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Abstract—In recent years, the Global Positioning System (GPS) has become a major tool
for high precision geodesy. The precision is now better than 1ppb. In this paper, the
importance of GPS for the WEGENER project is highlighted. First, an overview of the
GPS system is presented including a description of the development of its capabilities. One
of the most significant developments of the past few years has been the establishment of
the International GPS Service for Geodynamics (IGS). Thanks to its standards and prod-
ucts, the state-of-the-art in high precision GPS has been advanced considerably. Therefore,
a summary of the goals and principles of IGS is presented next. This is followed by a
compilation of the major GPS projects in Europe and its surrounding areas, since 1988.
Most of these are not related to the WEGENER project, but it shows how much work has
already been done. It also indicates the possible future role of GPS in WEGENER. Since
all these projects are usually quite independent, they might benefit from the existence of a
consistent, dense, accurate regional reference frame. This is exemplified by the success of
1GS. which is based on an expanding global network of continuously operating permanent
GPS stations. It provides a stable global reference frame, which makes it feasible to combine
the results from independent field campaigns. In certain regions of the world the coverage
is not yet optimal, however, and it is planned to further densify the IGS network. Therefore,
it might be interesting to establish a dense regional GPS network in the general research
area of WEGENER, which extends from Greenland to mid-Asia. This idea is promoted in
Section 5 of the paper, where it is proposed to create such a network under the name of
WEGNET, for WEGENER GPS Network. It would seek to establish new sites where none
exist yet and to include existing stations that may already have been established for other
purposes. Apart from providing a regional densification of IGS and a reference frame for
WEGENER, the network may also yield valuable contributions to the monitoring of
tectonic motions in the area and for studies concerning ocean and atmospheric loading.
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1. INTRODUCTION

In the early eighties, a new space geodetic technique emerged, based on the Global Pos-
ttioning System (GPS). This is a space based positioning and navigation system, officially
called NAVSTAR/GPS for NAVigation by Satellite Timing And Ranging/Global Pos-
itioning System, which has been developed by the U.S. Department of Defense over the
last decade. The system will become fully operational in 1994. It consists of a network of
24 satellites in high earth orbits, which broadcast specially coded radio signals on two
frequencies. These signals enable a user to determine his instantaneous position at any time
and anywhere on the earth, with an accuracy of 5 to 150 m, depending on the sophistication
of his receiver equipment. Originally, GPS was intended for military applications only, but
since many simple. low-cost receivers have appeared on the commercial market, civil
applications are now dominating the use of the system.

Still. many geodetic applications, in particular for geodynamics, require millimetre level
accuracies, which is beyond the basic performance of the system. However, it was realized
early on that by using the GPS signals in a differential mode, the accuracy of the relative
position determinations could be increased substantially. This effect was bolstered by the
addition of measurements of the phase of the carrier signals. Because of the very short
wavelength of these signals (ca. 20 cm). the measurement precision could be increased to
the millimetre level. For this purpose, special receivers were developed, which have been
used successfully since the mid-eighties.

Initially, their application was limited to relatively small local networks. with a spacing
between the receivers of about 100 km at most. The relative position determinations were
accurate at the few parts per million level, equivalent to a few centimeters for the networks
considered. Further improvements in the receivers, expansion of the GPS satellite con-
stellation and, in particular, new developments in the data analysis techniques, boosted the
accuracy to a level of a few parts per billion and at the same time increased the capabilities
to regional and even global networks.

An important contribution to this accomplishment has been provided by the estab-
lishment of the International GPS Service for Geodynamics (IGS). Its purpose is to provide
common standards for the acquisition of GPS observations and the subsequent data
analyses, and to generate precise ephemerides for the GPS satellites together with other
products, such as earth orientation parameters and GPS clock information. The service is
based on a cooperative network of about 90 globally distributed stations equipped with
high quality GPS receivers. It was initiated in 1989 by the International Association for
Geodesy (IAG) and after a half-year test campaign in 1992, which turned into a pilot
service. official operations started on January 1994, The benefits, which became clear even
during the test phase, consist primarily of a tremendous improvement in the accuracy of
the GPS ephemerides and the establishment of a rigorous global reference frame.

In the framework of the WEGENER-I project, which lasted from 1984 until 1991 and
which focused primarily on the Eastern Mediterranean area, GPS has been applied for
various purposes. First, it was used to support the reconnaissance activities for new SLR
sites. After these had been constructed. a local control network was established around
each of them, again with the help of GPS. Furthermore. several densification projects were
carried out in a number of smaller sub-arcas within the main region of interest of the
WEGENER-I project. In these projects, the WEGENER SLR sites were frequently used
as reference points. However, it was not until 1992, after the start of the WEGENER-II
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project, that all these SLR sites were simultaneously observed with high precision GPS
receivers, during the first dedicated WEGENER-GPS campaign. The results of this experi-
ment, which benefited greatly from the experimental products of the IGS test campaign
that was going on at the time, were very encouraging and showed good agreement with the
SLR results obtained so far.

The WEGENER-II project, described in this paper, has a wider scope and covers a much
larger region than its predecessor (Wilson et al., 1995). It roughly extends from Greenland
to mid-Asia in the northern hemisphere. Clearly, it will not be possible to organize single
GPS measurement campaigns that will cover this region with sufficient density. Besides,
this is not necessary, since the major interest focuses on certain sub-areas, which may be
served by their own high density networks. However, it is important to anchor all these
sub-networks into one common reference frame. This may be achieved by establishing a
relatively wide-spaced network of reference stations which are embedded in the global
reference frame provided by IGS. Therefore, it is proposed to set up a permanent network
of continuously operating GPS stations for WEGENER.

This network, which has been dubbed WEGNET, for WEGENER GPS Network, will
partially overlap with the existing IGS network, and may be organized according to the
same philosophy. It is envisaged that it will include a selection of the stations of national
or local reference networks, many of which already exist or are in various stages of
development. It has the added advantage of also connecting these local networks to the
global reference frame. This starting configuration will have 1o be augmented by additional
stations in those areas where nothing exists or has been planned yet, in order to obtain a
more-or-less homogeneous coverage of the entire WEGENER-2 region of interest. The
EUREF commission of the IAG has plans for a similar network in Europe, which may be
integrated with WEGNET. The idea will be further expanded in the final section of this
chapter on GPS.

2. GPS: AN OVERVIEW

This synopsis of the past ten years will provide a broad overview of Global Positioning
System (GPS) applications for precision geodetic investigations and describe in elementary
terms the GPS technique for precise measurements. There has been incredible growth and
expansion of GPS applications, and it is challenging to keep pace with the varied precision
uses of GPS. which include the following:

e Experiment networks for crustal deformation or tectonic motion observed episodically
and recurring every one to two years;

e Deployments of GPS receivers to measure co-seismic displacements and post-seismic
relaxation;

e Global network of continuous, near real-time GPS data necessary to determine the
precise orbits of the GPS satellites, to generate earth orientation products, to extend the
International Terrestrial Reference Frame (ITRF) or to plot global ionospheric maps;

e Continuously operating dense arrays of receivers that are used to monitor motions within
a smaller active region;

e Rapid static surveys (RSS) to quickly observe many points along a profile for very dense
sampling of precise surface positions:
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e Air to ground GPS differential tracking for photogrammetry, Synthetic Aperture Radar
(SAR), and Remote Sensing instrument locations;

e Scafloor geodesy that uses GPS to position sea-surface buoy instruments which con-
currently measure precise distances to ocean bottom transponders (eventually to measure
ocean spreading center rates);

e Low Earth Orbiter (LEO) tracking which uses a ground-based tracking network and an
on-board GPS flight receiver, such as on the TOPEX/Poseidon satellite;

e Atmospheric occultation studies using GPS flight receiver observations to recover tem-
perature, pressure and water vapor profiles as demonstrated by the GPSMET experiment.

This evolution of GPS has been fascinating and will no doubt continue to be diverse for
the foreseeable future.

2.1. The Global Positioning System

The NAVSTAR (Navigation Satellite Timing and Ranging) Global Positioning System
was developed primarily for worldwide navigation, both civilian and military. The NAV-
STAR GPS Program is under a Joint Program Office that includes representatives from
different branches of the military and is managed by U.S. Air Force. The GPS has three
components: Space, Control and User (Bagley and Lamons, 1992). The Space or satellite
segment has 21 space vehicles (SVs) optimally placed in six orbital planes and three active
spares. The satellites are in circular orbits with 12-h periods and have an inclination of 55°
(the Block I satellites were launched with a 63” inclination). Table 1 summarizes the basic
characteristics of the satellite constellation and its status in late 1995.

The satellites transmit signals at two L-band radio carrier frequencies: L1 at 1575MHz
and L2 at 1227 MHz (Spilker, 1980). The satellites also transmit a Navigation Message that
provides users with the Broadcast Ephemeris, the Almanac, satellite clock information,
time (UTC), satellite health, and ionospheric parameters. Modulated on the L1 carrier is
the coarse acquisition code, or C/A code at 1.023 MHz, for rapid acquisition of the signal
and the navigation message. Each of the L-band carriers is also modulated with the so-

Table 1. GPS constellation basic characteristics

Block 1 (Development and proof of concept)

11 Space Vehicles (SVs or satellites), 10 successful launches
Status. late 1995: | remains operational

SA/AS not enabled on Block [ SVs

1=63

Block 1 (Operational satellites)

21 SVs, 3 active spares, 28 produced

Status, late 1995: all 24 are operational (since early 1994)
=55

4 satellites in each of 6 orbital planes

General

Nearly circular orbits

Altitude =20 200 km (relative to the surface of the earth)
Satellite ground tracks repeat every sidereal day (23 h 56 min)
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Table 2. GPS signal relationships

Band Frequency Wavelength Period Ratio of
v (MHz) 2 (m) 7 (ns) frequency to
PI (exact)
C/A 1.023 293.20 977.500 0.1
P1, P2 10.230 29.32 97.750 1
Ll 1575.420 0.19 0.635 154
L2 1227.600 0.24 0.815 120

called P-code, for precision or protected code. To discriminate between the measurements
at the two carrier frequencies, the P-code signals are labelled P1 and P2. The relationships
between the various GPS signals are summarized in Table 2.

Operational limitations have been placed on the use of the system, one of these is ‘SA’
or selective availability, which has two components: the degradation or introduction of
errors into the Broadcast Ephemeris which limits real-time position/velocity accuracies and
‘dithering’ of the satellite clock. Another limitation is ‘AS’ or Anti-Spoofing, in which the
P-codes are encrypted with the so-called “Y-codes’; access to the Y-codes is restricted to
military purposes. Geodetic-type receivers make use of the carrier signals themselves to
achieve a much higher measurement precision than is possible with the basic system. They
are also capable to partially circumvent the AS limitation by tracking in a so-called codeless
mode, which is based on cross-correlation of the Y-code on both frequencies.

The Control Segment is responsible for the operation of the satellites and uses the 10-
station tracking network of the Air Force and the Defense Mapping Agency. The Air Force
stations are located at Hawaii, Colorado Springs, Ascension Island, and Diego Garcia; and
the Defense Mapping Agency stations are at Quito, Buenos Aires, Hermitage (U.K.),
Bahrain and Smithfield (Australia). The Master Control Station in Colorado Springs
directly controls and uploads information to the satellites.

The User Segment is anyone with a GPS receiver, antenna and some processing/display
capability that can produce either real-time estimates of the absolute positions, velocities
and time, or who processes and analyzes the data at a later time. In most cases, the geodetic
applications discussed in this overview require long tracking intervals (multiple 24-h per-
iods) and post-processing of data from two or more stations.

2.2. Basic geodetic principles for G PS relative positioning

As already mentioned, geodetic-type receivers make use of the carrier signals themselves.
The measurement precision is extremely high ( < 1 mm), but due to the short wavelength of
the signals, the measured ranges are ambiguous. Besides, they are affected by all kinds of
errors such as delays due to the troposphere, both wet and dry, the ionospheric delays,
delays due to satellite or receiver clock offset, and other sources of error such as multipath
near the receiver antenna or at the satellite, phase center variations of the antennas, etc. It
has been shown that the effect of these errors can be greatly reduced by processing the
observations in a differential mode. This is a viable technique, since after all, in many
geodetic problems, one is primarily interested in coordinate differences between points, and
these can be easily obtained from the measurement differences.
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By differencing the measurements of two receivers observing the signals from the same
satellite, the satellite clock error will cancel, as well as most of the tropospheric and
ionospheric delays, provided that the receivers are not too far apart. A simple graphic of
this geometry is shown in Fig. 1. The resulting observations are called single differences.

In the next step, the single-difference observations of different station—station-satellite
pairs may be combined to eliminate or reduce the other errors due to station clocks,
multipath and phase center variations. The geometry of these so-called double-difference
observations is depicted in Fig. 2. From a set of double-differenced observations with a
variety of satellite-receiver geometries, all components of the baseline between the two
stations can be estimated, including the cycle ambiguities in the measurements. This concept
assumes that the GPS orbits, are available. The accuracy of these orbits will then be a
dominant factor for the accuracy of the baseline results. When the technique is applied to
complete networks, the orbit parameters may also be adjusted by using so-called fiducial
stations with accurate a priori coordinates. Another possibility is to use global networks.

To achieve the highest possible accuracy it is also important to apply the best available
models for all the potential error sources. The ionosphere, however, represents a major
error source which is difficult to model, because it is highly unpredictable. A solution for
this problem is to combine the measurements taken on both carrier frequencies. [t can be
shown that special linear combinations exist which completely remove the first order
ionospheric delays from both the carrier phase and P-code ranges. Although they are much
less precise, the latter are often also used in the analyses because they ease the data pre-
processing and because they stabilize the parameter estimation process.

Pa/s1m

Pors1®

Station b observes:
Pbrs1®

Fig. 1. Single-difference geometry.
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Fig. 2. Double-difference geometry.

2.3. Achievements of the past ten years

An attempt to capture the significant highlights of GPS developments and applications
is shown in the timeline of Fig. 3. The timeline stretches from 1983, when GPS geodetic
applications were ‘born’, to early 1994. The major components of the timeline are the
satellite system, GPS receivers, data processing, accuracy, field experiments, and tracking
networks. This schematic will hopefully help to put a perspective on the past decade by
plotting key achievements in each area.

The satellite section lists the basic information of the GPS constellation, and basically
shows the increasing number of satellites with time. One can recall the period in the late
eighties when there were few launches and the difficulty this caused in planning the optimum
‘4-satellite’ mutual-visibility observing sessions.

The section on GPS receivers represents those that were used in numerous geodetic
campaigns, and does not attempt to list all receivers, just the most familiar ones. The
commercial price for a quality geodetic, dual-frequency receiver has decreased from about
US $150000 for the TI-4100 in 1984 to roughly US $25000 for the latest generation of P-
code receivers. We will certainly see superior quality GPS receivers available for less than
US $10000 by the year 2000.

Processing of the GPS data to produce precise orbits and positions is performed by an
elite class of software, most originally developed in the early eighties, many with their roots
in Very Long Baseline Interferometry (VLBI) and in Satellite Laser Ranging (SLR). These
software packages have undergone continual improvement and upgrades and most have
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Snapshot: A Decade of GPS Applications for Geodynamics
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Fig. 3. Snapshot: A decade of GPS applications for geodynamics.

also been used by other institutions or universities for research and development. A key
issue in the processing of GPS data is a standard data exchange format that interfaces
between different GPS receivers and the various software packages. The FICA format,
developed and maintained by Applied Research Laboratories of the University of Texas
eventually was replaced by the RINEX format (Receiver Independent Exchange Format)
developed at the University of Bern, Switzerland.

The improvements in the satellite constellation, GPS instrumentation and processing
have had a direct influence on the accuracies achieved by GPS analysis groups. In 1984,
precision at the level of a part in 10" was considered fantastic for the new GPS, and was
also quite possible when using the precise ephemerides produced by the Naval Surface
Weapons Center (now the Naval Surface Warfare Center, NSWC). Today the Broadcast
Ephemeris has orbits that are accurate at the few to 5-m level (=~ 1-2 parts in 107), while
the precise ephemerides generated by the Analysis Centers of the International GPS Service
for Geodynamics are accurate to the 10-cm level and better (x3-5 parts in 10°) (Beutler
and Brockmann, 1993).

The successful deployment of GPS experiments and tracking networks were key to this
evolving system. One of the earliest experiments was the receiver intercomparison of January
1984, coordinated by the U.S. National Geodetic Survey. The ‘Shoot-Out’, as it was referred
to by participants, was conducted primarily in Southern California with the resulting GPS
baseline vectors compared to those of VLBI. The final report concluded that GPS was a
viable geodetic measurement tool.






