

640 660 680 © 700 720 740 760 .
' Min of day

Figure 5.18 : Influence of the different reference stations on the coordinates of the moving receiver
(Reference stations : FIX1 and Zimmerwald).

5.2.7  Conclusions

From these results we conclude that at least in our case ambiguity resolution in the Kine-
matic mode is manageable over short distances provided a good constellation is available.

Even if in the kinematic mode where the geometrical constraints on the ambiguities are
greatly reduced compared to the static mode it is still possible to retrieve the correct ambi-
guities in idealized cases even from single frequency data. The requirements in this case,
however, is a strong constellation and continuous phase measurements over longer time pe-
riods. Narrow banking turns often leads to interruptions in the phase measurements. In
practice there is often the unpleasant correlation that for the time period where the coordi-
nates are of interest, losses of the phase lock to the satellites are more frequent, because
flying over predefined lines requires a lot of banking turns.
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In the case of dual frequency measurements, the time needed to fix the ambiguities is dra-
matically reduced. The ambiguities can in many cases be fixed quasi ‘instantaneously’.

The example underlines the strength but also the limits of the single epoch approach for the
ambiguity resolution in the dual frequency mode. In order to obtain valid results, the noise
level of the correct combination must be low. Over longer distances, however, unmodeled
effects, such as ionospheric, atmospheric biases, orbit errors or multipath effects are very
harmful: With FIX1 as reference station (distance 2-12 km) the percentage of epochs with
correctly resolved ambiguities and a good value for the corresponding DF is far higher as in
the case where the data are related to Zimmerwald (distance 30-35 km). There is no apparent
difference, at least for our data set here, between the results of using the data from a moving
receiver (Zimmerwald - rover) or from a receiver at rest (Zimmerwald - FIX1). In both cases
the corruption of the measurements by the ionospheric influence is similar and leads to the
same lack of discrimination.

If we want to be able to resolve the ambiguities instantaneously, or within a very short time
span (<2-5 min.), this will limit the maximum distance allowed from the reference station. If
we take into account that the overall activity of the ionosphere in 1994 was low, this maxi-
mum distance allowed from the reference station could even be reduced (in periods or re-
gions of high ionospheric activity). It is impossible to extract from one data set a value for
such a maximum distance.

The introduction of stochastic biases to account for the ionospheric refraction may help to
obtain a better, i.e. bias-free estimation, but weakens the discrimination of the integer com-
binations and thus requires longer integration times.

Longer integration times may help to stabilize and increase the capability to resolve ambi-
guities. If it is not possible to resolve the ambiguities, the floating point values may still be
used in the computation of the coordinates. The quality of such a result then depends
strongly on the quality of the code measurements and the integration time.
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6 Comparison of GPS and Laser Tracker trajectories

6.1 Overview

The first experience with kinematic GPS at our institute was carried out in July 1989. We
installed a mobile GPS receiver on a car (test in ‘Rafz’ July 18, 1989) and on a boat (test on
the ‘lake of Zurich’ July 19, 1989). In both cases a reference receiver was operating in the
vicinity. A first processing of the GPS data was restricted to an absolute and differential
code solution [Cocard et al., 1989]. To get an impression of the quality of a code solution of
the GPS trajectory a second independent tracking system was used. It consisted of a Laser
Tracker allowing the measurement of a distance, a horizontal orientation and a vertical angle
from the instrument to a mobile reflector ring, centered under the GPS receiver. The Laser
Tracker, able to follow a moving target, collected measurements at a rate of about 1 Hz. -

The results presented here are based on a later re-processing of the GPS data also integrating
the phase measurements and allowing a comparison of two kinetically-determined trajecto-
ries.

Table 6.1 contains the technical specifications.

2 TRIMBLE SST Geodimeter 140T

single frequency measurements measurements
- C/A code - distance
- L1 phase - horizontal orientation

- vertical angle

Measurement rate : different Measurement rate 0.8-1.2 Hz
- July 18, 1/15 Hz (Rafz)
- July 19, 1/2 Hz (Lake of Zurich)

Table 6.1 :  Characteristics of the ‘Laser Tracker 89’ experiment

On the first day (July 18, 1989), the moving GPS receiver and the reflector ring of the Laser
Tracker were installed on the roof of a car, in such a way that the GPS receiver with the in-
tegrated antenna was centered over the reflector ring. The test area was situated in a rural
region with few trees and good conditions for both, GPS and Laser Tracker (Figure 6.1)..
‘The reference receiver was placed in the test field and the Laser Tracker on a hill overlook-
ing the whole area. During the experience a certain number of stops (about 15) were made.
The comparison of the coordinates was then limited to these check points.
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On the second day (July 19, 1989), the configuration of the moving receiver and the reflec-
tor ring were identical, but this time they were installed on a small motorboat on the lake of
Zurich (Figure 6.2). The measuring rate of the GPS was higher (1/2 Hz) than on the first
day. Because no stops were possible the ambiguities had to be solved 'on the fly' using only
L1 measurements.

B o @i&m"”‘“f

‘!-S"nux ":

Figure 6.1: Overview of the test area from the site of the Laser Tracker. (Rafz/July 18, 1989)

6.2 The Laser Tracker

For the collection of the data and the computation of the coordinates a Laptop computer was
used. To every received data set the computer time was added, and from the distance, hori-
zontal and vertical angle the Cartesian coordinates in a not orientated local Cartesian frame
were determined, thus allowing the comparison with the coordinates obtained by GPS.

R L I T N A

Mobile GPS receiver
~ and reflector ring

. Stationary GPS receiver
(Reference station)

desisrese o of

Laser Tracker

Figure 6.2 : Installation of the GPS receivers and the Laser Tracker on a boat.
(Lake of Zurich / July 19, 1989).
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6.3  Results of the test in 'Raf7’

6.3.1 GPS results

The collected GPS data consists of 80 minutes of data at a rate of 1/15 Hz with 5 satellites
and a GDOP between 4.5 and 5. The constellation remained the same over this period. Sat-
ellites 3,9, 11, 12, 13 were tracked.

A differential code solution and a differential code/phase solution were computed. For the
code/phase solution weight,,,, /weight,,, =10° was assumed. It was possible to resolve

the ambiguities by a conventional sigma dependent rounding technique. A detailed site allo-
cation table defining 6 windows, where the moving receiver was at rest, allowed was used.
In a second run the roving receiver was considered to be in motion over the entire period. In-
both cases it was possible to securely retrieve the integer valued ambiguities.

6.3.2  Comparison with the Laser Tracker results

For the coordinates obtained by the Laser Tracker mean values for the check points were
calculated and both coordinate sets (GPS and Laser Tracker) were compared. Because the
coordinate systems are different, a 3-D Helmert transformation had to be performed first.
The resulting residuals after the transformation are given in Table 6.2. The coordinate sys-
tem in which the residuals are given is the local coordinate system as defined by the unori-
ented Laser Tracker.

Residuals esiduals
t(Y-axis)i L (X-axiah 1 (Height) it
100 0.047 -0.023 -0.153
101 0.023 -0.128 -0.109
102 0.039 -0.173 0.011
502 0.034 0.053 0.157
S04 -0.012 0.048 0.118
S05 -0.020 0.029 -0.004
506 0.022 -0.066 -0.041
sS07 . ~0.063 0.137 0.061
s08 -0.025 0.225 0.025
S09 -0.039 . 0.147 0.005
S10 -0.018 -0.177 -0.051
S12 -0.023 -0.004 -0.044
S13 0.061 0.174 0.080
s14 -0.065 -0.329 0.058
S15 0.038 0.087 -0.114

Table 6.2: Residuals in meters between Laser Tracker and GPS coordinates at the check points.
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The mean residual of one coordinate is 0.074 m. The difference between the y and x coordi-
nate is due to the different accuracy of the Laser Tracker, since the x coordinate depends
mainly on the distance and the y coordinate on the horizontal angle. The agreement corre-
sponds to what can be expected.

Local X in Meter
-1000 -500 0 500 1000
0 Y T r o Y I
Laser Tracker
Station

-500 |-

<1000

Local Y in Meter

-1500

-2000

Figure 6.3 : Differences at the stationary sites between GPS and Laser Tracker solutions.

6.4  Results of the test on the 'Lake of Zurich'

6.4.1 GPS results

On the second day the measuring frequency of the GPS was 0.5 Hz. Because no stops could
be made, the ambiguities had to be determined 'on the fly', using L1 measurements only.
This was possible with the search algorithm described in chapter 4. The satellite constella-
tion remained the same over the period of the survey. Satellites 3, 9, 11, 12, 13 were
tracked. The duration of the entire experiment was about 60 minutes.
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Figure 6.4: GPS trajectory of the boat on the lake of Zurich (July 19, 1989)
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The result of the search algorithm showed that due to the poor geometry of the constellation
different possible combinations for the ambiguities were possible. Nevertheless the combi-
nation, considered by the algorithm as best, was the correct one. The stability of the height
and the known height difference to the reference receiver proved this statement. Table 6.3
gives an overview of the result of the search.

measurements C/A-Code

Ll-Phase
Nr of satellites 5
Nr of DD-Ambiguities 4
Reference Satellite SVN12
rms (code) /rms {phase) a priori 1000
rms (float.) 0.0076

SVN 3 11 9 13 3 11 9 13
rms (fixed)

1 0.0077 1.5 -3.4 -2.9 -0.5 - - - -
2 0.0082 2.5 -3.4 -2.9 -0.5 1 0 0 0
3 0.0086 0.5 -3.4 -2.9 -0.5 -1 0 0 0
4 0.0090 -3.5 0.6 1.1 0.5 -5 4 4 1
5 0.0092 2.5 -0.4 -0.9 -0.5 1 3 2 0
6 0.0106 -0.5 -3.4 -2.9 -0.5 -2 0 0 0
7 0.0111 ~-2.5 0.6 1.1 0.5 -4 4 4 1
8 0.0114 1.5 -0.4 -0.9 -0.5 0 3 2 0
9 0.0127 -2.5 2.6 2.1 0.5 -4 6 5 1
10 0.0128 -3.5 2.6 2.1 0.5 -5 6 5 1

Table 6.3 :  Summary of the results of the ambiguity search, showing the 10 best integer combinations and
their resulting rms.

The 10 best combinations and the differences in the corresponding integer valued ambigui-
ties with respect to the floating point values as well as with respect to the best integer com-
bination (version 1) are given in units of L1 cycles. It is interesting to see the results, ob-
tained by any of these combinations and their influence on the coordinates. The difference
in the coordinates of a solution obtained with a false ambiguity set is, in a first approxima-
tion, a linear function of time when compared to the 'true' solution. In our case the offsets
are on the order of 1-2 meter and the linear drifts up to 50 cr/h. (Figure 6.5. shows the in-
fluence on the height component).
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Figure 6.5 : Influence of wrong integer ambiguities on height determination.

If we assume that the first ambiguity set withc, = 7.7 mm is the correct one, this solution

can be used as a reference. The coordinate differences are fitted with a simple polynomial in
time :

Ax,0)=Y a1, 6.1)
J=0

In particular the linear approximation (n=1) and the quadratic approximation (n=2) are of
interest. The result of these fits are given in Table 6.4. The rms of the fits show that the

quadratic terms are still significant.
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version 2 _ ambig. error. : 1 0 0 0
E-wW 0.0037 -0.1167 -0.1873 0.0012 ~0.1254 -0.1453 -0.0358
N-S 0.0061 -0.0433 -0.0664 0.0005 -0.0279 -0.1407 0.0633
H 0.0010 -0.2760 0.1185 0.0006 -0.2780 0.1276 -0.0078
version 3 ambig. error. -1 0 0 0
E-W 0.0037 0.1167 0.1873 0.0012 0.1254 0.1450 0.0360
N-S 0.0061 0.0433 0.0663 0.0005 0.0279 0.1407 -0.0633
H 0.0010 0.2760 -0.1184 0.0006 0.2780 -0,1282 0.0083
version 4 ambig. error. : -5 4 4 1
E-W 0.0290 1.5947 0.3915 0.0008 1.5217 0.7437 -0.3002
N-S 0.0266 0.7035 -0.0036 0.0014 0.6366 0.3190 =-0.2751
H 0.0160 0.5825 -0.8332 0.0018 0.6225 -1.0261 0.1644
version 5 ambig. error. 1 3 2 0
E-W 0.0095 0.2565 -0.5768 0.0011 0.2328 -0.4626 -0.0973
N-S 0.0090 0.4664 -0.4174 0.0009 0.4888 -0.5256 0.0922
H 0.0013 -1.2114 0.1990 0.0011 -1.2100 0.1919 0.0061
version 6 ambig.. error. -2 0 0 0
E-W 0.0073 0.2333 0.3749 0.0024 0.2507 0.2910 0.0715
N-S 0.0122 0.0868 0.1326 0.0007 0.0561 0.2810 -0.1265
H 0.0019 0.5520 -0.2368 0.0011 0.5560 -0.2559 0.0162
version 7 ambig. error. -4 4 4 1
E-W 0.0325 1.4779 0.2043 0.0013 1.3962 0.5986 -0.3362
N-S 0.0205 . 0.6600 -0.0698 0.0011 0.6084 0.1791 -0.2123
H 0.0152 0.3065 -0.7147 0.0023 0.3443 -0.8974 0.1557
version 8 ambig. error. 0 3 2 0
E-W 0.0064 0.3732 -0.3894 0.0022 0.3582 -0.3171 -0.0616
N-S 0.0030 0.5098 -0.3511 0.0012 0.5169 -0.3852 0.0290
H 0.0021 -0.9353 0.0806 0.0017 -0.9320 0.0643 0.0138
version 9 ambig. error. : -4 6 5 1
E-W 0.0253 1.6412 -0.0614 0.0008 1.5776 0.2451 -0.2613
N-S 0.0205 1.0065 -0.2815 0.0020 0.9551 -0.0338 -0.2112
H 0.0176 -0.3335 -0.6133 0.0008 -0.2893 -0.8265 0.1818
version 10 ambig. error. -5 6 5 1
E-W 0.0219 1.7578 0.1260 0.0019 1.7029 0.3910 -0.2259
N-S -0.0266 1.0498  -0.2151 0.0023 0.9830 0.1069 -0.2745
H 0.0184 -0.0575 -0.7318 0.0012 -0.0113 -0.9544 0.1898
Table 6.4: Results of linear and quadratic interpolation
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6.4.2  Comparison with the Laser Tracker results

Because the Laser Tracker and the GPS measurements could not be synchronized it is not
possible to compare the two coordinate series directly. ( In the ‘Rafz’-experiment a direct
comparison was possible for the fixed points of the trajectory).

Therefore in a first step a transformation had to be applied. If we think of the trajectory as a
wire with a constant density, then the moment of inertia of this body does not dependent on
the coordinate system. This property allows us to determine the parameters of a Helmert
transformation without having to synchronize and to establish a correspondence between the
points in the two data sets.

For every data-set the center of mass was calculated by :

F= %if.- | (6.2)

i=l

In addition the tensor of the moment of inertia M was computed as :

M=1Y )% -0 (6.3)
i=1

The matrix M may be diagonalized : M=RDR’ (6.4)

Normalization leads to the scaling factor m: D =5 D=m’D (6.5)

A part from measurement errors and discretization effects, the diagonal matrix D must be
the same for the two data-sets. This fact allows us to establish the following identity for the
two datasets X,(f) and X,(f) :

m, R, (%,()-¢)) = m R, (%,(1)—¢,) (6.6)
By rearranging this equation, one obtains the equation for the Helmert transformation :
% () =mRX,(t)-X, (6.7)

with  m=m,/m; and R=R'R, and Z,=¢-mRGg,

The next step consists of synchronizing the two data sets. Again a function which is inde-
pendent of the coordinate system is used . For this purpose the distance function is best
suited: ‘

d@)=|x-7 (6.8)
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Because the two distance functions d,(f) and d,(f) describe in principle the same curve the

unknown Az can be determined by correlation techniques. The maximum of the cross-
correlation function

0(1) = [d,()d,(t -y | 69

may be calculated, using FFT calculus, where the convolution corresponds to a simple mul-
tiplication in the frequency domain and the synchronization error becomes:

At = max(¢(t)) : - (6.10)

After these transformations it is now possible to compare the two data sets, using an 'ex-
tended’ Helmert transformation. For this final adjustment, the more dense data set (Laser
Tracker) is interpolated to the GPS epochs, thus creating the point correspondences in the
two data sets. A part from the classical parameters (3 translations, 3 rotations, 1 scale) an

additional small synchronization error is taken into account, using the velocity derived from
the Laser Tracker coordinates.
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33000 33500 34000 34500 35000 35500 36000 36500
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Figure 6.6 : The height component as function of time derived from GPS and Laser Tracker.

The residuals of the transformation, i.e. the coordinate differences after the transformation
are given in Figure 6.7 as a function of time. The rms values over the total time span are

E-W = 0.361m N-S = 0405m Height = 0.162m

The two excursions around epoch 35200 correspond to loops which may be seen in Figure
6.4. Figure 6.8 focuses on these loops. Clearly there is a considerable increase in accuracy of
the phase solution compared to the code-only solution.
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Figure 6.7 : Residuals between GPS and Laser Tracker result (‘Lake of Zurich’).
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the accuracy of the different methods involved. The coordinates are given in the Swiss projection
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7 Kinematic GPS for Aerophotogrammetry

7.1  Introduction

Aerophotogrammetry is one of the various applications of kinematic GPS. In a bundle ad-
justment of an aerotriangulated photogrammetric block, the unknown parameters of the ex-
ternal orientation contains the coordinates of the projection centers of the camera and have
to be determined. Even if these coordinates are normally of no interest in photogrammetry,
they are inherent in the geometrical model. Conventionally, for the stabilization and orienta-
tion of a photogrammetric block, a certain amount of control points on the ground are re-
quired. Where the coordinates of the projection centers are determined by kinematic GPS,
however, this information may be used in the bundle adjustment [Colomina, 1989]. In a
study with synthetic data [Gruen et Runge, 1988] the accuracy potential of a combined
GPS/bundle solution was demonstrated and the favorable structure of such a system with
respect to the determinability of the additional parameter for self-calibration was shown. The .
consequence is a significant reduction of the number of control points on the ground needed
for orientation. The basic idea is to replace the control points on the ground by control
points on the flight trajectory (projection centers of the camera) which are determined by
GPS.

7.2 Strategies for the recovery of the GPS trajectory

Different strategies for the disposition of the photogrammetric block, the processing of the
projection centers from kinematic GPS, and the introduction into the photogrammetric bun-
dle adjustment have been studied. The crucial question is whether it is possible to fix the
ambiguities to integers. If this is possible the resulting coordinates of the ambiguity-fixed
solution are of a much higher quality than in the case where real values for the ambiguities
have to be used. :

7.2.1  Continuous GPS trajectory after static initialization

A first approach for the recovering of kinematic GPS coordinates with integer ambiguities
consists of using a static initialization phase before the flight. The reference receiver and the
roving receiver in the airplane at rest collect GPS data for some 10 to 20 minutes. This data
set may then be treated as a conventional static set and ambiguity fixing should not pose a
problem. This initialization may also be repeated at the end of the flight, allowing the re-
construction of the trajectory from the end. During the kinematic phase the epochs are de-
termined sequentially. If from one epoch to the next uninterrupted phase data to at least 4
satellites (with a reasonably good PDOP) is available, the coordinates of this new epoch may
be computed. If new satellites enter the processing at a certain epoch during the flight, the
integer values of their related ambiguities may easily be determined from these coordinates.
This procedure provides good results, if it works. The main problem consists of major inter-
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ruptions in the phase measurements. The integer values of the ambiguities are no longer
valid and usually cannot be recovered. With real data, in particular of some years ago when
the constellation was poor, this concept could not be used in an operational environment for
aerotriangulation. A more robust method for dealing with this problem was required.

7.2.2  Line-specific GPS trajectory from a floating point ambiguity solution

Here we restrict the processing of the kinematic GPS data to the time windows of interest
during the survey [Friess, 1990] and we treat the GPS data of every line separately. The
typical duration of a line is on the order of a few minutes. If we take e.g. a length of 15 km
and a velocity of 50 m/s we would end up with a flight time of 5 minutes for every line. In
the single frequency mode it is usually not possible to fix the ambiguities within 5 minutes
of data. It has to be pointed out that this concept was developed at a time when dual-band
receivers were not commonly used in the kinematic mode.

If the ambiguities could not be resolved (normal case), the best possible real values for the
ambiguities derived from the code plus phase measurements may be used instead. Conse-
quently the GPS coordinates are affected by these wrong ambiguity values for every indi-
vidual line. In a first approximation the coordinates of one line show linear behavior (offset
and linear drift) compared to an amblguxty-flxed solution. If we want to introduce the pro-
jection centers related to this GPS information into a
combined GPS/bundle block adjustment, we have to
introduce in addition unknown drift-parameters for the
GPS coordinates. They have to be determined by the
constraint of the photogrammetric block itself, With a
normal block geometry, consisting of a certain number
of parallel strips, however, the constraint is weak and
therefore adding two perpendicular strips at the end of
the block was proposed in order to increase the deter-
minability of the drift parameters [Ackermann, 1992].
Results published in [Hggholen, 1993] show that in-
Figure 7.1:  Additional strips at the stead of perpendicular strips the block may also be

ends of the block stabilized with an appropriate distribution of control

points along these two borders of the blocks.

i

This approach is robust and therefore has big advantages. It only requires good GPS data in
the single frequency mode during the flight over the surveying lines and is not affected by
possible major interruptions in the phase measurements at the turns. Moreover the distance
to the reference station is of secondary importance. The disadvantage, however, is the addi-
tional two strips. For a quadratic block of 10 strips e.g. this represents an increase of 20%
for the photogrammetric images. In mountainous areas, where the strips are flown parallel to
the terrain slope at different heights in order to have a more or less homogeneous scale over
the entire block, the two perpendicular lines may be difficult or even impossible to achieve.

We will see in our example that the drift parameters are only necessary if it is not possible to
resolve the integer ambiguities and the real values used are wrong by several cycles.
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Not every banking turn produces major breaks. Even in the case where the integer values of
the ambiguities cannot be retrieved a better estimate for the GPS coordinates is obtained by
using the total amount of data in order to estimate the real values of the ambiguities. This
procedure allows to selectively set up new sets of drift parameters only after interruptions in
the GPS phase measurements.

7.2.3  GPS trajectory with ambiguities fixed ‘on the fly’

The use of dual-band receivers in the kinematic mode changes the situation dramatically and
makes possible the following approach. Dual-band instruments and a good local satellite
constellation allow the fixing of the ambiguities even for short data spans. It also allows the
use of drift-free GPS coordinates from an ambiguity fixed solution, making the introduction
of additional drift parameters into the bundle adjustment obsolete. The advantage has to be
seen in the fact that a conventional block geometry without additional strips is possible.
There is, however, a disadvantage : it seems that the distance to the reference receiver must
be kept short. This means in practice that a GPS reference station in the area of the block is
required.

7.3 Results of the aerophotogrammetric test flight  ‘Uster 92°

The results presented here are part of the ETH project ‘GPS-supported aerial triangulation’
and have already partially been published in [Gruen et al. 1993a, 1993b], where the impact
of GPS on photogrammetry is discussed in more detail. We will confine the discussion to:
the GPS problematic and use aerotriangulation only for external comparison purposes. Note
that aerotriangulation is one of the very few possibilities allowing accurate external valida-
tion of kinematic GPS results.

This project was realizable thanks to the Swiss Cadastral Authority (Vermessungsdirektion),
who provided the aircraft (a Twin-Otter) and the photogrammetric camera for the collection
of a test data set. The camera operator R. Huebscher, who was always very responsive to our
requests, was essential to the success of the experiment.
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Figure 7.2 :  Twin-Otter of the Swiss Cadastral Authority, used for the photogrammetric flight.

7.3.1  Test configuration and data acquisition

The selected test field of Uster near Zurich is well suited for the purpose. Its proximity to the
airport and the availability of about 100 high quality reference points make it an ideal field
for our investigation. The geodetic network points are known to have a coordinate accuracy
of about 5 mm in planimetry and about 6 mm in height. The 94 points which were used in
this test are distributed quite homogeneously over the entire area.

In March 1992, a GPS observation window of about 1 %2 hours with a good constellation
(up to 6 satellites) was available. This window was used for two flights, taking place on two
consecutive days. On the first day (March 4, 1992) five of eight strips were observed and on
the second day (March 5, 1992) the remaining three strips. This short duration allowed col-
lection of the GPS data in the internal memories of the receivers.

A reference receiver on the ground was installed at the airport (see figure 7.5) and two rov-
ing receivers were mounted on board the airplane. Trimble SST receivers belonging to our
institute were used. The reference and one of the roving were dual frequency receivers. The
second roving receiver, however, was a single frequency receiver. Its data was not used. The
measurement rate was 1 Hz. Phase measurements on both frequencies, C/A-code measure-
ments on the L1 band, and P code measurements on the L2 band were recorded. During the
flight the data was only collected and then downloaded. The processing was done in the off-
line mode.
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The photogrammetric camera was a Wild RC20 with a camera constant of 15 cm. Eight
strips with a lateral overlap of 60 percent were flown at a height of about 1500 m over the
ground, leading to an image scale of 1:10°000. Within each strip, 19 pictures were taken
with an overlap of 80 percent. For processing, only every second photograph was used,
which led to an 60 percent forward overlap.

The project parameters are summarized in table 7.1.

Test Area Uster, near Zurich (CH)
Size 7.5km by 9.5km
Mean elevation: 500 m

Number of check points 94

Airplane Twin Otter

Dates of flights- March 4, 1992 ( 5 strips )
Flying height over ground March 5, 1992 ( 3 strips )
Duration of the flights about 1-1.5 hours

Photogrammetric block

Photogrammetric camera Wild RC20
Camera constant 153 mm
Image scale 1:10°000
Forward overlap 80 % (60 % used for processing)
Lateral overlap _ 60 %
Number of strips 8
Flight direction Equal (South -North)
Number of exposures 152 (8 strips times 19 images per strip)
Number of photographs used 80
GPS receivers Trimble SST
Code measurements C/Acode onLl
P code onL2
Phase measurements L1 &L2 (Full cycle on L2)
Measurement rate 1 Hz

Table 7.1 :  Project parameters of the aerophotogrammetric test flight ‘Uster 92’

To connect the GPS results of the antenna coordinates to the coordinates of the projection
centers, accurate knowledge of the time of exposure and the components of the eccentricity
vector from the projection center of the camera relative to the phase center of the antenna is
necessary. The synchronization problem was solved by recording the time of an incoming
pulse sent by the camera during the exposure in the GPS receiver. This pulse was recorded
in GPS time by the Trimble receiver (event marker) and stored in the raw data set. The time
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of the computed GPS positions is also related to the same GPS time scale, This allows accu-
rate interpolation. The pulse emitted by the camera deviates from the correct center time of
exposure with an estimated standard deviation of 50 microseconds. Given a maximal air-
plane velocity of 300 kmv/h, this translates to only 4 mm uncertainty in the interpolation in-
troduced by a synchronization error.

The eccentricity vector was determined on ground by terrestrial measurements with a
theodolite, distance measurements and leveling. A set of attitude values of the camera was
used to define a camera-related reference frame in which the components of the eccentricity
vector are determined at the centimeter level. During the flight this set of attitude values of
the camera was held fixed, thus the components of the eccentricity vector remained fixed in
the coordinate system of the image.

These two pieces of information, the exposure time and the eccentricity vector, allow con-
nection of GPS coordinates of the antenna with the coordinates of the photogrammetric
projection centers.

7.3.2  Recovery of the GPS trajectory

The disposition and the smooth turns allowed collection of two data sets on two consecutive
days without major interruptions: the number of tracked satellites was always 24 .

Figures 7.3 and 7.4 show the GPS phase measurements as a function of time for the two
days. It has to be pointed out that the minimal elevation angle during the data collection was
put at zero. For the computation, however, only measurements with a minimum elevation of
15 degrees were used. The loss of lock to satellites with a low elevation angle are far more
frequent, this is in particular true for the moving receiver. The elevation angle for SVNs 17
and 3 are below 15 degrees during the entire time span. SVN 2 was below 15 degrees ele-
vation for about 40 % of the time span. These low elevation data were not used for compu-
tation, because the data noise and systematic errors were significantly higher.

Obviously the interruptions are more frequent in the data collected by the moving receiver
and they are more frequent in L2 than in L1. This second phenomenon, however, strongly
depends on the receiver type. These additional interruptions in the L2 measurements did not
disturb ambiguity resolution too much.

Two static windows before and after the flight of about 10-20 minutes each with a constel-
lation of 5 satellites allowed the fixing of the initial ambiguities on both days, the reference
receiver at the airport being at a distance of about 200 m from the plane. As no major inter-
ruptions in the phase measurements occurred, the fixing of the additional ambiguities during
the flight caused no major problems. No modeling of the ionosphere was necessary to re-
solve the ambiguities. Figure 7.5 gives an overview of the trajectory in Swiss projection co-
ordinates. The height as a function of the N-S component (corresponding to the flight direc-
tion) is given in figure 7.6.
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Figure 7.3 : Continuous phase measurements on L1 and L2 (March 4, 1992).
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Figure 7.4 : Continuous phase measurements on L1 and L2 (March 5, 1992).
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Figure 7.5 : GPS Trajectory of the aerophotogrammetric flight (March 4+5, 1992)
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Figure 7.6 : GPS height of the aerophotogrammetric flight (March 4+5, 1992)
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7.3.3  Comparison of L1, L2, and L3 solutions with fixed ambiguities

The procedure as described in chapter 2 was used to process the experiment. In a first itera-
tion step the ambiguities were estimated and fixed to integers. In a second iteration step the
fixed ambiguities were introduced as known into the processing and the coordinates of the
moving antenna were computed.

For both days separate L1 and L2 solutions as well as an solution using the ionosphere-free
combination of L1 and L2 with fixed integer ambiguities were computed. For convenience
all geocentric coordinates were transformed to Swiss projection coordinates, using the same
set of transformation parameters. This allows a separation into the E-W component (per-
pendicular to the flight direction), the N-S component (in the flight direction), and the
height. '

A first comparison of the L1 and the L3 solution shows discrepancies of up to 15 centime-
ters in the coordinates. (see figures. 7.7 and 7.9). Figures 7.7 - 7.10 also show the differences
in the L2 solution with respect to the L3 solution. Note that they are linearly dependent on
the differences of the L1 solution with respect to the L3 solution, and do not contain any
new information. This linear dependency holds true in the case of identical constellations.
As already pointed out and as one may see in the figures 7.7 and 7.9 there are small differ-
ences in the L1 and the L2 observation scenarios. Over small periods of time the L2 meas-
urements are missing (black lines) whereas the L1 measurements are present (gray area). In
some cases, where only four satellites were available, this produces bad PDOP values. Data
with a PDOP >10 was left out. The L3 scenario is identical with the L2 scenario, which
shows that it never occurred that only L2 data was recorded.

These discrepancies are mainly due to the ionosphere. As [Wild, 1993] showed the iono-
spheric influence introduces in a first approximation scale factors into the L1 and L2 solu-
tions. For geodetic GPS networks, based on longer observation time spans, this scaling ef-
fect is then the principal systematic effect of the jonosphere. In the kinematic case, however,
where for every epoch a new set of coordinates is produced, the short period fluctuations of
the ionosphere may lead to more general distortions in the L1 and L2 solution.

To extract a possible scaling factor from the differences of this kinematic solution the error
in the horizontal distance as a function of the horizontal distance itself is given in figure 7.8
(March 4, 1992) and figure 7.10 (March 5, 1992). For the first day a clear scale factor of
—3.7 ppm for the L1 solution with respect to the L3 solution may be extracted (figure 7.8).

For the second day, however, a constant scale factor is not so obvious. But still the distance
deduced from a L1 solution is shorter than from the L3 solution (figure 7.9).

The comparison of the L1 and L3 solution reveals that the measurements are significantly
corrupted by the ionosphere. This effect will disturb the ambiguity-fixing process if only
short time intervals are used (see chapter 7.4). If, however, the integer ambiguities are
known the bias introduced by the ionosphere may be eliminated by using the L3 combina-
tion.
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7.3.4  Interpolation to the exposure time

The positions of the antenna from the L1 or respectively L3 solution refer to the 1-sec GPS
epochs. Because the precise times of the camera exposures were also recorded by the re-
ceiver, it is possible to interpolate the antenna coordinates to the epochs of interest to the
photogrammetry.

The following procedure should give an idea of the interpolation error : For every line the
original 1-sec data-set was reduced to a 2-, a 4- and an 8-sec data set. By interpolating the
coordinates in the reduced data sets to the middle of the corresponding time intervals, a di-
rect comparison of the interpolated with the measured values allows derivation of a rms er-
ror of the interpolation as a function of the measurement interval.

Because only the interpolation of coordinates during the survey is of interest only data from
the first to the last exposure time of every surveying line was used. Results using the total
data set including all maneuvers would be much worse. The results of the individual lines
have been regrouped to daily values (mean over 5 lines for March 4, over 3 lines for March
5, 1992).

A linear and a quadratic interpolation were considered. For the quadratic intérpolation 2 ep-
ochs before and 2 epochs after the central epoch of the reduced data set were used and a
least square fit was applied. The results may be inspected in figure 7.11.

For the extrapolation of the rms error for the interesting 1-sec data set, the following empiri-
- cal formula was used : ‘

rms(Af) = a, (Af) ® | (7.1)

with the measurement interval Az and the two unknown parameters a, and a,. The values
for the 1-sec data-set (At =1)are then rms=a, . The values for a, and a, for the two days

and for the linear or quadratic interpolation are summarized in table 7.2. and show the
overall good interpolability.

Error March 4, 1992 March 4, 1992 March 5, 1992 March 5, 1992

[meters] linear quadratic linear quadratic
interpolation interpolation interpolation interpolation
E-W 0.013-(AD)"? 0.0005- (Ar)*® 0.024-(AD)'” 0.0089 - (A)+¥
N-S 0.002- (A" 0.0002 - (Ar)** 0.006- (Ar)'* 0.0012-(Ar)**
Height 0.005 - (An)'™ 0.0017-(Ar)*"! 0.048- (A" 0.0295- (A1)

Table 7.2 :  Results of the fitted interpolation error function for the linear and quadratic interpolation on
March 4+5, 1992.
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Figure 7.11 : Errors (in meters) introduced by a linear or quadratic interpolation as a function of the meas-
urement interval (in seconds) for the two days separately (March 4+5, 1992)

Let us point out that the N-S component, corresponding to the flight direction, provides in
all cases the best result. The critical component is the one perpendicular to the flight direc-
tion (E-W).

The values given above reflect only the error introduced by the interpolation and depend on
the dynamic behavior of the airplane and the air turbulence. All systematic errors, which
have a linear or quadratic behavior over some seconds, cancel out. Thus the same quality for
the interpolability may be obtained e.g. from a solution with floating point estimated.ambi-

guities.

The deteriorated quality of the interpolability on the second day (March 5, 1992) compared
to the first day (March 4, 1992) may be attributed to more enhanced air turbulence along the
trajectory. This different behavior shows up in the height profiles of the lines (figures 7.12).
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Figure 7.12 : Height profiles for the individual lines as a function of the time for both days separately. The
velocity is about 70 m/s and the 150 sec corresponds to 10 km.

Note that for both days the atmospheric conditions were excellent and in the end the interpo-
lation did not cause much trouble also on the second day, where the maximum rms error
yields 4.8 cm for the height component with a linear interpolation method and 2.9 cm with a
quadratic interpolation.
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7.3.5  External comparison with antenna coordinates from aerotriangulation

The 80 photographs of the block were measured on the Wild AC3 Analytical Plotter. In
addition to the 94 signalized points, 313 natural tie points had to be included. This resulted
in a average density of about 25 points per photograph. Using the total amount of 94 control
points, the coordinates of the projection centers of the camera may be accurately determined
in a bundle block adjustment. The standard deviations from the bundle adjustment were 7.4
cm for the horizontal coordinates and 3.6 cm for the height component.

The eccentricity vector from the projection center of the camera to the phase center of the
GPS antenna is known and was held fixed in the image-coordinate system. From the photo-
grammetric block adjustment the absolute orientation of the image coordinate system is also
known. This allows correction for the eccentricity vector and computation of the coordinates
of the GPS antenna from the photogrammetric projection centers.

line 12

N\

| >
| ><
@
O
I .
—e— March 4, 1992 = X ! © [N |+|
—O0— March 5, 1992 g £ g g g
0 1 2 3 4km 20cm
L ) ! ! ] +—— Residuals of horizontal components
,” ™. Residuals of height component

Figure 7.13 : Differences of the antenna coordinates between GPS coordinates (LI solution with integer am-
biguities) and coordinates from aerotriangulation (with all 94 control points).
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This result was then compared to the GPS coordinates. One problem was the use of different
coordinate systems. In principle the GPS coordinates were connected to the geocentric co-
ordinates of the permanent IGS site Zimmerwald by means of a static GPS baseline from
Zimmerwald to the reference site at the airport. The coordinate system used in the bundle
block adjustment, however, is derived from the Swiss projection coordinates of the 94 con-
trol points in Uster. Because of the distortion in the Swiss projection coordinates (the dis-
tance Zimmerwald - Uster being approximately 100 km) an unknown translation vector,
constant for the entire block, had to be considered in the comparison.

The GPS coordinates may either be derived from the L1 solution or from the L3 solution
with fixed ambiguities. Using a pure L2 solution does not make much sense, since the iono-
spheric refraction is larger. The translation vectors and the rms of the residuals using either
the L1 or the L3 solutions are given in table 7.3.

translation vector [meters] rms of the residuals [meters]
E-W N-S Height E-W N-S Height
L1-solution  -0.822 0.244 -0.391 0.152 0.106 0.075
L3-solution  -0.825 0.265 -0.450 0.155 0.107 0.080-

Table 7.3 :  Translation vector and rms of the residuals from the external comparison between antenna co-
ordinates determined with GPS and aerotriangulation.

The L1 residuals (figure 7.13) show that there are no systematic errors over the entire block
and the integration of the GPS measurements in the bundle adjustment could be done with-
out introducing additional drift parameters, with the exception of one translation vector to
account for the inaccuracies of the coordinate transformation.

The L3 solution gives the same pattern of residuals as in figure 7.13 and is therefore not
explicitly presented. The comparison with the formal accuracy of the aerotriangulation (7.4
cm in planimetry and 3.6 cm for the height) shows that the values obtained externally are
about a factor of 2 worse. The errors of the GPS coordinates do not explain this discrepancy.
Nevertheless it was shown [Gruen et al. 1993a, 1993b] that by integrating the GPS coordi-

~nates in the bundle block adjustment a similar level of accuracy of the ground check points
could be obtained with only four control points at the corners of the block as compared to a
conventional version with a large number of ground control points (bridging distance i =
2b) without integration of the GPS information.
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74 Impact of unresolved ambiguities on the coordinates

One possible way to recover the coordinates of the projection centers of the camera is to
process the kinematic GPS data separately for every line. We define as a line not only the
time from the first to the last exposure time of the camera, but extend it to the turns. In our
case the duration of such a line is about 5 minutes.

Let us additionally assume that only phase on the L1 band and code measurements are avail--
able. From these 5 minutes of GPS data a real valued solution for the ambiguities using the
procedure as described in chapter 2 may be produced and the coordinates can be derived
from this floating point solution.

Since two different code measurements with a different accuracy are available (C/A code
and P Code) the following two versions with different code weighting will be considered :

Version 1:  C/A code weight,,,, [weightp,,,= 107

Version2: P code weight,,,, [weightp,,,= 0.5-107

For latter versions and for every line the coordinates are computed from the corresponding
floating ambiguities and compared to the reference solution (the L1 solution with the correct
integer ambiguities). The coordinate differences contain only the errors introduced in the
solution by the wrong ambiguity values. For every line these differences are approximated
by a linear fit, characterized by an offset, a linear drift and the rms error of the residuals after
the linear approximation. The results are given in table 7.4. The rms of the linear fit are on
the order of a few millimeters. This clearly shows the linear behavior of our ‘floating’ solu-
tions over 5 minutes worth of data.

Obviously the drift parameters depend on the quality of the code measurements. With the
C/A code we obtain offset values of a few meters, and with the P code all values are below 1
meter. The linear drifts are also smaller in the case where the P code is used (typical values
10-20 cm/min. for the C/A code versions and 5-10 cm/min. for the P code versions).

The consequence for the integration of GPS coordinates into the bundle block adjustment,
using such ‘floating’ solutions, is obviously that drift parameters have to be taken into ac-
count and that they must be determined through photogrammetric constraints. The impact on
the block design (as mentioned in chapter 7.1.2) are two additional perpendicular strips at
the block boundaries.
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“|. OFFSET

LIN.DRIFT'\ RMS:FIT:

0.013 0.0068 0.0010
0.863 0.0079  0.0018
HEIGHT -0.565 -0.0519 0.0029 | -0.806 -0.0183  0.0020
LINE! 11! |'‘ OFFSET!i""'LIN:DRIFT. "RMS{FIT:| OFFSET" LIN:DRIFT:  RMS:FIT.
E-W 0.108 -0.0041 0.0003 0.321 -0.0055  0.0003
N-S 0.284 0.0007 0.0005 0.431 0.0015  0.0005
HEIGHT -0.855 -0.0016 0.0026 0.961 0.0053  0.0028
'LINE!12:|.{ OFFSET., ‘' LIN:DRIFT' . RMS:FIT'|  OFFSET: LIN:DRIFT:  RMS:FIT .
E-W -0.631 ~0.0200 0.0012 0.265 0.0025  0.0004
N-S 4.422 0.0566 0.0028 0.009 0.0001  0.0006
HEIGHT -0.918 -0.1431 0.0076 0.966 0.0019  0.0031
‘LINE:13".'| ' OFFSET:!  LIN:DRIFT: 'RMSI!FIT'|  OFFSET:‘ LIN:DRIFT'' RMS{FIT:
E-W 2.817 -0.0364 0.0003 0.166 -0.0056  0.0034
N-S 3.157 0.0799 0.0014 0.727 0.0100  0.0066
HEIGHT . 2.756 -0.1553 0.0040 | -0.003 -0.0190  0.0015
‘LINE{14": | ' OFFSET!! ‘LIN.DRIFT: RMS FIT"|: OFFSET: LIN.DRIFT'  RMS:FIT
E-W 0.025 -0.0021 0.0004 0.110 -0.0038  0.0004
N-S 0.386 -0.0003 0.0007 0.602 0.0021  0.0008
HEIGHT -0.563 -0.0010 0.0016 | -0.648 -0.0063  0.0021
LINE:15:: | . OFFSET’: ‘LIN:DRIFT: . ‘RMS FIT | |OFFSET'  LIN:DRIFT'' RMS:FIT) '
E-W -0.536 -0.0148 0.0009 0.401 -0.0030  0.0003
N-S .2.026 0.0351 0.0004 0.231 -0.0024  0.0005
HEIGHT -0.332 -0.0748 0.0021 | -0.646 0.0068  0.0014
LINE;16: | . OFFSET' . LIN.DRIFT: ' RMS FIT:|  OFFSET: . LIN:DRIFT: RMS:FIT!
E-W -0.103 0.0062 0.0005 0.474 -0.0023  0.0003
N-S -0.940 -0.0126 0.0004 0.311 0.0015  0.0003
HEIGHT 0.419 0.0345 0.0004 | -0.073 -0.0076  0.0003
LINE 17 | OFFSET ' LIN.DRIFT:' RMS:!FIT'!| OFFSET: LIN:DRIFT:' RMS|FIT ..
E-W -0.497 0.0036 0.0004 0.357 0.0021  0.0004
N-S -0.039 0.0023 0.0005 | -0.123 -0.0030  0.0004
HEIGHT 0.954 0.0068 0.0028 0.834 0.0106  0.0021
Table7.4: Offset and linear drift from ‘line-wise’ GPS-solutions with floating ambiguities. The offset is

given in [m], the linear drift in [m/min.] and the rms of the linear fit in [m].
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7.5  ‘On the fly’ ambiguity resolution per line

As we saw in chapter 7.4 the fixing of ambiguities is important in obtaining drift-free GPS
coordinates. Using the total amount of 1%2 hours of dual frequency data or even only single
frequency data the quality of the floating point solution is sufficient to allow secure fixing of
the ambiguities. The demand for uninterrupted phase measurements over a longer time pe-
riod is hard to fulfill in practice. Therefore we want to see, whether it is possible to securely
retrieve the integer values of the ambiguities over shorter time periods for this specific.
‘Uster 92’ data et.

As in chapter 7.4 we deal with every line separately, using the same windows of 5 minutes.
To be successful we must rely on the dual frequency data and trust-in its discrimination
power. We also take advantage of the high quality of the P code measurements, introducing

them in the NEQ system with a weighting ratio of weight,, /weightp,,, =0.5- 10™*. Be-

cause Anti Spoofing (AS) was turned off, the search could be performed in the full cycle
mode for the L2 ambiguities. The satellite constellation is similar for all lines. The number
of observed satellites and the corresponding mean value of the PDOP may be found in table
7.5. ,

line10 linell linel12 line13 linel4 linel5 linel16 line 17

# Sat 5-6 5 5 6 6 5 5 5
PDOP 4.1-3.8 4.4 4.4 34 3.7 42 4.5 4.2

Table 7.5:  Satellite constellation for the individual lines.

The corrupiion of the measurements by the ionosphere poses some problems. In section
7.3.3 the differences in the L1 and L2 solutions with respect to the L3 solution and system-
atic errors up to 10 cm for the L1 and 15 cm for the L2 solutions showed up.

Therefore it was necessary to introduce ionospheric biases parameters (see chapter 4.4 Sto-
chastic modeling of the ionosphere). The approach using differential ionospheric biases was
adopted and different levels for the a priori noise G,,, of a L1 jonospheric bias normalized

to the zenith direction were tested.

By putting the a priori value for the rms error of a single difference phase measurement to 5
mm the following levels for the a priori ©,,, were analyzed :

G,, = O0mm 2.5mm 5 mm 10 mm 25 mm 50 mm
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6.9 12.1 13.4 1.10 (16.6)
5.0 10.3 10.6 1.03 (10.6)
4.0 7.5 9.0 1.21 OK
3.2 5.2 6.7 1.28 OK
2.6 3.8 4.6 1.22 OK
2.4 3.4 3.6 1.06 OK
LINE 11 | o, .0, 0, | DF': commmer| O, | Gy .G, DF' commEcr:.
w = 0| 4.1 10.2 11.7 1.15 (18.0) | 3.9 10.3 10.7 1.04 (20.4)
C..=2.5] 3.7 9.4 10.3 1.09 (10.8) | 3.5 9.4 9.5 1.01 (12.1)
C,p = 5 3.3 7.1 8.0 1.12 OK 3.1 7.9 8.1 1.03 OK
C,..= 10| 2.9 4.8 6.1 1.28  OK 2.8 5.2 6.0 1.16 OK
., = 25| 2.5 3.2 3.7 1.15 OK 2.5 3.4 3.7 1.10 OK
C,, = 50 2.4 2.9 3.1 1.06 OK 2.4 2.9 3.1 1.05 OK
LINE:12 S o, F'*' CORRECT: |
6,,= 0] 9 12.4 1.01 (18.1) | 9.2 11.6 12.0 1.04 (16.7)
C,, = 2.5 | 8. 11.0 1.02 (11.7) | 7.1 9.6 10.4 1.09 (10.7)
G,,= 5] 6. 9.5 1.12 OK 5.8 7.7 8.6 1.11 OK
G,, = 10 | 4 6.6 1.11 OK 4.2 5.5 6.1 1.11 OK
G, = 25| 3. 4.3 1.08 OK 3.0 3.8 4.1 1.08 OK
G,., = 50| 2. 3.5 3.7 1.07 OK 2.6 3.4 3.7 1.07 OK
Table 7.6a:  Result of a line-wise ambiguity search in the dual frequency mode wuh additional stochastic
ionosphere biases ( lines 10 - 12 / March 5, 1992)
Oy A priori rms in [mm] of a stochastic ionospheric bias normalized to the ze-
nith’s direction and the L1 phase. ( rms of the unit weight a priori = 0.005 )
o, Rms in [mm)] a posteriori of the best integer solution from the search.
c, Rms in [mm)] a posteriori of the second best integer solution from the search.
DF Discrimination factor: DF =c%
1
correcr Independent of the value of the obtained DF the best integer solution is com-

pared to the correct one, and marked with ok if they agree. In the case where the
search ended up with a wrong integer set, the rms in [mm] of the correct
integer solution is given in brackets. Note that in the case where the best inte-
ger solution is the correct one its rms is identical to o,
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LINE 14 | O,  o;l .0, . DF ' comRecr: | G, ' G, 'G, ' DF .CORRECT
C,n = .2 12.3 13.8 1.12 OK 6.4 13.8 13.9 1.01 (13.9)
G, = 2.5 .0 9.0 11.6 1.29 OK 5.3 9.9 11.0 1.11 OK
o, = 5.3 7.3 9.0 1.23 OK 4.8 7.7 8.9 1.16 OK
g, = 10 | 4.5 5.7 7.2 1.26 OK 4.1 5.8 7.1 1.21 . OK
G, = 25| 3.8 4.5 5.2 1.17 OK 3.7 4.5 5.1 1.15 OK
G, = 50| 3.6 4.2 4.4 1.05 OK 3.6 4.2 4.4 1.05 OK
LINE!15' | © . DF' commseri’| o, op o, DR

G, = .6 1.23 OK 3.9 8.0 10.3 1.29 OK
G, = 2.5 .7 1.23 OK 3.7 6.9 8.5 1.23 OK
Cron = .4 1.25 OK 3.3 5.9 6.8 1.15 OK
o,, = 10 .0 1.34 OK 2.7 4.5 5.5 1.23 OK
o,, = 25 .3 1.39 OK 2.1 3.1 4.0 1.27 OK
G,, = 50 .2 1.18 OK 2.0 2.8 3.2 1.15 OK
LINE{16 L DF |\ cormEcT !
6, = 0 10.4 1.20 (11.2) 1.22 (8.5)
G,, = 2.5 8.3 1.14 OK 1.18 OK
G,, = 5 6.9 1.29 OK 1.49 OK
o,, = 10 5.5 1.37 OK 1.52 OK
o,, = 25 4.3 1.43 OK 1.32 OK
G,, = 50 3.1 1.13 OK 1.08 OK
o,, = .0 1.03 (13.1) | 4.9 9.7 10.0 1.03 (11.1)
O, = 2.5 9.1 1.02 (9.1) | 4.3 7.2 8.9 1.23 OK
O,n = 5 4.5 7.0 7.8 1.12 OK 3.8 5.4 7.7 1.44 OK
6, = 10] 3.5 5.2 6.9 1.32 OK 3.0 4.1 6.6 1.61 OK
C,,= 25| 2.5 3.6 4.5 1.25 OK 2.4 3.3 4.6 1.39 OK
o,, = 50 2.3 3.2 3.2 1.00 OK 2.3 3.1 3.3 1.06 OK

Table 7.6b : Results of a ‘line-wise’ ambiguity search in the dual-frequency mode with additional stochastic

ionosphere biases (lines 13 - 17 /March 4, 1992). (see explanations to table 7.6a)
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Figure 7.14 : ‘Line-wise’ ambiguity search in the dual frequency mode with additional stochastic ionosphere
biases.(Note that the lines are not in chronological order).
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Two sets of versions were computed : a first set without any a priori-model for the iono-
sphere correction and a second set which already corrected for a single layer model. The
details and used parameters of this model are described in chapter 4.4.3. We hoped that the
a priori model would already remove the greater part of the ionospheric path delay and that a
lower noise level G,,, for the remaining stochastic bias could be used as in the case without

input model. Note that the lower we are able to choose ©,,, the better the discrimination will

be. The results are summarized in table 7.6a and 7.6b. Figure 7.14 gives an impression of the
impact of the stochastic ionosphere parameters on the ambiguity search process.

The introduction of our parameters removes ionospheric biases on the one hand. On the
other hand the values for ¢, and o, become closer and the discrimination factor is thus
weakened. But obviously data corruption by the ionosphere is significant, and the benefit of
introducing ionospheric biases is important.

Without stochastic ionosphere parameters, the search ended up with a wrong integer combi-
nation for 6 out of 8 lines. The rms of the correct integer combination was on the order of 10
- 20 mm and at least one, normally even several, wrong integer combinations with a lower
resulting rms could be found. The distortions due to a not properly modeled ionosphere lead
to a ‘biased’ and thus unreliable discrimination factor.

By gradually increasing the value of G, the situation improves. For the versions with
G,, 25 mm the search always ended up with the correct solution, and the discrimination

factor reaches an optimum somewhere for a value between 10 mm and 25 mm. This opti-
mum is obtained by attempting to use a value for ©,,, as small as possible (to not weaken
the search) and as high as necessary to remove the systematic errors introduced by the iono-

sphere. The optimum therefore is in principle different for every data set. A to large value of
G,, damages the discrimination factor. This means that for big ionospheric activity (where

we have to choose a large value for G,,,) it becomes more and more difficult or even im-
possible to securely retrieve the ambiguities.

For the best version with ¢,, =10 mm the discrimination factor for all lines with the ex-

ception of line 12 is of the order of 1.3. A closer look at the result of line 12 showed that in
fact a similar value for the discrimination factor from the best to the third best integer solu-
tion was obtained. leaving us with two candidates. (An idea which has not been tested would
be to use the photogrammetry to discriminate between these two solutions.)

The differences between the versions (without any a priori model for the ionosphere or using
a single layer model) are very small. There is no noticeable benefit in our single layer model
for our purpose. It seems that there is only a small decrease of G ,. Better modeling might

change the situation but the results show that élready with the simple hypothesis of a white
noise for the ionospheric error and a careful definition of the noise level G, , the results of

the ambiguity search could be significantly improved.

ETHZ IGP-GGL



Chapter 7 -112- Kinematic GPS for Aerophotogrammetry

ETHZ IGP-GGL



Chapter 8 -113- Kinematic GPS for Aerogravimetry

8 Kinematic GPS for Aerogravimetry

8.1  Introduction

The key problem in monitoring the earth’s gravity field with a gravity meter, installed on
board a moving vehicle, is the separation of the signal (acceleration due to the earth’s grav-
ity field) from the noise (acceleration due to the motion of the vehicle).

In the case of a ship, adequate filter techniques allow this separation without additional ex-
ternal information of the acceleration of the vehicle. Since 1950 gravity meters, installed on:
ships revealed themselves to be a practicable way to monitor the earth’s gravity field
[LaCoste and Romberg, 1967]. Due to the high velocity of an airplane accurate external in-
formation of position, velocity and acceleration are required for reducing the measured ac-
celerations in order to retrieve gravity. [Brozena et al, 1989] for example have shown that.
kinematic GPS is a powerful tool for this task.

The ultimate goal of every airborne gravimetric survey is the mapping of the anomalies of
the earth’s gravity field. To achieve this task there are various requirements for aerogravime-
try on the GPS trajectory. The horizontal coordinates are only needed for the spatial location
of the measurement and do not cause any problems with the achlevab]c accuracy of kine-
matic GPS. Assuming a desired accuracy of 1 mgal (1 mgal = 10° m/s’) and a gradient of -
0.3 mgal/m for the gravity a height accuracy of 3 meters is required. For the correction of
the Coriolis acceleration the horizontal velocity (East-West component) is needed with an
accuracy of 7 cm. The required accuracy of the vertical component of the acceleration, how-
ever, directly correspond to the desired accuracy of the grav1ty determination. Similar values
are given e.g. in [Hehl, 1992].

horizontal position 10- 100 m
height component of the position -3 m
horizontal velocity 7 cm
vertical acceleration 1 mgal

Table 8.1 Required accuracy of the GPS trajectory for aerogravimetry.

The key problem is vertical acceleration. It is obvious that with a simple numerical differen-
tiation of the GPS positions a noise level of 1 mgal is not achievable. Therefore elaborated
filtering techniques (normally low pass filters) are applied [Hehl, 1992], [Klingelé et al,
1993], [Bagnaschi, 1993]. By low pass filtering with a cutoff frequency of 0.01 Hz an accu-
racy of 1 mgal for the vertical acceleration from kinematic GPS put on a vertical motion
machine were reported by [Wei et al., 1991].
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In the following results from a gravimetric airborne survey with GPS are presented. We will
focus in particular on the GPS part ot the survey namely : the determination of the trajectory
and the derivation of velocity and acceleration.

8.2 GPS-results from an aerogravimetric survey ‘Aerograv 92’

8.2.1 Overview

In November and December 1992 an airborne gravimetric survey was carried out over Swit-
zerland by our institute in collaboration with LaCoste and Romberg, who provided for the
gravity meter. A LaCoste Romberg Model S Marine relative gravity meter, mounted on a
gyro stabilized platform, was installed on board an airplane and collected raw data at a rate
of 1 Hz. (For details concerning the gravity meter see e.g. [Valiant, 1982]). The airplane was
a Twin Otter belonging to the Swiss Cadastral Authority (Eidgenossische Vermessungsdi-
rektion).

During the flights 6 Trimble SST receivers were operating (2 receivers on board the air-
plane, 4 receivers at ground stations). Because of the importance of the project and the long
distances (the survey covered the entire territory of Switzerland) we installed 4 suitably dis-
tributed reference stations : Zimmerwald, Zurich, Engadin and Lausanne (see figure 8.1).

In addition to the 3 receivers, owned by our institute, the University of Braunschweig pro-
vided us with 2 further receivers. The Swiss Federal Office of Topography permanently op-
erates a receiver at the IGS site at Zimmerwald. At our special request the data rate was put
to 2 Hz during the surveying flights. The Institute of Geodesy of EPF Lausanne was in
charge of the receiver at the Lausanne reference site. We gratefully acknowledge the help
and cooperation of all the institutions involved, which actively contributed to the success of
the mission. Tables 8.2 and 8.3 give an overview of the GPS part of the ‘Aerograv 92’ sur-
vey.

GPS receivers : 6 Trimble SST
Collected measurements :
1 sihgle-frequency receiver C/A code (onL1) L1 phase

5 dual-frequency receivers- C/A code (onL1) L1 phase
Pcode (onL2) L2 phase

Measurement rate ' 2 Hz

(Data directly downloaded to the harddisk of laptop computers)

Table 8.2:  Parameters related to GPS of the ‘Aerograv 92’ data set
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Distribution of GPS receivers

Airplane 1 dual Swiss Federal Institute of Technology (ETHZ)
Airplane 2 single | Swiss Federal Institute of Technology (ETHZ)
Zimmerwald dual Swiss Federal Office of Topography (L+T)

Zurich dual Swiss Federal Institute of Technology (ETHZ)
Lausanne dual University of Braunschweig (Germany)
Engadin dual University of Braunschweig (Germany)

Table 8.3 :  Distribution of the GPS-receivers

Eight flights were performed between November 24 and December 11, mainly during the
night. The duration of the individual flights was about 4 to 5 hours, which corresponds the
maximal possible flight duration of the airplane. Figure 8.1 shows the design of the survey-
ing lines, comprising 20 lines in the East-West direction and 4 crossing lines.

In the following we focus only on the flight of December 10. The total duration of this par-
ticular flight was about 4 %2 hours and the following 3 lines were flown :

duration flight direction remarks
Line 12 60 min. East-West (only partially)
Line 10 1 h 40 min. West-East (total line)
Line 8 50 min. | East-West (total line)

Table 8.4 :  Overview of the lines surveyed on December 10.
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23

0 50 100 km

Figure 8.1 : Design of the surveying lines in the ‘Aerograv 92’ project. The part flown on December 10 ( line
8, 10 and part of line 12) is emphasized.
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Figure 8.2 : Height as a function of time for the flight on December 10 (recovered from the GPS trajectory).
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8.2.2°  Recovery of the trajectory

Our first objective was to recover the trajectory of the airplane. Four reference stations could
be used, allowing comparison.

The measurements from the dual-frequency receiver on board the airplane were combined
with the measurements from different reference stations. For every combination (different
reference station to the same roving receiver) the coordinates were computed. The same
strategy as in section 5.2 (‘Laser scanner-flight 94’) was used to compare results. First all
reference stations were tied to the IGS site at Zimmerwald by means of static baselines. This
task was performed using Bernese Software Version 3.4. The entire amount of data over the
duration of all 8 flights was used.

Because the constellation was quite poor for this data set, the minimum elevation angle was
set to 10° in the computation. This led, however, to different satellite constellations when
combining the roving receiver with different reference stations due to individual topographic
obstructions at the reference sites. Unfortunately due to a lack of data the trajectory had to
be divided into different parts.

The processing scenario is specified in table 8.5 :

Zimmerwald |entire dataset  (always at least 4 common satellites with the roving receiver)

Engadin entire data set  (always at least 4 common satellites with the roving receiver) |

Zurich 2 parts Part 1 ( line 12 and line 10)
' Part 2 (line 8)

Lausanne 2 parts Part 1 (line 12)
Part 2 (line 8)
(line 10 could not be processed )

Table 8.5: Processing scenario for the different combinations of the roving receiver with the four reference
stations.

In all data sets discussed so far, e.g. ‘Laser Scanner flight 94> (chapter 5.2) or ‘Uster 92°
(chapter 7.2), the distance between roving and reference receiver was always below 30 km-
and it was possible to securely retrieve the individual L1- and L2-ambiguities. For the
‘Aerograv 92’ data set , however, distances up to 300 km did occur. A secure fixing of the
individual L1 and L2 ambiguities was impossible. Therefore the following strategy was

adopted :

We integrated all code and phase measurements into our NEQ system, and introduced abso-
lute stochastic ionosphere biases as described in chapter 4.4. A value for the absolute iono-
spheric noise level was based on the following assumptions. During the night activity of the
ionosphere is low and a stochastic noise in the total electron content (TEC) of 15- 10" TE-
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CUs seemed to be appropriate. This resulted in an assumed stochastic noise of 2.5 m for an
absolute ionospheric path delay normalized to the zenith and the L1 frequency.

In a next step the L2 ambiguities are replaced by the corresponding wide-lane ambiguities
(wavelength = 86 cm), called L5 ambiguities here after. Instead of a mixed L1/L.2- -NEQ
system we now have a mixed L1/LS NEQ system.

We then try to fix the L5 ambiguities only and leave the L1-ambiguities as floating point
values in the NEQ system. For the fixing of the L5 ambiguities the following strategy was
adopted : first a conventional sigma dependent rounding is applied. In the case where it was
not possible to resolve the wide lane ambiguities by this method, our search strategy (see
chapter 4.2) was used. The search in this case here, however, is only performed over the sub-
set of the wide-lane ambiguities. After a successful fixing of the L5 amblgumes the remain-
ing L1 ambiguities were left as floating point values.

For the final computation of the coordinates these ambiguities (fixed L5 / real valued L1) are
used and the same stochastic modeling of the jonospheric path delay is applied.

The strategy described above was applied to all data sets listed in table 8.3. The L5 ambi-
guities were fixed to integers. Apart from the L3 solutions, L1 solutions were computed.
They will also be considered for the computation of the velocity and acceleration of the air-
plane (see chapter 8.4).

8.2.3  Comparison of the trajectory using different reference stations

For the following comparisons the solutions with respect to Zimmerwald were chosen as
reference. The differences between the solutions with respect to the other ground stations
(Zurich, Lausanne, Engadin) and the reference solution are given in figures 8.3 and 8.4.
Note that for every data set the same data from the roving receiver was used.

As already pointed out, there are slight differences in the constellation of the individual
combinations (reference - roving). In figures 8.3 and 8.4 the constellation with respect to
Zimmerwald is given.

In figure 8.3 the differences in the L3-solutions show an agreement on the order of 10 ¢cm for
the periods with a reasonably good PDOP. There remain, however, systematic discrepancies,
which may be due to the tropospheric path delay : Measurements at low elevation angles are
included and there are also big height differences between the reference stations (Lausanne
at a height of 400 m / Zurich at 550 m / Zimmerwald at 900 m / Engadin at 1720 m).
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For the computation of the coordinates the Saastamoinen model [Saastamoinen, 1973] for a
standard troposphere was used to correct for the tropospheric path delay. [Geiger, 1987]
showed that for a homogenous satellite coverage of the sky an error in zenith path delay cor-
rection produces an error about three times larger in the height component. This error, how-
ever, depending on the actual satellite constellation, may also affect the horizontal compo-
nents. If we assume a maximum error of 15 cm for the zenith path delay, the resulting error
in the coordinates would still be below 50 cm and we are still within the required accuracy
limits of 3 m for the height component (see table 8.1).

8.2.4 Determination of velocity and acceleration

For the determination of velocity and acceleration the geocentric coordinates may be used.
In a first and for our purposes sufficient approximation, this coordinate system rotates with a
constant angular velocity with respect to an inertial frame. Therefore by taking the deriva-
tion of the rotating coordinates twice with respect to time, the obtained acceleration has to
be corrected for the Coriolis and the centrifugal accelerations in order to obtain the ‘true’
acceleration with respect to an inertial frame (see e.g. [Schneider, 1981}).

8 one =1 X+ 2@ X 4 5+ @ X (6 X F) (8.1)

airplane — 42

where

Qe denotes the total acceleration vector acting on the gravimeter due to the motion

of the airplane with respect to an inertial frame.

X the position vector given in the rotating frame.

4 the time derivative of the coordinates given in a rotating frame.

0=we rotation vector of the earth (® = constant angular velocity of the
earth and e = unit vector parallel to the earth’s rotation axis)

prions = 2O X4 the Coriolis acceleration

Ceonripugar = WX (@X X)  the centrifugal acceleration

By adding the gravitational acceleration of the earth’s we obtain the following total accel-
erationa,, (Tidal effects are neglected).

— -

— = [ I~ ) o~ > P i~
arot - aeanh + aaircraﬁ - [aearlh +wX (0) X x)]+:17:x + aCoriolis (82)

The term a,,,, + ® X (@ X X) is commonly denoted as gravity vector g of the earth (see e.g.
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[Heiskanen and Moritz, 1967]). By introducing this abbreviation into equation (8.2) we ob-
tain :

ot — 4 +-‘Fi + a.Coriolis (8°3)

Apart from cross-coupling effects and stabilization problems of the gyro-platform the meas-
ured acceleration is the vertical component of d,,.

=3, 3 =gt+(LF)E, +dg, E 8.3
agravimeter =0yt = g+ (dt x).en +aCon‘oIis "€, ( . )

where €, denotes the vertical direction, taken as ellipsoidal normal vector.

An equivalent approach consists of first extracting the ellipsoidal height from the geocentric
coordinates and performing the time derivatives on the ellipsoidal height. Here the Coriolis
term has to be extended to account for the curvature of the reference surface (ellipsoid). The
resulting correction term is known as Eotvoes correction. (For the ellipsoidal case the for-
mula for the Eotvoes correction may be found in [Harlan, 1968]).

= 4
agravimem' =8 + ?heﬂ + aEarvoes (8°4)

In the following we will directly use the coordinates given in the rotating geocentric Carte-
sian frame and correct the acceleration for the Coriolis term.

In geodesy collocation methods are often used for the interpolation of the geoid. [Gurtner,
1978]. They may also be applied for the interpolation of a kinematic GPS trajectory and al-
low integrated determination of the time derivatives. The collocation method is an extension
of a least squares estimation, where the residuals of the measurements are split up into a
noise and a signal part with an assumed correlation between the signals of the different
measurements. An a priori value for the noise of the measurements is necessary and a co-
variance function for the signals has to be known. For a detailed description of the colloca-
tion method see e.g. [Wirth, 1990].

The position vector was assumed to be a polynomial in time of degree 2. The remaining re-
siduals were then interpolated using collocation methods. For the resulting time series
(position, velocity, acceleration) a time spacing of 1 sec was adopted. For every epoch we
used only the data within a time span of 5 seconds around this central epoch which corre-
spond to 11 data points in total from the original 2 Hz data set.

We assume the following covariance function of the signal :

1

signal _W
1+ =
T

=2 mm and. T =2sec (o

Covariance function = 62 (8.5)

Wlth c:ignal noise = 5 mm )
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For the GPS trajectories (L1 and L3 solutions), separately for each line, the velocity and ac-
celeration vectors were calculated in a geocentric Cartesian reference frame. The Coriolis
acceleration was added to the acceleration vector. Then a transformation in the correspond-
ing horizontal frame was performed. The east and north component of the velocity were
combined into a horizontal velocity.

Figure 8.4 shows the horizontal velocity, figure 8.5 the vertical component of the velocity.

The horizontal velocities are on the order of 90 m/s for the lines 12 and 8 (flight direction
East-West) and of 60 m/s for the line 10 (flight direction West-East). Many systematic errors
are removed by taking the derivatives.

For every epoch a mean value from the results with respect to the different reference stations
was computed and the rms error of the residuals as a function of time is given in figures 8.4
and 8.5. Note that in the computation of the different versions the same GPS data from the
roving receiver is included, therefore this comparison is not an external validation. The
agreement of the velocity components obtained with different reference stations is on the
order of a few millimeters/sec. Let us keep in mind that the aimed at accuracy for the hori-
zontal velocity is about 7 cm. It is obvious that the recovered horizontal velocity from kine-
matic GPS easily meets all requirements of aerogravimetry

Figure 8.6 gives the vertical component of the acceleration. Maximum values of 15 cm/s’ are
reached, but in general the accelerations are on the order of 3 to 5 cm/s’. This corresponds to
3000 to 5000 mgal of ‘noise’ acceleration acting on the gravity meter. The quality of our
derived accelerations is a few mm/s’ (a few 100 mgal) and it is clear that the requlred accu-
racy of 1 mgal is not achievable for an ‘instantaneous’ acceleration.
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Figure 8.4 : Horizontal velocity derived from the GPS trajectories for lines

12, 10 and 8. The errors repre-

sent the standard deviation of the different solutions.(same rover - different reference stations)
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Figure 8.6 : Vertical acceleration component from the GPS trajectories for lines 12, 10, 8. The errors repre-
sent the standard deviation of the different solutions. (same rover - different reference stations)
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8.2.5  Comparison with the gravity meter acceleration

As already pointed out, our goal here is not the filtering of the GPS trajectories in combina-
tion with the gravity meter measurements in order to retrieve the gravity. Two approaches
for this task, using Kalman filter techniques and RC filters have been applied to this data set
and first results have been published by [Klingelé, 1994]. We restrict the discussion to a
comparison of the accelerations, derived from GPS as presented in section 8.4, with those of
the gravity meter. For the recovery of the latter accelerations the raw data as recorded by the
gravity meter was treated in a similar way to the GPS data.

- The comparison for the 3 lines 12, 10 and 8 is given in figure 8.8. Note that the LaCoste and
Romberg gravity meter measures relative gravity. The non-calibrated values of the measured
accelerations were directly used for the comparison and therefore the absolute value of the
difference is of no importance.

Lines 12 and 8 were flown from east to west and line 10 from west to east. The resulting
Coriolis accelerations are of opposite signs and its influence is clearly seen in figure 8.8. The
main level of the gravity meter and GPS accelerations of line 10 compared to lines 8 and 12
is different by about 2 gal.

Figure 8.7 shows a short sequence of 2 minutes from line 8, for which the agreement is best.

h j

2

GPS
Gravity meter \V

4 .
T T T T r
12870 12900 12&30 12960 1?990
Time of day in [sec)

Figure 8.7 : Accelerations from gravity meter and GPS accelerations for a sequence of 2 minutes (line 8).

As expected the differences between the two accelerations are still on the order of a few
gals. Figure 8.8 only demonstrates the main problem in aerogravimetry : The recovery of a
signal of some tens of mgal with an accuracy of 1 mgal from measurements corrupted by
accelerations of some gals. - ‘

ETHZ IGP-GGL



Chapter 8 -127- Kinematic GPS for Aerogravimetry

(]
<}
&
g -
QU L
8 %
i =)
—y
- o~
ey
[
L Q.
o =
o —
- 5 | S N
s S
=
3 2
S
2
©
- | S
S
5.
- 3 1]
Q,
X )
g §
-8 S
[++] ]
2
o 3
L
2V
=
o W
< 13
L @ 2
) L3
Py L .E :o
¥
o - e ] -
~ o
© B s
N
- o
E 3
5 < 2
s
L ~
Y
=
s 2
S
2 g
- S 3
< 3
QL
- 3
3
L Q
Emad E
L >
—_ i %
(=] %0
-8 g
N 5
i L,
o}
~ L
®
.= o
-3
m .
4] L
]
s
i - ©
. ()
& X
o
(=]
—-r--r—r—r—|—r—r-r—rr T T T T T T T T T T
n © v O v o o v ©o u o o w o v o v
N N -~ ol - . - N - L ad
[1e6 = z./tu:)] . [186 = z'/"“] » [ieb = ze/um] :

ETHZ IGP-GGL



Chapter 8 - 128 - Kinematic GPS for Aerogravimetry

8.2.6 Conclusions

When processing kinematic dual frequency data, with distances between roving and refer-
ence receiver up to 300 km, fixing L1 and L2 ambiguities becomes critical. However, the
fixing of the wide lane combinations is easier to achieve and the introduction of the fixed
wide lane ambiguities already significantly improves the quality of the trajectory. The dif-
ferent solutions showed an agreement of within 10-20 cm.

An approach for fixing the wide lane ambiguities on the zero difference level was proposed
by [Wuebbena, 1985] and [Melbourne, 1985]. It could not, however, be applied to this data
set, because these methods require good P code measurements on both frequencies. There-
fore if good and unbiased dual band code measurements are available a pre-fixing of the
wide lane ambiguities for every data set separately may and should be considered.

The quality of kinematic GPS meets the requirements of aerogravimetry concerning the de-
termination of position and velocity. For the most critical component, i.e. vertical accelera-
tion, the information from the GPS trajectory is also very useful.
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9 Summary and conclusions

Differential GPS is a powerful tool for the determination of highly accurate coordinates in
the kinematic mode. It can be used for a variety of applications. In many cases like e.g. air-
borne surveys (aerophotogrammetry, airborne Laser-Scanning, aerogravimetry etc.) the high
precision recovery of the trajectory may be carried out in the off-line mode. Under favorable
conditions an accuracy of a few centimeters has been achieved.

The key problem consists of the resolution of the ambiguities of the double difference phase
measurements, i.e. the identification of the correct corresponding integer values. With the
approach presented here it is possible to solve this problem within a few observation epochs
and to yield a precise kinematic position at the cm level for short distances (< 5 km) between
roving and reference receiver.

Applications for high-precision GPS positioning in the kinematic mode have increased con-
siderably in the last years. An increasing number of commercial software packages is made
available by various GPS receiver manufacturers and also by research institutes. Strategies
mainly dealing with kinematic data in the on-line mode are being developed. Such software
packages are or will be soon commercially available from different manufacturers and are
normally adapted to the peculiarities for their receivers. The main problem in the on-line
applications is the transmission of the data. For the high-precision mode the total amount of
measurements (code and phase observations on both frequencies) has to be transmitted from
the reference station to the roving receiver or vice versa.

The range of these on-line systems initially will be limited to a few kilometers due to the
increasing problems in resolving the ambiguities over longer distances and due to the
transmission problem. They will be mainly used for static and rapid static surveying appli-
cations, but they will also be well suited for specific kinematic applications such as e.g. ac-
curate positioning on lakes or rivers in combination with sonic depth finder etc. In this case
the user will always be responsible for the reference station and the transmission of the data
to the roving receiver.

The transmission problems over distances of hundreds of kilometers covering a large area
are not of technical but of ‘political’ nature. In different countries DGPS (differential GPS)
services are being installed to provide the user with correction information for the code
measurements. This leads to a positioning accuracy of about 1-10 m and already meets the
requirements of the majority of the users. Such a DGPS service will be established in Swit-
zerland on a national basis and tested over the next two years (1995-1996).

The next logical step would be the transmission of the full phase observations of a network
of reference stations, in order to provide the DGPS user with the necessary information for
an on-line phase solution on the cm level in the static and on the cm to dm level in the ‘pure’
kinematic mode. I am personally convinced that in the case of Switzerland installing such a
network might be worth considering. With 6 stations the maximum distance to the next ref-
erence station of this network would be reduced to 50 - 80 km.

Despite the tremendous developments concerning the integration of the phase measurements
in the on-line mode, the processing in the off-line mode will still have a certain importance
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in the future. It is not advisable to carry out an aerogravimetric survey as presented in chap-
ter 8 without collecting the raw measurements in order to be able to re-process the data.
There are additional options in the off-line mode. Precise epherimides may be used; the
ambiguity may be fixed in amore reliable way. The impact of different strategies for ac-
counting with the ionospheric and tropospheric path delay may be studied.

The two-step approach

Our strategy for dealing with kinematic data is a two-step approach. The first step consists
of determining the time invariant parameters (i.e. the ambiguities), whereas in the second
step the time variant parameters (i.e. the coordinates) are processed (see chapter 2). This
two-step approach showed itself to be appropriate and flexible for processing kinematic GPS
data in the off-line mode, where the fixing of ambiguities must not be done as rapidly as
possible (as it is the case in the on-line mode). This advantage was fully exploited for the
design of the processing approach. The entire data set may be used to build up the NEQ
system related to the ambiguities. In many cases a conventional sigma dependent rounding
strategy could be used. Moreover the approach allowed easy study of different scenarios
(single frequency measurements versus dual frequency measurements, different resolution
strategies for the ambiguities, etc.).

Ambiguity resolution strategies

It is well known that the key problem of kinematic GPS processing is the fixing of the am-
biguities. The first strategy implemented in our software was a conventional sigma depend-
ent rounding method (chapter 4.1), which works well for long observation times. When re-
ducing the observation time span it became obvious, however, that a search strategy was
necessary to retrieve the integer ambiguities. The search algorithm adopted proved to be
quite efficient. Since the code measurements are also integrated in the NEQ system an ex-
plicit definition of limit values for the ambiguities is not required. The best and second best
integer ambiguity sets are always found in our approach. Because the search algorithm was
only used in the off-line mode the processing time for finding all combinations of interest is
not critical and no further attempts to improve the search were made.

The search algorithm (chapter 4.2), designed for small integration times, however, often suf-
fers from a lack of sensitivity when data over longer time spans are used in the NEQ system,
The search is performed using only one global value, namely the rms of the unit weight, in-
tegrated over the total time span. In our approach we always set up a new ambiguity parame-
ter after a loss of lock to the satellite. Therefore phase measurements related to a particular
ambiguity make only a small contribution to this integrated rms value, in particular if this
ambiguity is only valid for a short time span. The sensitivity of the discrimination factor is
thus weakened. Further investigations into increasing the sensitivity of the discrimination
factor over longer integration times (e.g. by combining the conventional sigma dependent
rounding strategy with the search strategy) are worth considering in future work.

When processing data sets involving longer distances between moving and reference receiv-
ers ionospheric refraction caused problems. The introduction of stochastic parameters for the
ionosphere proved to be efficient but longer integration times were required. For a rapid
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ambiguity resolution over longer distances, ionospheric refraction is the most important
factor.

The impact of the code quality

The quality of code measurements is essential in the processing of kinematic GPS data.
Good code measurements lead to good quality in the floating point solution for the ambi-
guities and they strongly confine the associated search area. They significantly increase the
speed of the search algorithm and strengthen the epoch-specific discrimination factor
(chapter 4.3.2). In the cases where it was not possible to resolve the ambiguities better code
measurements led to smaller drifts in the coordinates derived from the floating point solu-
tion. In chapter 7.4 a combined adjustment of phase and C/A code measurements over 5
minutes showed offsets in the coordinates of up to 4 meters. When processing the same
phase data with the more accurate P code measurements all offsets were below 1 meter.

The impact of the phase quality

An essential characteristic of the receivers nowadays is their performance under Anti-
spoofing (AS). Different receiver types produce either full cycle or half cycle ambiguities in
the L2 band. The decrease of the epoch-specific discrimination potential in the ‘half-cycle’
mode was theoretically derived (chapter 4.3.2) and tested with real data from a static 10 m
baseline (chapter 5.1.3). The percentage of epochs with a discrimination factor of 2.5
(corresponding to an error probability of 1 %) decreased from 90% in the ‘full-cycle’ mode
to 63% in the ‘half-cycle’ mode.

The number of cycle slips in the phase measurements is a good quality indicator for the re-
ceiver types. Phase data from receivers of the first generation were frequently corrupted by
cycle slips. The new generation of receivers, however, produces only very few cycle slips.
As pointed out in chapter 3, however, it is not possible to assume that cycle slips do not ex-
ist. An easy way to brush through the data and check for cycle slips is to look at the differ-
ences in the L1 and L2 phase measurements (chapter 3.3). Because most of the data used
here stem from dual-band receivers this procedure could be applied and cycle slip detection
did not pose major problems. There were indeed only very few cycle slips. In the data set
‘Thun 94’ we found only one cycle slip in the L2 measurements over a period of 24 hours.
The screening strategies of chapter 3 are convenient for the screening under ‘good’ iono-
spheric conditions and for data sets of a ‘good’ quality level. The development of the soft-
ware was always closely related to the processing of individual data sets. It never seemed
necessary to develop more sophisticated screening procedures. Therefore our discussion of
this topic is rather short. This is also true for the method of screening raw phase measure-
ments of a reference station (chapter 3.4). Further refinements and extensions of the pro-
posed approach are possible; [Goad, 1992] showed e.g. that it is possible to recover the
wide-lane ambiguities from zero-difference phase measurements, a topic closely related to
data screening,.
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Accuracy of the recovered trajectories

The best results in the kinematic mode are obtained if it is possible to fix the ambiguities to
integers. In this case the actual quality of the coordinates only depends on the PDOP values
defined by the satellite constellation. A deterioration in the coordinate quality with increas-
ing distance to the reference receiver is observed as in the static mode.

The distortion introduced by errors in the satellite coordinates depends on the distance be-
tween moving and reference receivers. Fortunately precise ephemerides are available today
from the International GPS Service for Geodesy (IGS) [Beutler et al, 1994].

A more important source for systematic errors is the tropospheric path delay. When process-
ing airborne GPS data the height difference between the moving and reference receiver is in
general at least a few hundred meters and may reach up to 5-10 kilometers. In the extreme
case the tropospheric path delay for the moving receiver is close to zero whereas the path
delay through the entire troposphere has to be taken into account for the reference station.
By applying a tropospheric correction derived from a standard model the remaining sys-
tematic errors of the tropospheric path delay may be considerable (up to some decimeters).
Mainly the height component is affected, but depending on the satellite constellation distor-
tions in the horizontal components are also possible. A method applied in the processing of
static GPS measurements consists of introducing additional troposphere biases as parameters
into the adjustment (see e.g. [Rothacher, 1992]). It would be interesting to study whether or
not it is possible to implement such tropospheric biases in a kinematic environment, too.

The kinematic positions from GPS data always represent a discretization of a continuous
trajectory. Therefore we normally have to interpolate the positions at the epochs of interest
(e.g. at the time of exposure of the camera during an aerophotogrammetric survey). To en-
sure a good interpolability of a few millimeters a high measurement rate of 1 Hz or higher is
necessary. Closely related to this problem of interpolability is the derivation of velocity and
acceleration. By using. e.g. the collocation method it is possible to retrieve the velocity with
an accuracy of 1-5 mm/sec.

Our main conclusion is the following :

For kinematic surveys in small areas (< 5 km) it should always be possible to resolve the
ambiguities within very short data spans (over a few epochs of observations), provided ex-
cellent code data (< 1 m) are available on L1 and L2 and provided six or more satellites well
distributed over the sky may be used. Under these circumstances we expect the recovered
trajectory to have a quality well below the 10 cm level. Over longer distances longer inte-
gration times improve the ambiguity estimation and an accuracy of 10-20 cm may be
achieved.
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