INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from ieft to right in equal sections with small overlaps.

Photographs inciuded in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

Bell & Howell Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0800

®

UMI






A DIFFERENTIAL CARRIER-PHASE NAVIGATION SYSTEM
COMBINING GPS WITH LOW EARTH ORBIT SATELLITES FOR
RAPID RESOLUTION OF INTEGER CYCLE AMBIGUITIES

A DISSERTATION SUBMITTED TO THE DEPARTMENT OF
ELECTRICAL ENGINEERING AND THE COMMITTEE ON
GRADUATE STUDIES OF STANFORD UNIVERSITY IN
PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE
DEGREE OF DOCTOR OF PHILOSOPHY

Matthew Rabinowitz

December 2000



UMI Number: 3000087

Copyright 2001 by
Rabinowitz, Matthew

All rights reserved.

®

UMI

UMI Microform 3000087

Copyright 2001 by Bell & Howell Information and Learning Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

Bell & Howell Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, MI 48106-1346



© by Matthew Rabinowitz 2001
All Rights Reserved

ii



I certify that [ have read this dissertation and that, in my opinion, it is fully adequate

in scope and quality as a dissertation for the degree of Doctor of Philosophy.

Bradford Parkinson

I certify that I have read this dissertation and that, in my opinion, it is fully adequate

in scope and quality as a dissertation for the degree of Doctor of Philosophy.

Gene Franklin

I certify that I have read this dissertation and that, in my opinion, it is fully adequate

in scope and quality as a dissertation for the degree of Doctor of Philosophy.

Y 'Y

Stephen Boyd

Approved for the University Committee on Graduate Studies:

ywer Weiorw

iii




iv



Abstract

This thesis describes the theory and implementation of a high-performance navigation
system which combines GPS with Low Earth Orbit Satellites (LEOS). Our objective is
to rapidly acquire centimeter-level position, without placing constraints on the motion
of the navigated platform. When tracking the carrier phase of satellite downlinks,
the primary obstacle to accurate positioning is the resolution of cycle ambiguities,
which arise since phase can only be measured modulus 27. The rapid change in the
line-of-sight vectors from the receiver to the LEO signal sources, due to the orbital
motion of the LEOS, enables the robust resolution of these cycle ambiguities on the
GPS signals as well as parameters related to the cycle ambiguities on the LEO sig-
nals. These parameters, once identified, enable real-time centimeter-level differential
positioning of a user receiver several miles from a reference station. The technique
requires no specialized navigation electronics, such as atomic oscillators, on-board the
LEO satellites. As such, it can accommodate instabilities in the crystal oscillators on
the satellites, multiple beam configurations of satellite links, bent-pipe communica-
tion architectures, and TDMA downlinks. A set of techniques have been developed for
achieving centimeter-level navigation using pre-existent LEO transceiver hardware,
designed for low cost data communication. The issues addressed include synchro-
nization of the LEO and GPS hardware for errors below the centimeter level, precise

time-tagging of carrier-phase measurements without the use of hardware accumulators



and latches, an efficient data reduction algorithm for resolving cycle ambiguities while
accommodating different frequency-dependent phase-lags in the receiver front ends,
and the ability to scale the number of LEOS tracked, and the number of navigation
antennas used, in software. By a combination of experimentation and simulation,
we describe the system performance in terms of accuracy and integrity of naviga-
tion solutions. We also describe potential advantages provided by LEO satellites for

meter-level navigation in high-loss environments, or multipath-prone environments.
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Chapter 1

Introduction

1.I Overview of the Problem

Conventional satellite-based positioning techniques are based on the use of special
navigation signals transmitted from mulitiple navigational satellites. In the global
positioning system (GPS), for example, a constellation of GPS satellites transmit
L1 (1575MHz) and L2 (1227MHz) carrier signals modulated with C/A and P code
signals. By measuring the incident phase of these code signals, a user receiver can

determine its position to an accuracy of about 6 meters.

To determine the user position with higher accuracy, a differential technique can
be used. A reference receiver having a known position also tracks the satellite down-
links and calculates its position. The reference receiver then calculates a differential
correction by comparing its known position with the calculated position, and trans-
mits this correction to the user receiver. This differential correction suppresses errors
which are correlated in the user and reference measurements, such as ionospheric and
tropospheric delays, and satellite ephemeris errors. Assuming the user receiver is near

the reference station, the differential correction data can improve the accuracy of its

1



position estimate to approximately 1 meter.

Various proposed techniques provide positioning accuracy on the order of 1 centime-
ter. In addition to tracking code phase, these techniques also measure the incident
carrier phase of the signals from GPS navigational satellites. Typically, this car-
rier phase positioning technique uses differential carrier phase correction data from
a reference station in order to improve performance. There is, however, a difficulty
inherent to this technique since phase can only be measured modulus 2r. When
tracking a carrier signal of a navigational satellite transmission, one can precisely
measure the phase of the signal, but one cannot determine by direct measurement
how many complete integer cycles have elapsed between the times of signal emis-
sion and reception. The measured carrier signal thus has an inherent integer cycle
ambiguity which must be resolved in order to use the carrier phase measurements
for positioning. Consequently, much research in the art of satellite-based positioning
has focused on resolving these cycle ambiguities in carrier phase measurements from

satellite signals.

1.II Prior Research

MacDoran and Spitzmesser [42] describe a method for deriving pseudoranges to GPS
satellites by successively resolving integers for higher and higher signal frequencies
with measurements independent of the integers being resolved. The first measure-
ment resolves the number of C/A code cycles; these integers provide for independent
measurements to resolve the number of P code cycles, and so on for the L2 and L1
carrier cycles. This technique, however, assumes exact correlation between satellite

and user frequency standards (i.e., the user requires an atomic clock), and provides
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