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Abstract

The Global Positioning System (GPS) has demonstrated great potential to improve
civilian aviation. However, before GPS can be used as a primary navigation system, the
system’s integrity and accuracy must be enhanced to meet the safety standards set by the
Federal Aviation Administration (FAA).

To meet these requirements, the FAA proposed and initiated the development of the
Wide Area Augmentation System (WAAS) for GPS. WAAS augments GPS with a
ground network of GPS receivers to deliver the Wide Area Differential GPS corrections
and system integrity alerts, as well as adding an extra ranging signal from a geo-
synchronous satellite to increase the continuity and time availability of the service. This
augmentation will enable WAAS to be the primary navigation system for en route flight,
terminal area approach, and non-precision approach, and can provide accurate vertical
guidance for Category I precision approach.

This thesis presents the real-time WAAS implementation to meet the accuracy
requirement of Category I precision approaches, especially includes algorithms for
calibrating interfrequency biases, and for creating an ionospheric grid model. A feedback
algorithm for generating the confidence level of the ionospheric correction shown in this
thesis is proven to be useful. Furthermore, an integrity monitoring indicator using x* has
been proposed for detecting local ionospheric disturbances, which may represent the most

significant threat to WAAS in the coming solar maximum around the year 2000.
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Chapter 1

Introduction

he development of the Wide Area Augmentation System (WAAS) is on-going
research regarding the application of the Global Positioning System (GPS) as a
navigation tool. In this introduction, I address the following questions:

¢ What is our goal in using GPS?

¢ Why do we need to augment GPS?

¢ What are the challenges of this augmentation?

1.1 The Goal

Our goal is to use GPS as the primary navigation system for commercial aircraft.
This system differs from that of other GPS applications and other navigation systems in
three ways:

¢ Our system is safety-critical. Because it is a primary navigation sensor, it not only
has to have good accuracy but also has to meet all other critical requirements, like
integrity and continuity, to guarantee flight safety. More specifically, the system has
to provide accurate navigation guidance for the aircraft’s taking off to Category I
precision approach down to 200 ft decision height.

¢ Navigation signals come from space. Since all its navigation signals come from
artificial satellites in space, unique problems are created. For example, the system
has to account for the problems caused by atmospheric delays and radio frequency
interference of the signals.

¢ This system provides wide coverage. We want to use this system for different phases
of flight and therefore need to cover a large geographical area; at the same time, the

system needs to be cost effective.

In order to address these issues, the system must meet accuracy and integrity requirements



established by the U.S. Federal Aviation Administration (FAA).
¢ Accuracy. The accuracy requirement is usually measured in terms of 2 95%
confidence level. For example, oceanic flight or en route flight over the continental

U.S. requires only an accuracy of several hundred meters for guidance. However, as the

aircraft approaches the airport, the pilots will certainly need higher navigation accuracy:

Non-precision approach: The non-precision approach is a category of instrument
approach without accurate vertical position information. It is used primarily by most
general aviation. The 100-meter horizontal accuracy of a non-precision approach is
required 99.999% of the time. Currently, ground based radio navigation aids such as
VHF omnidirectional radio (VOR), distance measuring equipment (DME), and
nondirectional beacon (NDB), are used for determining the horizontal position. The
vertical guidance of the non-precision approach is usually provided by baro-
altimeters. Judging from the current development of the navigation system (section
1.2), the GPS can satisfy this non-precision accuracy requirement but needs to
improve its time availability for this type of approach.

Precision approach: In this type of approach, pilots are provided with guidance for
both the vertical and the horizontal directions. The three categories of precision
approaches are rated by the pilot’s visibility of the runway environment at the
decision height (DH) and the horizontal visibility on the runway, known as runway
visual range (RVR). Category I requires the airport’s RVR be at least 2400 ft and the
pilot must have the runway environment insight by the 200 ft DH . If at the DH the
pilot is unable to see the run way, the approach must be abandoned. Category II is
more stringent and requires pilots to have at least 1200 ft RVR and the DH is 100 ft.
Category ITI operations include aircraft automatic landing with RVR less than 1200 ft
[FAA AC 120-28, 1984]. Today, all three types of precision approach guidance
criteria are provided by the Instrument Landing System (ILS), which uses a glide
slope of approximately 3° for vertical positioning and a localizer for horizontal
positioning. The real challenge for WAAS is to provide stringent vertical guidance of
7.6 meters accuracy 95% of the time as required for a Category I precision approach

[FAA WAAS, 1994].



¢ Integrity. Integrity, the system’s ability of a system to detect problems and alert
users in a timely manner, is of one of the main measures of flight safety. An integrity
risk arises when an undetected navigation system error, such as system failure or
accuracy degradation, occurred that can result in danger to the aircraft. For the
Category I precision approach, the navigation system can tolerate less than 107 to 10

probability of failure to deliver the integrity alert to guarantee flight safety.

Furthermore, the system must be able to alert the user within 6 seconds once an

integrity threat is detected. Integrity also requires all users to be updated within 6
seconds of any change to Vertical Protection Level (VPL) bound.

1.2 The Current Status of GPS

The GPS is a satellite-based ranging system with a constellation of 24 satellites in six
12-hour orbits. This navigation system was developed and implemented by the U.S.
Department of Defense (DoD) and has been fully deployed since 1993. . Figure 1.2.1
presents the configuration of the GPS constellation. Each satellite continuously

broadcasts its own specific pseudo-random noise (PRN) code for identification and

Figure 1.2.1 The Global Positioning System

The constellation comprises 21 satellites with three spares in six orbits. Each orbit is at 55°
inclination angle and has a period of 11 hr 57 min. To determine its position, a receiver needs
at least four satellites in view to measure at least four pseudoranges to estimate three
dimensions of location and user clock error.



ranging purposes. The satellite PRN code and navigation information are broadcast at L-
band microwave frequencies. The flight time of the GPS PRN signal traveling through
space from satellite to receiver provides the basis for the range measurement. Civilian
users measure these timing signals, termed pseudo-ranges (PRs), from the satellites to
calculate their positions [Appendix A includes basic position and velocity estimation
algorithms].

The control station at Colorado Springs is responsible for orbit determination of the
satellites and system maintenance. The satellite navigation information includes satellite
location and ranging signals. The ranging measurement , pseudorange, is the time-of-
flight of the signals from the satellite to the user. It is converted to range by multiplying
the speed of light (C), Equation (1.2.1). Because pseudorange is a timing signal, it
contains not only the true range between the satellite and the receiver but also receiver
and satellite clock biases.

Furthermore, as the signal travels through the ionosphere and troposphere, it
experiences delays. Finally, as the receiver measures the signal, the local multipath and
the receiver thermal noise also introduce errors. Therefore, we can write the PR

measurement between the j* satellite and i receiver as

J = .
PRI =At,.,-C (1.2.1)
g tbh- B+ L+ T +M+ B
— - : : ~ — —— ——
geometric  receiver 'f‘"?ﬁ‘l’.‘ cl&:k( bias,  ;npepheric  tropospheric multipath ~ measurement
range clock including SA (fust) delay delay error noise
bius (slow) (slow & locul)

The errors in PR, together with satellite geometry, affect the user positioning accuracy
directly.

Currently, the DoD is deliberately adding errors, called Selective Availability (SA), to
the satellite clock biases to degrade the positioning accuracy for national security reasons.
SA has an rms of 23 meters [van Grass et al., 1996] and is the largest error component.
The second largest component is the ionospheric delay. When it is very active, the
ionosphere can cause a 30 to SO meter delay in the pseudorange. For a single frequency
receiver, this delay is usually corrected by the ionospheric model broadcast in the

navigation message [Klobuchar, 1987] and can be reduced to a 4 meter rms ionospheric



error [Parkinson, 1996]. Compared to the rate of the SA variation, which is about 0.2
m/sec, the ionospheric delay is slow, varying at about 0.5 m/min (8x10° m/sec) at most
[Klobuchar et al., 1993].

Despite all the error sources, civilian users of the GPS Standard Positioning Service
(SPS) can still reach 100 meter (2-0) horizontal accuracy and 150 meters (2-0') vertical
accuracy. An example of SPS performance is shown in Figure 1.2.2. This level of SPS
accuracy is global and accessible 24 hours a day in all weather conditions. Note that the
key element enabling GPS to provide this accuracy in positioning result is the high
quality of spaceborne Cesium and Rubidium clocks that are used. Their behavior can be
predicted and corrected very well, thus bringing the determination of satellite orbit to
better than 10 meters.

Even though GPS is better and more convenient compared to many other current
navigation systems in terms of accuracy, its positioning service still has to be improved in
order for it to serve as the primary navigation sensor for aviation around the world. An
additional problem is that if a satellite failure or ionospheric disturbance occurred to
threaten the system performance, the satellites would have to wait for the control station
to uplink the information. As a result there would be delays, which would raise the

integrity risks.
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Figure 1.2.2 GPS Standard Positioning Service

An example of positioning error collected using a Trimble 4000 SSE receiver for 10 hours at
a surveyed reference station.



1.3 Previous Work of WAAS Development

Some mechanisms for improving GPS have already been proposed in order to meet the
requirements of the primary navigation system. First of all, a group of researchers, Enge
and Inmarsat’s Nagle and Kinal [Enge et al., 1990, Nagel and Kinal., 1990] introduced
the GPS Integrity Channel concept. They proposed to use geosynchronous (GEO)
satellites to broadcast the system integrity information to the users in real-time. Their
study showed that by broadcasting coarse corrections for SA, the GPS Integrity Channel
will be able to meet the non-precision approach requirements.

Around the same time, Kee and Parkinson invented the Wide Area Differential GPS
(WADGPS) [Kee et al., 1990 & 1991]. They demonstrated good accuracy over a large
geographical area with only a few GPS differential reference stations. Later, the FAA’s
top managers, Robert Loh and Joseph Dorfler, asked the RTCA Inc., a nonprofit company
that generate standards for aerospace (formerly Radio Technology Committee of
Aerospace) the question “Can we combine the benefits from both the GPS Integrity
Channel and WADGPS and further improve GPS performance?” Loh and Dorfler
proposed the concept of WAAS. Enge [Enge et al., 1990] studied the proposal and
concluded that by broadcasting both integrity information and WADGPS corrections at a
250 bit/sec data rate, WAAS would be able to meet the accuracy requirements for the
Category I precision approach.

RTCA has already delivered the WAAS Minimum Operation Performance Standard
for the non-precision approach and is working on standards for the precision approach
[WAAS MOPS, 1995]. This standard will be used as the guideline for the development
of consumer electronics. Currently, the FAA is developing WAAS with Hughes Aircraft
Company and an operational WAAS is expected to be deployed by late or early 1999.



1.4 WAAS Configuration

Figure 1.4.1 illustrates the WAAS configuration. In this configuration, GPS is
augmented with a network of reference stations. Each of the Wide Area Reference
Stations (WRSs) is equipped with dual-frequency GPS receivers and meteorological
sensors. All the measurements will be transferred to the Wide Area Master Station
(WMS) for data processing. Because of the wide geographical coverage of the WRS
network, WMS will be able to estimate the satellite clock error, to calculate 3-
dimensional orbital error components, and to model the ionosphere. Simultaneously,
WMS will also use the network measurements to monitor the system integrity. Both the
correction and integrity information will be packed into the WAAS message and
broadcast to single-frequency users via the GEO at the GPS L1 frequency. With this
configuration, WAAS is aimed at being the primary aircraft navigation system capable of
providing Category I precision approach to 200 ft DH.

Notice that the signals at the GPS L2 frequency were originally intended for military

use only and the U.S. government did not guarantee the service of this signal [Parkinson
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Figure 1.4.1 The Configuration of the Wide Area Augmentation System of GPS



et al., 1996]. Thus the dual-frequency receivers can not be certified for civilian aviation
use and it is necessary for the WAAS of GPS to target single-frequency civilian users and
to provide ionospheric corrections for them. Note that U.S. government just announced
the guarantee of L2 carrier phase in the civilian application. However, the guarantee of
the civilian L2 code phase is still under discussion [ION Newsletter, 1997].

A further augmentation is that the GEO will also send out ranging signals to aid the
navigation solution. This augmentation enhances the overall satellite geometry and
reduces the system dependency on individual GPS satellites. It therefore increases the
continuity and time availability of the navigation service. The most important
improvement provided by WAAS is that it will cover a large area and therefore all the
airports under the coverage, large or small, will be capable of providing the Category I
precision approach for the aircraft immediately without installing any ground Instrument
Landing System equipment. However, airports still need to provide landing lights and
special patterns on the runway surface to be qualified for providing Category I precision

approach.

1.5 Challenges of WAAS

Several researchers, using covariance analysis, have already predicted that WAAS will
be able to provide enough accuracy for Category I precision approaches [Enge, et al.,
1995, Pullen et al., 1995]. However, the real challenge is to meet the accuracy
requirement in real time, especially under the 250 bit/sec data rate constraint. Note that
the WAAS data rate is constrained because the signal will be broadcast at the GPS L1
frequency and must not interfere with the GPS signals. Therefore, the limited power and
wide coverage requirements for the GEO result in the low data rate.

A more important point is that the system has to prove its integrity monitoring
capability in real time using the network information. This integrity monitoring includes
the satellite health, orbital errors, ionospheric disturbances, etc. Because of the nature of

the ionosphere, the ionospheric disturbances may be most difficult to detect, and integrity



monitoring of this element becomes one of the most significant challenges to the success
of WAAS.

To verify the system’s performance, Stanford University joined the FAA effort and
built a 3-WRS WAAS Testbed on the West Coast in 1993. Today we are processing data
in real time from a dedicated network of 20 WRSs from the FAA National Satellite
Testbed, which is a research and development project for WAAS. The primary WAAS
contract was awarded to Hughes Aircraft Company in March of 1996 for both software
and hardware development. The initial delivery of this navigation system is expected to

occur in 1998.

1.6 Previous Ionospheric Modeling Work

The followings are the studies have been done towards the modeling of ionosphere:

¢ Klobuchar proposed a vertical ionospheric delay model for the GPS single frequency
ionospheric corrections [Klobuchar, 1986]. The parameters of this model, now
being transmitted from GPS as part of the navigation message, can reduce 50 to 60%
rms error of the ionospheric delay [Feess et al., 1987].

¢ Cohen explored the possibility of using a variation of obliquity factor to separate the
ambiguities and to estimate the ionospheric delay from single receiver carrier-phase
measurements [Cohen et al., 1992].

¢ For the study of ionospheric modeling and satellite interfrequency bias estimation,
researchers at Jet Propulsion Laboratory generated a global ionospheric map using a
world wide GPS network [Mannucci et al., 1993, Wilson et al., 1993]. Sardon
studied the problem using only one reference station {Sardon et al., 1994]. Both of
these are mainly scientific studies which provides no work on ionospheric correction
integrity.

¢ In 1994, one of the FAA’s main contractors, MITRE Corp., proposed the WAAS
ionospheric grid model and implemented an initial static test [El-Arini et al., 1994].
This model has been adopted by the WAAS Minimum Operation Performance



Standard for real-time implementation. The ionospheric model of the present

research is based on this grid concept.

Note that none of the above efforts have studied the integrity monitoring problem for

the WAAS ionospheric corrections.

1.7 Research Contributions

The goal of the Stanford effort is to develop WAAS algorithm and to demonstrate that
WAAS meets Category I precision approach requirements in real time. Within this
context, the central theme of this thesis is about the WAAS algorithm development,
especially the improvement of the ionospheric model. My specific contributions are

described in the sections below:

1.7.1 Interfrequency Bias Calibration

I developed and verified a new algorithm for the estimation of the satellite and receiver
interfrequency biases. These biases can be as high as 10 meters and are both satellite and
receiver dependent. Even with hardware precalibration, their values can still deviate from
the calibrated values by more than one meter because of variation of receiver ambient
temperature and other factors. This variation affects the accuracy of line-of-sight
ionospheric delay measurements. If the WAAS master station uses these biased
measurements to generate the corrections for ionospheric vertical delay, then the user’s
positioning accuracy is degraded.

Using the interfrequency bias estimation developed in this study, the accuracy of the
bias calibration has been demonstrated at better than 30 cm. The user’s 95% vertical
positioning accuracy has been improved by more than one meter, compared to the
solutions that using old precalibrated values. By eliminating these systematic biases, one
not only can reduce the WAAS users' average positioning errors, but can also reduce the
error distribution. Most importantly, this calibration reveals the accuracy that is

necessary for further system error analysis and integrity monitoring. These additional
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efforts can be used in near real time to update the interfrequency biases which are

expected to change over time.

1.7.2 Ionospheric Grid Model Estimator Design

Using an ionospheric modeling estimator based on a grid algorithm, I demonstrated
the accuracy of the WAAS ionospheric grid modeling over the Continental U.S., and the
feasibility of integrity monitoring of the grid ionospheric vertical model; Specifically, I
formalized the modeling approach using a Weighted Least Squares algorithm with
ionospheric spatial correlation function. This modeling technique also includes an error
propagation procedure and error analysis. This spatial correlation function was
experimentally determined from archived National Satellite Testbed March 1996 data.
To account for possible faster decorrelation in the coming maximum solar cycle
anticipated around the turn of the century, I implemented a more conservative curve in a
real-time algorithm for the system robustness. This algorithm will also be useful for real-

time WAAS operation.

1.7.3 Integrity Monitoring

This study also proposed integrity monitoring mechanism for the detection of
ionospheric disturbance in the grid ionospheric vertical delay model. This scheme uses
x* to calculate the goodness-of-fit in the modeling process. From real-time data
processing results, a threshold is set using the degree-of-freedom of the x* parameter to

detect ionospheric fast-decorrelated disturbances.

1.7.4 WAAS Algorithm Development

In addition, the Stanford WAAS development team, of which I have been a member
since its formation, has demonstrated the accuracy of the Category I precision approach
using a three-station mini-WAAS Testbed on the West Coast since 1993. At the time of
writing, using 22 reference stations from National Satellite Testbed, we can demonstrate
real-time accuracy of 3 meters in the horizontal and 4 meters in the vertical 95% of the

time. We developed both hardware and software for real-time implementation, and have
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flight-tested the system at Palo Alto and Truckee, Lake Tahoe areas. Specifically, we
developed a real-time algorithm for separating the slow and fast WAAS corrections for
the 250 bit/second data constraint and validated the message types described in the
WAAS Minimum Operation Performance Standard. That is, our algorithm effectively
separated the satellite clock errors (fast), the satellite orbital errors (slow) and ionospheric
delays (also slow).

For the real-time data processing, I developed an efficient clock filter for estimating
the free-running receiver Rubidium oscillator under the effect of satellite SA. With the
Common View Time Transfer method, I proposed and implemented a single difference

snap-shot estimator (discussed in Chapter 2) for separating the satellite clock and orbital

C€ITOrS.

1.8 Thesis Organization

This thesis discusses the real-time implementation of the Wide Area Augmentation
System for GPS, especially the generation and integrity monitoring of the ionosphere
corrections. Chapter 2 introduces the main functions in the WAAS, including wide area
corrections and system integrity monitoring. Then it focuses on the overall real-time
WAAS implementation, including the data processing techniques for satisfying the GEO
broadcast data rate constraints. Chapter 3 describes the ionospheric measurements and the
measurement interfrequency bias calibration methodology and results. The generation and
integrity monitoring for the grid ionospheric vertical delay model are detailed in Chapter
4. Chapter 5 presents the real-time test results from Stanford’s WAAS implementation,
including those from the Stanford West Coast WAAS Testbed and the National Satellite
Testbed. Chapter 6 concludes this thesis and suggests some work for future research.
Finally, the appendices detail the implementation of estimators and methodologies that

were used in this research but omitted in the thesis body, mainly for the sake of clarity.
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Chapter 2

Real-time Implementation of WAAS

AAS is a cost-effective navigation system providing wide-range

geographical coverage. Designed to improve GPS positioning accuracy,

real-time integrity monitoring capability, continuity and time availability
of the navigation service, it is intended to be the primary navigation sensor on board an
aircraft. This chapter discusses the real-time implementation of the Stanford WAAS,

especially the generation of wide area corrections and integrity alerts.

2.1 Wide Area Differential GPS

In order to provide the 7.6-meter (95%) vertical guidance requirement of Category I
landings, GPS accuracy must be improved by differential technology which provides
corrections for users’ measurements. One commonly used differential GPS technology is
called Local Area Differential GPS (LADGPS) [Beser and Parkinson, 1981, Teasley et
al., 1980]. Applied to aviation, it is often referred to as the Local Area Augmentation
System (LAAS) by FAA. LADGPS employs a reference station at a surveyed position
which, because of its known location, is able to calculate GPS pseudorange errors for
each satellite in view. Each error for a specific satellite is the sum of satellite SA,
ionospheric and tropospheric delays, and the reference station’s multipath and receiver
noises. The users in the vicinity of the reference stations apply these scalar corrections to
cancel the common errors between them and the reference station to improve their
positioning accuracy. However, as the users move away from the reference station, they
no longer share the same pseudorange error as the reference station due to spatial
decorrelation of the errors. For example, the orbital error and the ionospheric delay are
dependent on the receiver-satellite line-of-sight (LOS), and as the user moves farther
away from the reference station, the LOSs are different and the accuracy of the

corrections is degraded.
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Figure 2.1.1 Local Area Differential GPS

ﬁ{ is the geometrical range between receiver i and satellite j calculated from broadcast
satellite ephemeris. Ar’ is the satellite j location error. 1/ is the unit line-of-sight vector from
reference station to satellite j and 1/ is that from the user to the same satellite. A’;‘ is the
correction residual of LADGPS.

The decorrelated corrections caused by the satellite orbital location error are shown in

Figure 2.1.1. For a user within 200 to 300 km of the reference station, the LOSs 1/ and v

are nearly identical; therefore the residual of corrected errors in the pseudorange (&) of
the user is very small. However, for a user beyond 500 km from the reference station, the
correction becomes worse and the A/, becomes larger. For an orbit error of 10 meters, the
worst case A/ can be as large as 0.25 meters for a baseline of 500 km (Appendix B).

To serve large areas, a better way of solving this problem is to provide the users with
the components of each pseudorange error, that is, the estimate of the satellite location 3-
dimensional errors, Ar’, so that the users can project the corrections onto their own LOSs.
This technique is called the Wide Area Differential GPS (WADGPS). WADGPS was
invented at Stanford University by Kee and Parkinson [Kee et al, 1991]. This approach
differs from LADGPS in deploying multiple reference stations over a wide geographical
area. With this broad scattering of the reference station network, WADGPS is able to
estimate the GPS satellite orbital location 3-dimensional error components and satellite

clock error (mainly SA). Furthermore, employing the dual-frequency reference receivers,
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