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VORWORT

Das amerikanische Globale Positionierungssystem (GPS) ist primiir ein Navigations-
instrument. Da die GPS-Satelliten kohirente Mikrowellensignale auf zwei benachbarten
Trigerfrequenzen aussenden und da die Ionosphiire im Mikrowellenbereich ein dispersives
Medium ist (die Laufzeitverzogerungen sind proportional dem inversen Quadrat der Triiger-
frequenz), kann das GPS-System auch zur Untersuchung der Jonosphire der Erde verwendet
werden.

Die freien Elektronen in der oberen Atmosphire, in Schichten zwischen etwa 100 und 1000
Kilometern, verursachen Laufzeitverzégerungen der Satellitensignale, ionosphirische
Refraktion genannt, die ihrerseits die Bestimmung der Zahl der freien Elektronen in der
Atmosphiire erlaubt. Die beiden Frequenzen wurden iibrigens von den GPS-Betreibern nicht
etwa geplant, um die Ionosphire zu studieren, sondern um den Effekt der ionosphirischen
Refraktion zu eliminieren. -

Diese Tatsachen sind lingst bekannt und wurden am Astronomischen Institut der Universitit
Bern und anderswo zur Erzeugung lokaler Ionosphirenkarten verwendet.

Neu ist die konsequente Nutzung des globalen Netzes von GPS-Empfingern des
Internationalen GPS Service (IGS) zur Erstellung globaler Ionosphirenkarten. So gelingt es,
alle zwei Stunden eine Momentaufnahmen der Ionosphire (Karte der Zahl der freien
Elektronen in der Atmosphiire) zu gewinnen. Diese Karten stehen der Fachwelt mit einer
Verzdgerung von wenigen Stunden via "World Wide Web" zur Verfiigung. Fiir die Praxis von
Bedeutung ist die Tatsache, dass sich aus den aktuellen Resultaten (unter normalen
Umstiinden) zuverlissige Prognosen fiir das ionosphirische Verhalten ableiten lassen.

Mathematisch wird die Elektronendichte durch eine Entwicklung nach Kugelfunktionen auf
einer Kugeloberfliche rund 450 Kilometer oberhalb der Erdoberfliche dargestellt. In seiner
Arbeit analysiert Herr Schaer Zeitreihen der Koeffizienten dieser Entwicklung. Spektral-
analysen zeigen neben dem 11-jahrigen Sonnenzyklus die etwa 27-tégige Rotationsperiode der
Sonne, den synodischen Monat und andere astrophysikalisch interessante Perioden.

Die Arbeiten von Herrn Stefan Schaer werden international beachtet. Nicht zuletzt aufgrund
seiner Resultate wurde die Ionosphiiren-Arbeitsgruppe des IGS ins Leben gerufen.

Herr Schaer hat mit diesem Band einen wichtigen Beitrag zur Atmosphirenphysik und zur
GPS-Geodisie geleistet, wofiir ihm die Schweizerische Geoditische Kommission (SGK)
ihren besonderen Dank ausspricht. Nicht zuletzt dankt die SGK der Schweizerischen
Akademie fiir Naturwissenschaften (SANW) fiir die Ubernahme der Druckkosten.

Prof. Dr. G. Beutler, Direktor Dr. h.c. E. Gubler, Direktor Prof. Dr. H.-G. Kahle
des Astronomischen Instituts Bundesamt fiir Landestopographie ETH Ziirich
der Universitit Bern Vizeprisident der SGK Priisident der SGK



PREFACE

Le systtme américain GPS de positionnement & 1'échelle mondiale est avant tout un
instrument de navigation. Toutefois, les satellites GPS émettant des signaux hyperfréquences
cohérents sur deux fréquences porteuses voisines et 1’onosphére étant un milieu dispersif dans
le domaine des hyperfréquences (les délais de propagation sont proportionnels 4 l'inverse du
carré de la fréquence de la porteuse), il peut également étre utilisé pour effectuer des
recherches sur l'ionospheére.

Les électrons libres des couches supérieures de I'atmosphére, 2 une altitude comprise entre
100 et 1000 kiloméetres environ, provoquent des délais de propagation des signaux des
satellites. Ce phénomene, appelé réfraction ionosphérique, permet alors de déterminer en
retour le nombre d' électrons libres dans 1'atmosphere. Remarquons cependant que les deux
fréquences n'ont pas été prévues par les concepteurs du syst¢tme GPS pour mener des études
sur I'ionosphére, mais bien au contraire, pour éliminer l'effet de la réfraction ionosphérique.

Cette caractéristique de Iionosphere est connue depuis longtemps et a été utilisée & 1'Institut
d'Astronomie de I'Université de Berne et ailleurs pour établir des cartes ionosphériques
locales.

En revanche, l'utilisation conséquente du réseau mondial de récepteurs GPS de IIGS
(International GPS Service) en vue de I'établissement de cartes ionosphériques au niveau
mondial constitue une nouveauté. Il est possible, par ce moyen, d'obtenir un instantané de
I'ionosphere (une carte du nombre d'électrons libres dans l'atmosphére) toutes les deux heures.
Ces cartes sont mises a la disposition des spécialistes via le réseau internet dans un délai d'a
peine quelques heures. Le point le plus important, pour les applications pratiques, est que des
prévisions fiables du comportement ionosphérique peuvent étre réalisées A partir des résultats
actuels (dans des conditions normales). :

Du point de vue mathématique, la densité électronique est modélisée par un développement en
fonctions harmoniques sphériques, sur une sphére située a une altitude de 450 kilométres au-
dessus de la surface terrestre. Dans ses travaux, M. Schaer examine des séries chronologiques
des coefficients de ce développement. Des analyses spectrales permettent de mettre en
évidence, outre le cycle solaire de 11 ans, la période de rotation du Soleil d'environ 27 jours,
le mois synodique ainsi que d'autres périodes présentant de l'intérét pour l'astrophysique.

Les travaux de Stefan Schaer sont reconnus au plan international. La création du groupe de
travail sur l'ionosphere de I'IGS est d'ailleurs en partie due a ses recherches.

Par le présent rapport, M. Schaer a apporté une contribution de premier plan a la physique
atmosphérique et la géodésie par satellites pour laquelle la Commission Géodésique Suisse
(CGS) lui adresse ses plus vifs remerciements. La CGS remercie enfin I'Académie Suisse des
Sciences Naturelles (ASSN) pour la prise en charge des frais d' impression.

Prof. Dr. G. Beutler, Directeur Dr. h.c. E. Gubler, Directeur Prof. Dr. H.-G. Kahle:
de I’Institut d* astronomie de I’Office fédéral de topographie ETH Ziirich
de I’Université de Berne Vice-président de la CGS Président de la CGS



FOREWORD

The U.S. Global Positioning System (GPS) primarily is a navigation tool. Because GPS
satellites send out coherent signals on two carrier frequencies in the microwave band and
because the ionosphere is a dispersive medium in this band (the propagation delays are
proportional to the inverse of the square of the carrier frequency), the GPS may also be used
for ionospheric studies.

The free electrons in the upper atmosphere (in layers between about 100 and 1000 kilometers)
cause propagation delays, called ionospheric refraction, which in turn allows to reconstruct the
number of free electrons. The two frequencies were by the way implemented to allow for the
elimination of the effect of ionospheric refraction using the so-called "ionosphere-free" linear
combination of the two basic signals, not to study the ionosphere.

These facts are known for quite some time and were exploited at the Astronomical Institute of
the University of Bern and elsewhere to produce local ionosphere maps.

The consequent use of the global network of GPS receivers of the International GPS Service
(IGS) is a rather recent development, however. The network allows it to generate every two
hours a global map of the ionosphere (of the number of free electrons in the atmosphere).
These maps are made available to scientists through the World Wide Web with a delay of a
few hours only. For practical applications it is of importance that rather reliable predictions for
the ionospheric electron content may be generated using these maps.

Mathematically, the electron content (attributed to a spherical layer in a height of about 450
kilometers) is represented by an expansion into spherical harmonics. Stefan Schaer analyzes
time series of the coefficients of such expansions. His spectral analyses show the 11-year solar
cycle, the 27-day rotation period of the Sun, the synodical month (which was quite a surprise),
and other periods of astrophysical interest.

Stefan Schaer’s work is recognized internationally. The creation of the IGS Ionosphere
Working Group is also in part due to his fine work.

With this report S. Schaer significantly contributed to the fields of atmosphere physics and
GPS methodology. The Swiss Geodetic Commission (SGC) is grateful for this highly valuable
piece of research. Funds for publishing this report were provided by the Swiss Academy of
Sciences. This financial support is highly appreciated and gratefully acknowledged.

Prof. Dr. G. Beutler, Director  Dr. h.c. E. Gubler, Director Prof. Dr. H.-G. Kahle
of the Astronomical Institute, Federal Office of Topography ETH Zurich ‘
University of Berne Vice President of SGC President of SGC
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1. Introduction and Motivation

The propagation of electromagnetic waves through the various atmospheric shells is a
complex matter and is still the subject of much research. Whereas precise positioning
with the Global Positioning System (GPS) requires careful consideration of the impact
of the propagation media, the GPS used for “atmospheric” purposes, in turn, has be-
come a unique tool for studying the Earth’s atmosphere, the troposphere (or neutral
atmosphere) and, in particular, the ionosphere, which is the subject of our analyses.

The ionosphere covers the region between approximately 50 and 1500 kilometers above
the Earth’s surface and is characterized by the presence of a significant number of free
electrons and positively charged atoms and molecules called ions. For microwaves, the
ionosphere is a dispersive medium, implying that the impact on the GPS signals—
travelling from the GPS satellite through the ionosphere to the GPS receiver located
on or near the Earth’s surface—is a function of the carrier frequency and the electron
density along the signal path. Each GPS satellite transmits information for positioning
purposes on two carriers: L1 and L2, centered at 1.57542 and 1.22760 GHz. Under most
extreme ionospheric conditions, the ionospheric path delay at L1 may reach up to about
100 meters for low elevation angles. The basic GPS observables are the so-called pseudo-
range (or code) and the carrier phase. Both may be viewed as biased measurements
of the slant range between a GPS receiver and a GPS satellite. Due to the dispersive
nature of the ionosphere, the ionospheric effect can be almost completely eliminated by
forming the so-called ionosphere-free linear combination (LC) of simultaneous L1 and
L2 measurements, provided that we have dual-frequency GPS receivers. On the other
hand, by analyzing the so-called geometry-free LC, the difference between the L1 and L2
observable expressed in units of length, allows to extract information about the electron
density from dual-frequency GPS data. However, it is not possible to directly derive
ionospheric information, at least on an “absolute” level, without taking into account
differential code biases and initial carrier phase ambiguities, respectively. We introduce
in a first, theoretical part state-of-the-art methods suited to map the Earth’s ionosphere
using the GPS.

For a long time ionospheric refraction is considered as an important error source in the
GPS error budget. In the time period when mainly single-frequency (L1) receivers were
available, it was important to get insight into the biases introduced in a GPS network
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solution by unmodeled ionospheric refraction [Beutler et al., 1987, 1990]. Later on it
became obvious that short-periodic variations in ionospheric refraction could harm GPS
data analyses even if dual-frequency receivers were available [Beutler et al., 1989]. In the
latter paper, there were also clues that valuable information about the ionosphere could
be extracted from dual-frequency GPS data.

Modeling and monitoring the ionosphere was the main topic of the Ph.D. thesis by
Wild [1994]. In this thesis, it could be shown that local ionosphere models like those
presented by Georgiadou and Kleusberg [1988] are very efficient to remove or greatly
reduce the ionosphere-induced scale bias of GPS baseline solutions based on single-
frequency receivers operating in the vicinity of one or more dual-frequency receivers,
the data of which is used to establish a local ionosphere model. U. Wild computed such
ionosphere models for a number of sites of the International GPS Service (IGS) network
over an extended time span. He also describes a procedure to assess the stochastic
behavior of the ionosphere in the vicinity of a GPS tracking station. He concluded that
valuable information concerning the ionosphere could be extracted from the IGS network.

Let us very briefly review the ionospheric modeling technique used by Wild [1994]. The
so-called single-layer (or thin-shell) model where one assumes that all free electrons are
concentrated in a shell of infinitesimal thickness is used as a basis. The altitude of this
idealized layer is usually set to 350, 400, or 450 kilometers above a spherical Earth, which
approximately corresponds to the altitude of maximum electron density. The vertically
integrated electron density, generally called vertical total electron content (VTEC or
simply TEC), is then represented by a two-dimensional Taylor series expansion referring
to a sun-fixed (or local-time) frame since the ionospheric density is relatively stationary
in that frame.

Since 21 June 1992, the beginning of the IGS test campaign, the IGS produces and
makes available uninterrupted time series of GPS observations from its world-wide GPS
tracking network, highly accurate GPS ephemerides, earth rotation parameters (ERPs),
satellite and receiver clock information, station coordinates and velocities, and other
parameters of geophysical interest [Beutler et al., 1994, 1995b, 1998b]. CODE (Center
for Orbit Determination in Europe) is one of the seven IGS analysis centers (ACs)
currently contributing with its products to the IGS service. It is a joint venture of four
European institutions [Rothacher et al., 1994]. The CODE AC is located at the AIUB
in Berne, Switzerland.

For geodetic applications of the GPS system, interferometric data processing techniques
are explicitly or implicitly used. CODE processes doubly differenced carrier phase meas-
urements from currently more than 100 globally distributed IGS sites to generate its
IGS core products. Consequently, cycle-slip-free L1 and L2 carrier phase measurements
are readily available for every day. In [Schaer et al., 1995] we could show that by ana-
lyzing the geometry-free LC of our double-difference IGS data—instead of the normally
used ionosphere-free LC—and by setting up ionospheric parameters, it is possible to ex-
tract absolute TEC information even when applying an interferometric data processing



scheme. To do so, we had to replace the Taylor series expansion, used to locally represent
TEC, by a spherical harmonic (SH) expansion which is better suited for global ionosphere
maps (GIMs). In this context, we may mention that a pre-analysis for an ionospheric
mapping technique using double differences was already performed by Schaer [1994] and
Mervart [1995].

After implementing the GIM parameterization into the Bernese GPS Software [Rothacher
and Mervart, 1996] at the end of 1996, CODE routinely generated daily GIMs and re-
gional maps for Europe [Schaer et al., 1996a, 1996¢; Rothacher et al., 1996). These iono-
spheric maps are used in the CODE processing scheme to improve the quasi-ionosphere-
free (QIF) resolution of the initial carrier phase ambiguities. Moreover, all 1995 IGS
data was re-processed to obtain GIMs using the Bernese Processing Engine (BPE), a
front-end of the Bernese GPS Software which allows to efficiently process GPS data in
a fully automatic mode [Rothacher and Mervart, 1996]. The time series of daily global
and regional ionosphere parameters covering a time span of more than 3.5 and 2.5 years
during low ionospheric activity are presented and discussed in the second part of this
work.

It is well known that the ionospheric activity is driven largely by the solar activity and
therefore follows the sunspot cycle with the principal period of about 11 years. The most
recent ionospheric minimum was observed in summer of 1996. The next solar maximum is
expected for the years 2000-2001. Access to fast and up-to-date ionospheric information
is required for many applications.

In order to coordinate the ionosphere activities within the IGS, an IGS ionosphere work-
ing group was established in May 1998. It is the declared goal of this working group,
to continuously monitor the ionosphere for at least the next period of high solar activ-
ity and to study the impact of the ionosphere on the IGS core products. To this end,
the IONosphere Map EXchange Format (IONEX), a format that allows the exchange
of earth-fixed TEC snapshots, was developed by Schaer et al. [1998a]. The format was
approved by the IGS community. Since 1 June 1998, several ACs, among them CODE,
deliver daily IONEX files containing 12 2-hourly global TEC snapshots and a set of
satellite-specific differential code biases (DCBs) to the CDDIS (Crustal Dynamics Data
Information System), a global data center of the IGS. Since IONEX is a well-defined
format, the IGS ionosphere products may be used by a larger user community. In the
second part of this work, we will analyze first IGS IONEX results for validation purposes.

Ionosphere products are useful for many applications. Single-frequency GPS users may
improve their results by applying global, regional, or local TEC maps. Space-borne
applications, like altimetry, may benefit from the rapidly available global TEC maps.
For ionosphere physicists, these maps are an alternative source of information about the
deterministic behavior of the ionosphere that may be used to refine theoretical and semi-
empirical ionosphere models. Last but not least, time series of global TEC parameters
document the ionosphere’s history and might possibly be of interest in the context of
global change studies [Rawer and Thiemann, 1997].
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The present work has to be seen as a continuation of the ionosphere-related research
work using GPS, performed at the AIUB. New aspects with respect to [Wild, 1994] are:

e global and regional ionospheric mapping,

e routine production of global, regional, and site-specific TEC maps embedded in
the IGS data processing of CODE,

¢ time series of TEC parameters and maps,

e prediction of global TEC parameters and maps,

e estimation of DCBs for GPS/GLONASS satellites and receivers,
o time series of DCBs,

¢ IGS global ionosphere maps in IONEX form, and

¢ validation of TEC and DCB results.

Let us conclude with an outline of the subsequent chapters:

Chapter 2, Basics of the GPS Data Analysis, explains the current status of the GPS,
introduces the GPS institutions that are relevant to this work, and highlights the
most important aspects in modeling the GPS observables. Least-squares adjust-
ment is recapitulated.

Chapter 3, Eztracting Ionospheric Information from GPS Data, first gives a short in-
troduction into the Earth’s ionosphere, focuses on the ionospheric effects on GPS
observables and solutions, reviews the single-layer model including the mapping
function, and describes TEC parameterization methods. In addition, a covariance
study concerning different ionospheric observables is performed.

Chapter 4, Time Series of CODE Ionosphere Products, sketches the IGS data processing
scheme at CODE, lists the CODE ionosphere products, and presents and discusses
selected TEC parameters, various types of temporal TEC profiles, and DCB results.

Chapter 5, Predicting Global TEC Parameters and Maps, develops a procedure to pre-
dict global TEC parameters, demonstrates long-term as well as short-term predic-
tions, and shows resulting autocovariance functions.

Chapter 6, Validating the CODE Ionospheric Parameters and Maps, deals with the val-
idation of CODE ionosphere products using an introductory example of a 600-
kilometer baseline. CODE global and regional TEC information is compared with
IGS IONEX data and the correlation of global TEC parameters with solar quantit-
ies is studied. Furthermore, IGS satellite DCB results are compared and combined.



Chapter 7, Summary, Conclusions, and Outlook, summarizes the essential results and
conclusions of this work and points out aspects and ideas that might be of interest
for future investigations.

Finally, Part III, consisting of Appendices A and B, includes numerous figures showing
time series of CODE total electron content parameters and differential code biases.
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2. Basics of the GPS Data Analysis

2.1 The Global Positioning System—Current Status

The NAVigation Satellite Timing and Ranging Global Positioning System (NAVSTAR
GPS or shortly GPS) is an all-weather, space-based radio navigation system deployed
and operated by the United States for civilian and military purposes.

The first GPS satellite, PRN 4, was launched on 22 February 1978. PRN 4 was the first
of a series of 11 so-called Block-I satellites that were used to build up the constellation.
Although designed for 3-year lifetimes, several satellites operated for over 10 years. The
last Block-I satellite, PRN 12, was active for about eleven and a half years till 26 March
1996. A major milestone in the development of the GPS system was 8 December 1993,
when 24 satellites, 3 of them active spares, were successfully operating. The full constel-
lation guarantees that at any time and for any location on or near the Earth’s surface
at least four satellites, required for a three-dimensional navigation solution, are simul-
taneously visible. In mid 1998, the GPS constellation actually consists of 27 satellites,
26 Block-II satellites plus a first Block-IIR satellite, PRN 13. The three types of GPS
spacecrafts are reproduced in Figure 2.1. A fourth generation of NAVSTAR satellites,
the Block-IIF series, is announced.

The Block-II satellites are arranged in six orbital planes which are inclined by about 55°
with respect to the Earth’s equator and equally separated by 60° on the equator. The
satellite orbits are close to circular, with a semi-major axis of about 26 600 kilometers,
corresponding to an altitude of approximately 20200 kilometers above the Earth’s sur-
face. Figure 2.2 gives an impression of the size and orientation of the GPS satellite orbits
around the Earth viewed from a latitude of 35° and from the north (or south) pole.

The orbital revolution period is, with about 11 hours 58 minutes, almost precisely half
a sidereal day. Because the orbital period is an exact multiple of the rotation period
of the Earth, the satellites complete two orbital revolutions while the Earth rotates by
360" with respect to inertial space, that is, the satellites’ trajectories (or ground tracks)
on the Earth as shown in Figure 2.3 repeat themselves daily. However, the satellites rise
about 4 minutes earlier each solar day. The particular orbital period implies that all
GPS satellites are in a deep 2:1 resonance with the Earth’s rotation and therefore are
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(a) Block I ' (b) Block II (c) Block IIR

Figure 2.1: Block-I, Block-II, and Block-IIR GPS spacecrafts.

(b) =90

Figure 2.2: GPS satellite orbits viewed from a latitude 3.
subject to pronounced secular or long-periodic perturbations in certain orbital elements
[Beutler et al., 1998a). ‘

The GPS satellite constellation is schematically shown in Figure 2.4 for June 1, 1998 at
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Figure 2.3: Sub-satellite trajectories of all GPS satellites for June 1, 1998.

- 00:00 UT. Each orbital plane, numbered from A to F, contains nominally 4 or effectively
up to 5 satellites, identified by plane/slot and PRN numbers. The equatorial plane is
indicated by the dashed line. To optimize global satellite visibility, the satellites are not
equally spaced within the orbital planes. Note that because of the flattening of the Earth,
the right ascension of the ascending node increases by about —0.039° per day or —14.2°
per year [Beutler et al., 1998a].

Table 2.1 lists the active GPS spacecrafts as of mid 1998. The 18 Block-IIA satellites
are slightly modified Block-II satellites. Two GPS spacecrafts are equipped with a laser
reflector array (LRA), namely SVN 35 and SVN 36. A laser reflector array allows to
measure the distance between a ground station and a satellite using satellite laser ranging
(SLR). Such line-of-sight distance measurements to GPS satellites, typically available
with a centimeter accuracy, are very useful for absolute calibration purposes [Springer,
1998|.

The “heart” of each GPS spacecraft is a high-quality oscillator, strictly speaking an
ensemble of rubidium and cesium atomic clocks which is sequentially used to generate
two coherent carriers L1 and L2 in the L-band. The two carrier frequencies v, and v,

11
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Figure 2.4: Approximate GPS satellite constellation on June 1, 1998 at 00:00 UT.

Table 2.1: Active GPS spacecrafts as of mid 1998.

| PRN | SVN | Plane/slot | Block | LRA || PRN | SVN | Plane/slot | Block | LRA |

1 32 | F1 IIA 17 17 | D3 II
2 13 | B3 1I 18 18 | F3 It
3 11 | C2 A 19 19 | A4 II
4 34 | D4 IIA 21 21 | E2 11
5 35 | B4 IIA X 22 22 | B1 IIA
6 36 | C1 IIA X 23 23 | E4 ITA
7 37 | C4 IIA 24 24 | D1 IIA
8 4 | A5 IIA 25 25 | A2 ITIA
9 39 | Al 1A 26 26 | F2 IIA
10 40 | E3 IIA 27 27 | A3 IIA
13 43 | F5 IIR 29 29 | F4 ITA
14 14 | E1 1I 30 30 | B2 IIA
15 15 | D2 II 31 31 | C3 ITA
16 16 | E5 I
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are derived from the fundamental frequency v, = 10.23 MHz:

v = 154y, = 157542 MHz with A, = Vi ~ 190 mm (2.1a)
1

v, = 120w =1227.60 MHz with X, = Vi ~ 244 mm (2.1b)
2

where

A1, A2 denote the corresponding wavelengths and

¢ =299792458 m/s is the vacuum speed of light.

Note that the nominal frequency v, is compensated for relativistic effects.

Two pseudo-random noise (PRN) codes are generated: (a) The coarse/acquisition (C/A)
code is modulated on the carrier L1 with a chip rate of 1.023 Mbps, corresponding to
one tenth of the fundamental frequency vo. The C/A-code is an easy-to-acquire code.
Its length per chip is about 293 meters. (b) The precision (P) code, or its encrypted
version, the Y-code, is the principal code used for military positioning and navigation.
It is modulated with a chip rate of 10.23 Mbps on both carriers L1 and L2. Its length
per chip is about 29.3 meters. In addition, the navigation message, also called telemetry,
is modulated with 50 bps on both carriers. It contains information on the ephemerides
and clocks of the satellites, GPS time, and system status messages. The quality of the
broadcast ephemerides is at present 2-4 meters.

In principle, the GPS is a one-way ranging system. A signal is transmitted by a NAV-
STAR satellite and is observed by a suitable receiver. In essence, the GPS observable
is the signal travelling time from satellite to receiver. Due to the lack of receiver clock
synchronization, one cannot directly derive ranges from the code measurements, which
therefore are called pseudo-ranges.

To prevent unauthorized GPS users from making use of the full potential of GPS, there
are two options, namely:

e “selective availability” (SA), artificially deteriorating the satellite clocks, and

¢ ‘“anti-spoofing” (AS), which encrypts the P-code observations.

SA and AS are usually activated. Essentially the civilian and commercial real-time ap-
plications of the GPS are affected by SA and AS, as opposed to the post-processing
applications, which are only weakened by AS. Nowadays, methods are known, like dif-
ferential GPS (DGPS), to get round part of the deteriorating effects. Due to the fact
that GPS has become a significant and continuously growing economic sector, the U.S.
government has announced in 1996 its intention to discontinue the use of SA within a
decade.
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For a thorough discussion of the GPS system, one may consult, e. g., [Hofmann- Wellenhof
et al., 1992; Kaplan, 1996; Leick, 1995; Parkinson and Spilker, 1996a, 1996b; Seeber,
1993; Teunissen and Kleusberg, 1998; Wells et al., 1987]. The GPS error budget for a
stand-alone receiver is well documented in [Langley, 1997).

The Global Navigation Satellite System

'The Russian analogue of the GPS, the GLObal NAvigation Satellite System (GLO-
NASS), has similar characteristics. Incidentally, the term “Global Navigation Satellite
System,” abbreviated as GNSS, is also used to label satellite systems for navigation and
positioning in general.

The GLONASS satellites are arranged in three orbital planes which are inclined by about
64.8° to the equator and separated by 120°. They orbit about 1100 kilometers lower than
the GPS counterparts, resulting in an orbital period of about 11 hours 16 minutes, 8/17 of
a sidereal day. Each orbital plane nominally contains 8 satellites equally spaced, resulting
in 24 satellites in total, as in the case of the GPS. At the beginning of 1996, the full
satellite constellation was successfully operating for the first time. In mid 1998, only 14
satellites are still “healthy.” Nevertheless, the combination of GPS and GLONASS with
27 + 14 = 41 operational satellites is remarkable.

GLONASS offers a C/A-code (0.511 MHz) on L1 and P-codes (5.11 MHz) on L1 and
L2. The GLONASS carrier frequencies v;, v, are not the same for all satellites but thus
are related to a channel number ¢ taking values 1 to 24:

v, = 9(v+iAv)~1603-1616 MHz with ;= £ ~186-187 mm (2.2a)
L,i

vy = T(v+iAv)~1246-1257 MHz with Ay = — =~ 239-241 mm (2.2b)

Va,i

where v = 178 MHz and Av = 0.0625 MHz. The frequency ratio vy;/v2; (or the
wavelength ratio A ;/A;;) remains constant and is, with 9/7 =~ 1.2857, very close to
that of GPS, with 77/60 ~ 1.2833. Also, the slightly different wavelengths result in a
more complex resolution of the initial carrier phase ambiguities [Habrich, 1998].

It is worth mentioning that there is no SA or AS on GLONASS.

2.2 GPS Institutions Relevant to this Work

2.2.1 The International GPS Service (IGS)

Within the last decade, the GPS has come to play a major role in earth sciences. In
the face of continued growth and diversification of GPS applications, the international
scientific community has made an effort to promote international standards for GPS
data acquisition and analysis, and to deploy and operate a common, comprehensive
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global GPS tracking network. As a result of this effort, the International GPS Service
(IGS) was established by the International Association of Geodesy (IAG) in 1993 and
began its official operation on 1 January 1994 [Beutler et al., 1994, 1995b; Neilan, 1995).
The IGS, with a multinational membership of organizations, agencies, and universities,
makes available based on the contributions of seven analysis centers:

o highly accurate ephemerides of all active GPS satellites, distinguishing between a
final, a rapid, and a 2-day predicted orbit product,

e carth rotation parameters (ERPs), as x- and y-component of polar wobble and
length of day (LOD),

e IGS tracking station coordinates and velocities in SINEX (Solution-INdependent
EXchange) format [Kouba et al., 1996,

o satellite and station clock information, and

¢ since 26 January 1997 also station-specific tropospheric zenith path delay estimates
[Gendt, 1998].

The mentioned products refer to the IERS Terrestrial Reference System (ITRS) realized
by the IERS Terrestrial Reference Frame (ITRF), at present ITRF 96 [Boucher et al.,
1998]. The IGS final products are available within about two weeks of observations.
Both IGS member institutions and the interested public can access them on the Internet
through the information system (CBIS) maintained by the IGS central bureau (CB),
which is sponsored by the National Aeronautic and Space Administration (NASA) and
managed by the Jet Propulsion Laboratory (JPL) of the California Institute of Techno-
logy.

Let us point out that the raw data of the glbbal IGS tracking network is a very valuable
IGS product as well. It is collected, archived, and distributed using the RINEX (Receiver-
INdependent EXchange) format [Gurtner, 1994].

In order to facilitate a combination of different GNSSs in the near future, a world-
wide GLONASS campaign, the International GLONASS EXperiment (IGEX), has been
scheduled and organized by CSTG (Commission on International Coordination of Space
Techniques for Geodesy and Geodynamics), IGS, and ION (Institute of Navigation)
[ Willis et al., 1998]. '

The IGS consists of components like network stations, global and regional data centers,
analysis centers (ACs), analysis center coordinator (ACC), central bureau, governing
board, and users to mention the most important ones [Neilan, 1995; IGS, 1998]. At
present seven ACs contribute to the IGS service:

e COD, Center for Orbit Determination in Europe, AIUB, Berne, Switzerland,

o EMR, Energy, Mines and Resources, NRCan, Ottawa, Canada,
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e ESA, European Space Agency, ESOC, Darmstadt, Germany,

o GFZ, GeoForschungsZentrum Potsdam, Germany,

e JPL, Jet Propulsion Laboratory, Pasadena, California, USA,

e NGS, National Geodetic Survey, NOAA, Silver Spring, Marylaﬂd, USA, and

e SIO, Scripps Institution of Oceanography, San Diego, California, USA.

Note that the 3-character acronyms at the beginning of each AC are used to identify the
individual products. '

For more information about the IGS or its products, we refer to the IGS annual reports,
to the IGS workshop proceedings, and to the IGS WWW address http://igscb. jpl.
nasa.gov/.

2.2.2 The Center for Orbit Determination in Europe

CODE, the Center for Orbit Determination in Europe,'is a joint venture of the following
four institutions:

e the Federal Office of Topography (L+T), Wabern, Switzerland,
e the Federal Agency of Cartography and Geodesy (BKG), Frankfurt, Germany,
e the Institut Géographique National (IGN), Paris, France, and

o the Astronomical Institute of the University of Berne (AIUB), Berne, Switzerland.

CODE is located at the AIUB. The computations are performed on a cluster of VAX/
Alpha computers using the latest version of the Bernese GPS Software [Rothacher and
Mervart, 1996], at present development version 4.1. Since 21 June 1992, the beginning
of the IGS test campaign, and 1 November 1992, the beginning of the IGS pilot service,
respectively, the CODE AC reliably contributes to the IGS with a complete range of
products.

CODE justifies the word “Europe” in its name by including a large number of European
IGS stations in its global data analysis which hopefully results in the best possible GPS
orbits over Europe. The about 130 globally distributed IGS tracking stations processed
at present by CODE are shown in Figure 2.5. That CODE puts considerable emphasis on
Europe is also reflected by the fact that CODE plays an essential role in the maintenance
and densification of the European Reference Frame (EUREF). For EUREF, CODE acts
as one of currently ten associate ACs processing a subset of permanent European GPS
tracking stations. In addition, it is responsible for the combination of the individual
contributions to an official weekly EUREF solution [Springer et al., 1997]. The European -
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Figure 2.5: Globally distributed IGS tracking stations processed by CODE.

GPS tracking network is also used by CODE to regularly verify the quality of the CODE
final orbits by processing large-area regional networks and to test and compare new,
" refined processing strategies [Rothacher et al., 1998b]. The weekly comparisons of CODE
final orbits with IGS combined orbits reveal an RMS consistency of 3-5 centimeters
[Kouba, 1998]. ‘

For further information about CODE products and processing strategies, please consult
the CODE annual reports [Rothacher et al., 1995a, 1996, 1997, 1998a).

2.2.3 The IGS lonosphere Working Group

The IGS community has been aware for a long time of the potential of the global IGS
tracking network to extract information about the Earth’s ionosphere. At the IGS work-
shops held in Potsdam, Germany, in May 1995, and in Silver Spring, Maryland, USA, in
March 1996, sessions were dedicated to ionospheric issues. At the latter workshop, total
electron content (TEC) maps delivered by COD, DLR (Deutsches Zentrum fiir Luft- und
Raumfahrt, Neustrelitz, Germany), ESA, and UNB (University of New Brunswick, Fre-
deriction, Canada) were compared. Only regional European maps and the corresponding
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portion of global maps were considered [Feltens et al., 1996]. As a consequence of this
TEC comparison, a format for the exchange of ionosphere maps, called IONEX, was de-
veloped by Schaer et al. [1998a] and approved by the IGS-ionosphere community. IONEX
allows the storage of snapshots of the electron density referring to particular epochs and
to a two- or even three-dimensional, earth-fixed grid. Technique-related auxiliary data
may be stored in IONEX files as well.

In the meantime, some IGS ACs began to produce global ionosphere maps and, as a
by-product of the TEC determination, satellite and receiver differential code biases on
a regular basis. At the IGS workshop in Darmstadt, Germany, in February 1998, it was
concluded that the IGS should monitor the ionosphere for at least the next period of
high solar activity and study in particular the impact of the ionosphere on IGS core
products [Feltens and Schaer, 1998). For that purpose, it was recommended to focus on
two kinds of ionospheric products:

e 2-hourly global ionosphere maps (GIMs) in the form of two-dimensional grids and

e daily sets of differential code biases (DCBs) for the satellites.

In order to accomplish this and to coordinate the ionospheric activities within the IGS,
an ionosphere working group was established in May 1998 [Schaer and Feltens, 1998].
The IGS ionosphere working group consists of representatives of each AC contributing
to a future IGS ionosphere service, representatives of so-called ionospheric associate
validation centers, representatives of the ionosphere research community; the IGS AC
coordinator, and a representative of the IGS central bureau.

On 1 June 1998, COD, EMR, ESA, and, as an IGS ionospheric associate AC, UPC
(Polytechnical University of Catalonia, Barcelona, Spain) began to deliver daily IONEX
files to CDDIS. About three months later, JPL started to send its IONEX files to CDDIS
as well. Whereas TEC information is supplied by currently all five ionospheric ACs,
DCB information is supplied by four ACs only, namely COD, EMR, ESA, and JPL.
First comparison and combination results may be expected from the IGS ionosphere
combination center ESA by the end of 1998. This implies that the IGS ionosphere working
group strives for an IGS combined ionosphere product [Schaer, 1998b]. The development
of an IGS global ionosphere model, as stated in [Schaer and Feltens, 1998], may be seen
as a long-term goal.

2.3 Modeling the GPS Observables

In this section, we briefly introduce the fundamental GPS observation equations, the
interferometric GPS principle, different linear combinations, and ambiguity resolution.
For a more detailed discussion, the reader is referred to the rich GPS literature, e.g.,
[Teunissen and Kleusberg, 1998).
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2.3.1 Fundamental Observation Equations

The C/A-, P-, or Y-code, transmitted by satellite k at time t* and registered by receiver i
at time t;, is defined as

Pr=c(t;—tr) =c7f (2.3)
where
Pk denotes the pseudo-range (or code observation), expressed in units of length,
c is the speed of light,
t; is the arrival (or observation) time of the signal, as measured by the clock of
receiver 1,
t* is the transmission time of the signal, measured in the time frame of satellite k,
and

1F =t;—t* is the signal travelling time—apart from satellite and receiver clock
€rrors.

The pseudo-range P* may be related to the slant range pf, the geometric distance

between receiver i at time ¢; — At; and the satellite k at time t* — At*, and to the delays
due to the Earth’s atmosphere:

Pl = pf + c(Ati — At*) + Apfiop + Aplin +c(bF + b)) + € (2.4)

where

At;, At*  are the offsets of the receiver and satellite clocks with respect to the GPS
system time,

Apfiop s the delay of the signal due to the troposphere (or neutral atmosphere),
Apf_ion is the delay of the signal due to the ionosphere,
bk,b; are the satellite and receiver hardware delays, expressed in units of time, and

€ indicates a random error (or residual).

The term pf also includes relativistic effects as, e.g., the periodic relativistic effect due
to the eccentricity of the satellite orbits and the refraction due to the gravitational field
[Rothacher, 1992]. In addition, antenna phase center offsets and variations have to be
taken into account [Rothacher et al., 1995b].

Both hardware delays, b* and b;, are usually ignored or assumed to be zero, because they
cannot be separated from the clock offsets At* and At;. Consequently, the clock offsets
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implicitly compensate for the hardware delays. In principle, these hardware delays are
time-dependent, although in practice they seem to be relatively stable, at least on time
scales of days.

“Multipath,” caused by the fact that signals arrive at the receiver via multiple paths
due to reflections, distorts code (and phase) observations and is a relevant error source
in GPS. Multipath, a systematic effect when considering it over a short time span of
several minutes, may be interpreted as measurement noise over long time per1ods and is
therefore not explicitly listed in above observation equation.

Assuming a relative resolution of the measurements of one percent with respect to the
chip length and the wavelength, respectively, one obtains an uncertainty of 3 meters
for C/A-code, 0.3 meters for P-code, and about 2 millimeters for carrier phase meas-
urements. These orders of magnitude reveal that for high-precision applications of the
GPS, the carrier phase is the primary observable.

Let us repeat the observation equation (2.4) for the accumulated carrier phase observa-
tion L¥, expressed in units of length:

L{ = pf + c(At; — AtF) + Apliop — Aplion + ABE + ¢ (2.5)
where
A is the corresponding wavelength and
Bf denotes a constant bias, expressed in cycles, principally containing the initial

carrier phase ambiguity NF.

Strictly speaking, the bias term X\ Bf consists of A (N} + §N¥) + ¢ (b* + b;), where NF
is an integer and 6N} designates the effect due to “phase windup.” However, one can-
not separate N} from b* and b; and therefore has to substitute A B, where BY is now
a real-valued number. In the general case, one unknown bias parameter B} has to be
determined per satellite pass, receiver, and frequency. If discontinuities in the carrier
phase observations, so-called cycle-slips, are detected, which cannot be repaired, addi-
tional bias parameters Bf have to be set up. Comparing equations (2.4) and (2.5), one
notices that the group delay and the phase advance caused by the ionospheric refraction
Apf o, are of equal size but opposite sign.

Equations (2.4) and (2.5), representing the fundamental GPS observation equations,
reveal the “interdisciplinary” potential of the GPS [Beutler et al., 1998b]:

e The slant range p¥ contains the “geometrical” information, which allows to re-
trieve receiver positions, satellite orbits, ERPs, antenna phase center offsets and
variations, etc.

e The terms At* and At; contain information related to satellite and receiver clocks,
enabling time and frequency transfer up to intercontinental distances [Schildknecht
et al., 1990].
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e The terms Apf,,,, and Apf,,, contain information about the atmosphere.

Subsequently, we will mainly focus on the term Apf;,, which obviously contains the
ionospheric information.

Because the ionosphere is a dispersive medium, ionospheric refraction depends on the
frequency of the signal. To be more specific, the ionospheric refraction is proportional to
1/v?, where v is the carrier frequency, ignoring very small higher order terms. The obser-
vation equations for the set of observations provided by a dual-frequency geodetic GPS
receiver may be written using a simplified, frequency-dependent notation by substituting

P? +c(At; - Atk) + Ap:c,trop = p’f (2.6)

and furthermore introducing the ionospheric variable I¥, which represents the ionospheric
delay related to the first frequency v;:

L}, = pi— IF+ ) Bf, (2.7a)
LY, = pi—-&IF+ 0B (2.7b)
Pt = pi+ IFtc(b +b) (2.7¢)
P, = pi+€IF+c(®b+biy) (2.7d)

where

L), L¥, are the carrier phase observations on both frequencies,
P}, Pf, are the P-code observations on both frequencies,

o f’ is the geometric distance between receiver 7 and satellite k including the clock
offsets At; and At* and tropospheric refraction Apf4,qp,

€ =v}/v? =~ 1.647 is a factor that depends on the frequency ratio v, /v, = 77/60,

If is the epoch-specific, L;-related ionospheric refraction, expressed in units of
length, and

BF,,Bf, are the carrier phase ambiguity parameters of both frequencies.

In principle, the hardware delay terms ¢ (b*!+b; ;) and ¢ (b¥?+b; 5) are still present in the
observation equations (2.7c) and (2.7d). Disregarding these terms, the code observations,
as opposed to the phase observations, are unambiguous. The phase observations are two
to three orders of magnitude more accurate than the code observations. In order to keep
the observation equations (2.7) and the following equations simple, the observation noise
initially indicated by the term e is no longer included.

It is essential that each GPS receiver tracks several, ideally all satellites in view quasi-
simultaneously. If SA is turned on, the requirement to simultaneity is relatively high
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because of the satellite clocks dithering. State-of-the-art receivers keep their clocks syn-
chronized with respect to GPS time within about one millisecond.

It is an IGS standard to record GPS observations every 30 seconds. For some special
applications, like kinematic applications, a higher data sampling rate may be required.

Pseudo-Range Smoothing

Based on a continuous time series of dual-frequency code and phase measurements, it
is possible to create “new,” phase-smoothed code measurements with a significantly
reduced noise compared to the noise of the original code measurements. The smoothed
dual-frequency code measurements at epoch t can be written as

2

Ph() = P+ALE () +2 52— (ALY(t) - ALL,()) (2.82)

il » » Vl —_— V2 » *

- _ . 2

Bh() = Plh+ALb() +2—— (ALL() - ALEL®)  (28)

1~ 2
using the auxiliary expressions

AL} (t) = Lf(t)- Lk (2.9a)
ALf,(t) = LE,(t) - Lk, (2.9b)

where

L% (¢),L¥,(t) are the corresponding phase measurements at epoch ¢,
L¥,,L¥, are the mean phase measurements, and

P,-’f1 ,sz are the mean code measurements, all averaged over a common, “cycle-slip-
free” time interval.

The noise of the smoothed code measurements is dominated by that of the terms F—’i’fl and
13,.’,‘2, which is reduced by about a factor of \/n with respect to that of unsmoothed code
measurements, where n denotes the number of epochs taken into account. The phase
measurements L¥, and Lf, are considered error-free. It is important to know that such
code measurements, being derived from phase measurements, are highly correlated in
time and therefore generally lead to underestimated standard deviations—when treated
as uncorrelated.

2.3.2 Forming Differences
The difference of two phase (or code) observations quasi-simultaneously acquired to the

satellite k by receivers ¢ and j
LY =Lf—L* (2.10)
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Satellite &

Satellite [

Receiver | Receiver j

Figure 2.6: Four one-way observations needed to form a double difference.

almost completely eliminates the satellite clock offset At* and does no longer contain
the hardware delay b*. Differences of this type are called single differences. They still
contain the receiver clock offsets and are therefore well suited for time and frequency
transfer.

The difference of two quasi-simultaneous phase (or code) single differences to the satel-
lites k and [
L¥ =LY - L, =(LF - L}) - (Lt - L}) (2.11)

does not contain the receiver clock offsets At; and At; and hardware delays b; and b;.
Differences of this type are called double differences.

Figure 2.6 shows four one-way observations, also called zero differences, which allow to
form two single differences and one double difference, respectively. The line connecting
the receivers is addressed as baseline.

Taking the difference of two double differences referring to two different epochs yields a
triple difference. This latter type of differences has advantages for the initial processing
and screening of the data. Differences between consecutive epochs as well as differences
with respect to a particular epoch are conceivable. Note that phase ambiguity parameters
cancel out when forming triple differences.

Interferometric GPS—processing of single, double, or triple differences—obviously yields
the relative positions between the co-observing receivers, usually referred to as the
baseline vectors between the stations. Remaining errors due to inaccurate satellite orbits,
mismodeled troposphere and unmodeled ionosphere are considerably reduced by forming
differences. In the “limiting case” of a zero-baseline, when two receivers are connected
to one and the same antenna (or a very short baseline), these errors cancel out totally.
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Double-Difference Observation Equations

Doubly differencing zero-difference observation equations (2.7) in analogy to (2.11) leads
to the following set of double-difference observation equations:

LY, = phi— IN4MNY (2.12a)
L, = ph—€IN+ 0 NE, (2.12b)
Piy = py+ If (2.12¢)
P, = py+EIy (2124)

where

p'f; = pf]l + Apf},tmp represents the doubly differenced geometric term, consisting

of geometric distance pf} and tropospheric refraction Apl ., and

N[, Nf, are the double-difference phase ambiguity parameters of both frequen-

cies, expressed in cycles.

Double-difference ambiguity parameters Ni’“j‘ are related to a satellite pair and a receiver
pair (or baseline). They are of integer nature, because all clock offsets At and hardware
delays b are eliminated (or greatly reduced).

The GPS satellites move by v = \/GM/a =~ 3.9 km/s in space. GM is the earth grav-
itational constant and a is the semi-major axis of the satellites. The maximum velocity
with respect to the earth-fixed frame is about 3.2 km/s (or 3.2 mm/us) and is reached at
the equator; the minimum velocity is about 2.8 kim/s at latitudes of £55°. Therefore the
receiver clock offsets At; must be applied with an accuracy better than one microsecond
prior to differentiation. This is easily possible using code measurements. For very long .
baselines, the signal transmission epochs t* (or the signal travelling times 7F) may differ
by up to several milliseconds, that is, the SA-induced errors may somewhat harm double
differences. A first-order correction might be theoretically done by accounting for SA
rates. In practice, one usually lives with this effect, hoping and assuming that it is of
random nature, at least on a longer time scale.

In the Bernese GPS Software [Rothacher and Mervart, 1996], single differences are expli-
citly formed using sophisticated algorithms to find an optimal set of linearly independent
baselines. Double and triple differences are then implicitly formed in the corresponding
parameter estimation and pre-processing programs. However, the interferometric GPS
principle can also be achieved by processing zero differences and simultaneously solv-
ing for epoch-specific satellite and receiver clock offsets. In the latter case, one has to
handle a huge amount of clock parameters, what is actually no problem—apart from
the computational burden. Using parameter pre-elimination algorithms, one can handle
a big number of epoch-specific parameters. The processing of zero differences and the
estimation of satellite and receiver clock parameters is supported by the latest version
of the Bernese GPS Software as well.
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2.3.3 Linear Combinations and Their Characteristics
| lonosphere-Free Linear Combination

It may be verified that the linear combination (LC) of the basic dual-frequency phase
(or code) observables

L3 =K1.3 Ll + Ka.3 L2 : . (213)

with the coefficients
K13 = +vi/(VF —v2) =~ +2.546 (2.14a)
Koz = —viJ](WP—v2)=~ —1.546 (2.14b)

eliminates the ionospheric refraction terms I and £I quoted in the zero-difference
and double-difference observation equations (2.7) and (2.12). Lj is therefore called
ionosphere-free LC (or observable). Forming the ionosphere-free LC from the undiffer-
enced observation equations (2.7), taking into account (2.6), and neglecting the hardware
delays b, leads to

Li, = P+ B, (2.15a)
Pt = o (2.15b)
where
Az =c¢/(v1 +1v2) = 107 mm is the so-called narrow-lane wavelength and

353 is a real-valued ambiguity parameter, expressed in narrow-lane cycles.

The corresponding double-difference observation equations read as

Lgﬁ = P'f}+/\st},3 (2.16a)
P¥y = py (2.16b)
where
K13 M NE + ko3 A N -
BY, = 2200 1,1)‘3 227202 - gy NE L+ ko5 NEY, (2.17)

is a non-integer ambiguity parameter. The multipliers ;5 and &2 5 equal to

Kis = +n/(n — ) =+77/17 = +4.529 (2.18a)
—1p /(i — 1) = —60/17 = —3.529 (2.18b)

K25

The ionosphere-free LC is certainly the most frequently used observable. Using the
ionosphere-free LC leads to an observation noise about 3 times larger than that of L,
and Ly, assuming o(L;) = o(L,):

o(Ls) = \/K22 02 (L) + K33 0%(Ls) = \ /s + KBa o (Ly) ~ 30 (Ly) (2.19)
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K13 and k2 3 are given in (2.14).

Since GPS orbits with an excellent accuracy are available, tropospheric refraction, in-
cluded in the term p'f; (or p’f), is the limiting error source in geodetic GPS, provided
that dual-frequency data is present.

Another lonosphere-Free Observable

Having only single-frequency phase and code measurements L; and P, one might form
an ionosphere-free, but ambiguous observable by simply putting

Li+P
2

The noise of this special observable would be half as large as that of P, assuming L,
to be error-free compared to P,. The observation equations (2.7a) and (2.12a) might be
modified accordingly to

L= (2.20)

L'{y=p't + N B}, (2.21)
and

L'f}a = P’g + A N, (2.22)
respectively, where \| = A,/2 =~ 95 mm. In practice, it would be a non-trivial task
to reliably detect cycle-slips in the carrier phase measurements L; and thus making
available cycle-slip-free portions of L; measurements. This means that the LC (2.20)
is of rather “academic” nature. Nevertheless, the LC (2.20) might be of interest for

processing single-frequency GLONASS data because the number of presently operating
dual-frequency GLONASS receivers is still small.

Geometry-Free Linear Combination

By subtracting the phase (or code) observable of the second frequency from that of the
first frequency, both expressed in units of length, the “geometric” term p’ including clock
offsets and tropospheric delay is eliminated. The “geometry-free” LC

L4 = Ll - L2 = K14 Ll + K24 L2 (223)

with k14 = +1 and Ky4 = —1, only contains ionospheric refraction and ambiguity
parameters (or hardware delays). This LC is of vital interest for ionospheric mapping.
Therefore L, is sometimes also called “ionospheric” LC (or observable). Applying the
geometry-free LC to the observation equations (2.7) and (2.12) leads to the undifferenced
observation equations

Lt, = —&IF+ B, | (2.24a)
Pl = +&IF+c(AV - Ab) (2.24b)

where
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2.3 Modeling the GPS Observables

§4=1-€=1—v2/v}~—0.647 is the factor that converts the ionospheric delay
in L4 to that of the first frequency,

Bf, =\ Bf, — My Bf, is an ambiguity parameter with an undefined wavelength,
therefore expressed in units of length,

Ab* = bb! — p%2 s the differential, inter-frequency hardware delay in units of time,
generally called differential code bias (DCB), of the satellite k£, and

Avbi =b;; —b;2 is the DCB of the receiver 1,

and to the corresponding double-difference observation equations

LY, = -&Ij+Bj, (2.25a)

P, = +& I,.’;‘ (2.25b)
where

ij4 =X N - A N,’;‘z (2.26)

Note that neither satellite nor receiver DCBs occur in (2.25b), when modeling a double
difference of geometry-free code observations. Furthermore, if the dual-frequency ambi-
guity parameters N&; and N}, of (2.26) are fixed to integers, the term B, in (2.25a)
is known. This in turn means that in the ambiguity-resolved case the only remaining
unknown parameter I,-kj’, representing the doubly differenced ionospheric delay on L,, is
determined with a few-millimeter accuracy.

The determination of the absolute ionosphere, however, is not a straightforward matter
at all, despite the availability of dual-frequency observations. The theoretical background
necessary for solving this task will be developed in Chapter 3.

Wide-Lane Linear Combination

For ambiguity resolution, much is gained by forming the so-called wide-lane LC
L5 = K15 L1 + K2,5 L2 » (227)

using the LC coefficients (2.18).

Wide-laning the double-difference observation equations (2.12) gives

kL
Lis=p'y =& I + Xs Nis (2.28)
where
& = —1 /vy = —1.283  is the corresponding ionospheric conversion factor,

Xs =c/vs =c¢/(11 — 1) ® 862 mm is the wide-lane wavelength, and
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