GPS
SATELLITE
SURVEYING

ALFRED LEICK
LEV RAPOPORT
DMITRY TATARNIKOV




GPS SATELLITE
SURVEYING
Fourth Edition

ALFRED LEICK
LEV RAPOPORT
DMITRY TATARNIKOV

WILEY



Cover image: Eric Morrison, UMaine and Wiley
Cover design: Wiley

This book is printed on acid-free paper.
Copyright © 2015 by John Wiley & Sons, Inc. All rights reserved

Published by John Wiley & Sons, Inc.. Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by
any means, electronic, mechanical, photocopying, recording, scanning. or otherwise, except as permitted
under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior written permis-
sion of the Publisher. or authorization through payment of the appropriate per-copy fee to the Copyright
Clearance Center, 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax (978) 646-8600, or on
the web at www.copyright.com. Requests to the Publisher for permission should be addressed to the Per-
missions Department, John Wiley & Sons, Inc., 111 River Street. Hoboken, NJ 07030, (201) 748-6011,
fax (201) 748-6008, or online at www.wiley.com/go/permissions.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in
preparing this book, they make no representations or warranties with the respect to the accuracy or com-
pleteness of the contents of this book and specifically disclaim any implied warranties of merchantability
or fitness for a particular purpose. No warranty may be created or extended by sales representatives or
written sales materials. The advice and strategies contained herein may not be suitable for your situation.

You should consult with a professional where appropriate. Neither the publisher nor the author shall be
liable for damages arising herefrom.

For general information about our other products and services, please contact our Customer Care Depart-

ment within the United States at (800) 762-2974, outside the United States at (317) 572-3993 or fax (317)
572-4002.

Wiley publishes in a variety of print and electronic formats and by print-on-demand. Some material
included with standard print versions of this book may not be included in e-books or in print-on-demand.
If this book refers to media such as a CD or DVD that is not included in the version you purchased, you

may download this material at http://booksupport. wiley.com. For more information about Wiley products,
visit www.wiley.com.

Library of Congress Cataloging-in-Publication Data

Leick. Alfred.
GPS satellite surveying / Alfred Leick. Lev Rapoport Dmitry Tatarnikov, — Fourth edition.
pages cm
Includes index.
ISBN 978-1-118-67557-1 (cloth) — 9781 119018285 (epdf) — 9781119018261 (epub) 1. Artificial

satellites in surveying. 2. Global Positioning System. 1. Rapoport, Lev. II. Tatarnikov, Dmitry. II1. Title.
TAS595.5.L.45 2015

526.9'82-dc23 2014040585

Printed in the United States of America

1098765432



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 new material 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 and most 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 acquainted with GNSS 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,
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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-
veving. We appreciate Tamrah Brown's assistance in editing the draft in such a short
period of time.
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ABBREVIATIONS

COMMONLY USED GNSS ABBREVIATIONS

ARNS Aeronautical Radio Navigation Service
ARP Antenna reference point

AS Antispoofing

ASK Amplitude shift keying

Bl B1 Beidou carrier (1561.098 MHZ)

B2 B2 Beidou carrier (1207.14 MHz)

B3 B3 Beidou carrier (1268.52MHz)

BOC Binary offset carrier

BPSK Binary phase shift keying

C/A-code Coarse/acquisition code (1.023 MHz)
CDMA Code division multiple access

CIO Celestial intermediary origin

CCRF Conventional celestial reference frame
CEP Celestial ephemeris pole

CORS Continuously operating reference stations
CTP Conventional terrestrial pole

CTRS Conventional terrestrial reference system
DGPS Differential GPS

DOD Department of Defense

DOP Dilution of precision

DOY Day of year

E6 E6 Galileo carrier (1278.75 MHz)

ECEF Earth-centered earth-fixed coordinate system



xxii ABBREVIATIONS

EOP
FAA
FBSR
FDMA
FSK
FOC
GAST
GDOP
GEO
GIF
GIM
GLONASS
GNSS
GML
GMST
GPS
GPSIC
GPST
GRS80
HDOP
HMW
HOW
IAG
IAU
ICRF
IERS
IGDG
IGS
IGSO
ISC
ITRF
10C
ION
IWV
ID
JPL

L1

L2

S
LAMBDA
LC
LEO
LHCP
MEO
NADS3

Earth orientation parameter

Federal Aviation Administration
Feedback shift register

Frequency division multiple access
Frequency shift keying

Full operational capability

Greenwich apparent sidereal time
Geometric dilution of precision
Geostationary earth orbit
Geometry-free and ionospheric-free solution
Global ionospheric model

Global naya Navigatsionnaya Sputnikkovaya Sistema
Global navigation satellite system
Gauss midlatitude functions
Greenwich mean sidereal time

Global positioning system

GPS Information Center

GPS time

Geodetic reference system of 1980
Horizontal dilution of precision
Hatch/Melbourne/Wiibbena function
Handover word

International Association of Geodesy
International Astronomical Union
International celestial reference frame
International Earth Rotation Service
Internet-based dual-frequency global differential GPS
International GNSS Service

Inclined geosynchronous satellite orbit
Intersignal Correction

International terrestrial reference frame
Initial operational capability

Institute of Navigation

Integrated water vapor

Julian date

Jet Propulsion Laboratory

L1 carrier (1575.42 MHz)

L2 carrier (1227.6 MHz)

L5 carrier (1176.45 MHz)
Least-squares ambiguity decorrelation adjustment
Lambert conformal mapping
Low-earth orbiting satellite

Left-hand circular polarization
Medium earth orbit

North American datum of 1983



NAVSTAR
NEP
NGS
NIST
NOAA
PCO
OPUS
OTF
P-code
PCV
PDOP
ppb
ppm
PPP
PPS
PRN
PSK
PWV
QPSK
RHCP
RINEX
RNSS
RTCM
RTK
SA
SBAS
SINEX
SLR
SNR
SP3
SPC
SPS
SRP
SVN
SWD
TAI
TDOP
TEC
TECU
TIO
TLM
™
TOW
TRANSIT
URE

ABBREVIATIONS

Navigation Satellite Timing and Ranging
North ecliptic pole

National Geodetic Survey

National Institute of Standards and Technology
National Oceanic and Atmospheric Administration
Phase center offset

Online processing user service
On-the-fly ambiguity resolution
Precision code (10.23 MHz)

Phase center variation

Positional dilution of precision

parts per billion

parts per million

Precise point positioning

Precise positioning service
Pseudorandom noise

Phase shift keying

Precipitable water vapor

Quadature phase shift keying
Right-hand circular polarization
Receiver independent exchange format
Radio navigation satellite services

Radio Technical Commission for Maritime Services
Real-time kinematic positioning
Selective availability

Satellite-based augmentation system
Solution independent exchange format
Satellite laser ranging

Signal-to-noise ratio

Standard product #3 for ECEF orbital files
State plane coordinate system

Standard positioning service

Solar radiation pressure

Space vehicle launch number

Slant wet delay

International atomic time

Time dilution of precision

Total electron content

TEC unit

Terrestrial intermediary origin
Telemetry word

Transverse Mercator mapping

Time of week

Navy navigation satellite system

User range error
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XXiv ABBREVIATIONS

USNO
UTI
UTC
VDOP
VLBI
VRS
VSWR
WAAS
WADGPS
WGS84
WVR
Y-code
ZHD
ZWD

U.S. Naval Observatory
Universal time corrected for polar motion
Coordinate universal time
Vertical dilution of precision
Very long baseline interferometry
Virtual reference station

Voltage standing wave ratio
Wide area augmentation service
Wide area differential GPS
World Geodetic System of 1984
Water vapor radiometer
Encrypted P-code

Zenith hydrostatic delay

Zenith wet delay
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