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PREFACE

GPS Satellite Surveying has undergone a major revision in order to keep abreast with
new developments in GNSS and yet maintain its focus on geodesy and surveying.
All chapters have been reorganized in a more logical fashion. Because the GNSS
systems have developed significantly since the last edition of the book, we have
added newmaterial on the GLONASS, Beidou, and Galileo systems, as well as on the
ongoing modernization of GPS. A separate chapter was included on recursive least
squares. Another chapter on RTK implementation was added that uses these recur-
sive least-squares algorithms to process across-receiver observation differences and is
capable of accepting observations from all GNSS systems. Examples are supported
by real data processing. A third new chapter was added on GNSS user antennas.
This chapter was prepared by an antenna expert to provide the necessary background
information and details to allow practicing engineers to select the right antenna for
a project. As to GNSS processing approaches, major new sections were added on
PPP-RTK and TCAR. Six new additional appendices were added containing in-depth
mathematical supplements for those readers who enjoy the mathematical rigor.

The original author of GPS Satellite Surveying, Alfred Leick, appreciates the con-
tributions of Lev Rapoport and Dmitry Tatarnikov andmost cordially welcomes these
very qualified individuals as co-authors. All three of us wish to thank our fami-
lies for their outstanding support throughout our professional careers. Lev Rapoport
wishes to thank Javad GNSS for permission to use their receivers Triumph-1, Delta
TRE-G3T, and Delta Duo-G2D for data collection, and Dr. Javad Ashjaee for the
opportunity to get acquaintedwithGNSS technologies and observe its history through
the eyes of a company employee. Dmitry Tatarnikov wishes to thank his colleagues
at the Moscow Technology Center of Topcon for their contributions to the research,

xv



xvi PREFACE

development, and production of antennas, and the management of Topcon Corpo-
ration for support of this work. Alfred Leick expresses his sincere appreciation to
anybody contributing to this and any of the previous revisions of GPS Satellite Sur-
veying. We appreciate Tamrah Brown’s assistance in editing the draft in such a short
period of time.
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WAAS Wide area augmentation service
WADGPS Wide area differential GPS
WGS84 World Geodetic System of 1984
WVR Water vapor radiometer
Y-code Encrypted P-code
ZHD Zenith hydrostatic delay
ZWD Zenith wet delay
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CHAPTER 1

INTRODUCTION

Over the last decade, the development and application of GNSS (global navigation
satellite system) has been unabatedly progressing. Not only is the modernization
of the U.S. GPS (global positioning system) in full swing, the Russian GLONASS
(Global’naya Navigatsionnaya Sputnikovaya Sistema) system has undergone a
remarkable recovery since its decline in the late 1990s to be now fully operational.
The first static and kinematic surveys with the Chinese Beidou system are being
published, and the signals of the European Galileo system are being evaluated.
While many individuals might look back on the exciting times they were fortunate
to experience since the launch of the first GPS satellite in 1978, there are many more
enthusiastic individuals gearing up for an even more exciting future of surveying
and navigation with GNSS. Yes, it seems like a long time has passed since sunset
admirers on top of Mount Wachusett, seeing a GPS antenna with cables connected
to a big “machine” in a station wagon were wondering if it would “take off,” or if
you were “on their side,” or regular folks in a parking lot approaching a car with a
“GPS” license plate were wondering if you had “such a thing.”

Much has been published on the subject of GNSS, primarily about GPS because
of its long history. Admirably efficient search engines uncover enormous amounts
of resources on the Internet to make an author wonder what else is there to write
about. We took the opportunity of updating GPS Satellite Surveying to add strength
by including two additional authors, while looking at rearranging the material in
a way that reflects the maturity and permanency of the subject and de-emphasizes
the news of the day or minor things that may have gotten the early pioneers of
GPS excited.

Perhaps the most visible outcome of the rearrangement of the material for this edi-
tion is that GNSS in earnest starts only in Chapter 5, which may come as a surprise to
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the unexpected reader. However, if was determined that first presenting the geodetic
and statistical foundations for GPS Satellite Surveying would be more efficient, and
then focusing on GNSS, thus taking advantage of having the prerequisites available
and not being side-tracked by explaining essential fill-in material. Therefore, there are
two chapters devoted to least-squares estimation, followed by a chapter on geodesy.
These three chapters clearly identify the traditional clientele this book tries to serve,
i.e., those who are interested in using GNSS for high-accuracy applications. The other
chapters cover GNSS systems, GNSS positioning, RTK (real-time kinematic), tropo-
sphere and ionosphere, and GNSS user antennas. There are nine appendices.

Chapter 2, least-squares adjustment, contains enough material to easily fill a reg-
ular 3-credit-hour college course on adjustments. The focus is on estimating param-
eters that do not depend on time. The material is presented in a very general form
independently of specific applications, although the classical adjustment of a geode-
tic or surveying network comes to mind as an example. The approach to the material
is fairly unique as compared to a regular course on least squares because it starts with
the mixed model in which the observations and the parameters are implicitly related.
This general approach allows for an efficient derivation of various other adjustment
models simply by appropriate specifications of certain matrices. Similarly, the gen-
eral linear hypothesis testing is a natural part of the approach. Of particular interest
to surveying applications are the sections on minimal and inner constraints, internal
and external reliability, and blunder detection.

Chapter 3, recursive least squares, represents new material that has been added to
this fourth revision. In particular in view of RTK application where the position of
the rover changes with time, it was deemed appropriate to add a dedicated chapter
in which the estimation of time-dependent parameters is the focus. Consequently, we
changed the notation using the argument of time consistently to emphasize the time
dependency. A strength of this chapter is that it explicitly deals with patterned matri-
ces as they occur in RTK and many other applications. Apart from the term “recursive
least squares,” other terms might be “first-order partitioning regression” or “Helmert
blocking,” that express the technique applied to these patterned matrices. Although
Chapters 2 and 3 are related since there is only one least-squares method, Chapter 3
stands on its own. It also could serve easily as a text for a regular 3-credit-hour college
course.

Chapter 4 is dedicated to geodesy. It provides details on reference frames, such
as the ITRF (international terrestrial reference frame), as well as the transformation
between such frames. The geodetic datum is a key element in this chapter, which is
defined as an ellipsoid of defined location, orientation, and size and an associated
set of deflection of the vertical and geoid undulations. Establishing the datum, in
particular measuring gravity to compute geoid undulations, is traditionally done by
geodesists. The fact that here it is assumed that all this foundational material is given
indicates that geodesy is treated not as a science by itself in this book but rather as an
enabling element that supports accurate GNSS applications. As the “model for all,”
we present the three-dimensional (3D) geodetic model, which is applicable to net-
works of any size and assumes that the geodetic datum is available. In addressing the
needs of surveying, the topic of conformalmapping of the ellipsoidal surface is treated


