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ABSTRACT 

This paper develops threat models and mitigation techniques for mutually 

consistent satellite faults that are not detectable using Advanced Receiver Autonomous 

Integrity Monitoring (ARAIM) methods but are potentially hazardous to aviation users. 

Faults in the generation of Earth Orientation Parameters (EOPs), EOP Predictions 

(EOPPs) and their subsequent processing by the GPS Operational Control Segment 

(OCS) are of particular interest. In principle, if such faults are not detected by OCS, GPS 

satellite ephemerides could be corrupted constellation-wide in a consistent way, 

rendering existing ARAIM algorithms ineffective. The initial credibility of the EOP 

threat is established by the fact that it is explicitly listed as a potential integrity failure 

mode in the current GPS Standard Positioning Service Performance Standard (GPS SPS). 

Additionally, an observed EOP fault occurred on June 17, 2012. 

The dynamics of EOP faults can be reliably modeled as an initial bias with 

additive linear time variations. An initial broadcast ephemeris (A) is assumed to be EOP 

fault free and is verified as such via a ground monitor. If the second ephemeris (B) 

contains an EOP fault, then all satellite positions computed using ephemeris (B) would be 

rotated with respect to satellite positions obtained from ephemeris (A). Using the 

difference between the two computed satellite positions as the monitor 'measurement' in 

conjunction with the dynamic fault model, the parameters defining the EOP fault can be 

estimated using weighted least squares estimation.  

The two monitor components (airborne and ground) are bridged together by an 

Integrity Support Message (ISM). The ISM is needed to provide airborne users with 

essential information to bound nominal error distributions and fault prior probabilities. 
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The ISM also provides a means to inform airborne users of which ephemerides have 

passed civil ground monitor validation. The frequency of ISM updates needed to protect 

airborne GNSS users from the EOP threat is specified. 

Finally, global availability analysis show that the inclusion of the EOP fault 

detection algorithms does not cause any availability loss for LPV-200 aircraft precision 

approach applications. 
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CHAPTER 1 

INTRODUCTION 

The history of navigation is rich and diverse, full of many technological advances 

that have plentiful benefits for military and civil society alike. Today one of the most 

advanced methods of navigation is by a collection of satellites circling more than 20,000 

kilometers overhead which is one cog of the advanced wheel known as the Global 

Positioning System (GPS). In the 1970s, as with several breakthrough technologies, GPS 

was designed and implemented to support various military uses and over the last four 

decades it has proven to deliver many benefits to civil society as well. In fact, society has 

come to depend on GPS for everything from guiding and tracking a missile to its highly 

specific target, to assisting pilots in landing in low visibility conditions, to guiding 

autonomous cars to their destination, to finding a pizza place using a cell phone and 

countless other applications. Aviation navigation in particular requires extremely high 

integrity requirements and in order to use GPS more confidently in precision approach 

situations, integrity threats must be mitigated. An overview of the basic concepts of the 

GPS architecture, a description of a real threat that was observed by the Master Control 

Station (MCS), as well as a description of a monitor which meets aviation integrity risk 

requirements that can help to mitigate the threat are all explained in this dissertation. 

Specifically, an Earth orientation parameter (EOP) fault could result in user 

position error of several hundred kilometers which is evidenced by the real observed fault 

that occurred on June 17, 2012 and is analyzed in Chapter 2 [Gru12]. “Bad Earth 

Orientation Prediction” is specifically identified in GPS SPS PS as a potential integrity 

threat [SPSPS]. This thesis develops the background behind and explanation of a monitor 
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that helps mitigate the integrity risk of EOP faults to aviation navigation. Previously it 

has been shown that EOP faults could be detected using advanced receiver autonomous 

integrity monitoring (ARAIM) and multiple core constellations if the fault is independent 

across constellations [Bla10] [Lee11] [Lee12]. The airborne monitor presented in this 

thesis can be implemented using only one constellation and can detect both abrupt EOP 

faults as well as slow growing EOP faults. Furthermore the monitor does not need 

constant communication with the ground, but rather periodic updates sent via the 

integrity support message (ISM). 

Due to the heavy use of several acronyms throughout this work, Table 1.1 is a list 

of select acronyms and corresponding definitions to be discussed later. 
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Table 1.1. List of select acronyms 

Acronym Definition 

ARAIM Advanced Receiver Autonomous Monitoring 

CDDIS Crustal Dynamics Data Information System 

ECEF Earth Centered Earth Fixed 

ECI Earth Centered Inertial 

EOP Earth Orientation Parameter 

EOPP Earth Orientation Parameter Prediction 

GNSS Global Navigation Satellite System 

GPS Global Positioning System 

GPS SPS PS GPS Standard Position Service Performance Standard 

HAL Horizontal Alert Limit 

HPL Horizontal Protection Level 

IGS International GNSS Service 

IS-GPS-200 GPS Interface Specification 

ISM Integrity Support Message 

LAN Longitude of Ascending Node 

LPV-200 Localizer Performance Vertical 

MCS Master Control Station 

MDE Minimum Detectable Error 

NGA National Geospatial Intelligence Agency 

OCS Operational Control System 

PM-x Polar Motion, x 

PM-y Polar Motion, y 

PRN Psuedorandom Noise 

RAAN Right Ascension of Ascending Node 

RAIM Receiver Autonomous Integrity Monitoring 

SV Space Vehicle 

TOE Time of Ephemeris 

USNO United States Naval Observatory 

UT1 Universal Time 

UTC Coordinated Universal Time 

WAAS Wide Angle Augmentation System 
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1.1 The Global Positioning System 

Over the ten years following the launch of Sputnik I in 1957, the Soviet Union 

and the United States both allocated vast resources to compete in what is known as the 

space race. The potential for space-based surveillance, communication, and navigation 

systems was a significant benefit to come out of this race. After cleverly deducing a way 

to use Sputnik I for navigation via Doppler shifts, in 1985, the U.S. Navy initiated a 

program known as Transit. Following from this successful program, the U.S. Navy and 

the Air Force each had independent programs in the late 1960s that were combined and 

resulted in GPS. Specifically, in 1973 the current GPS architecture was proposed by the 

Joint Program Office of the Department of Defense (DoD) [Mis11]
1
. The proposal was 

intended to create a navigation system that would meet the needs of the armed services 

and it was not until 1994 when full operational capability was realized [Par94]. GPS is 

now one of several Global Navigation Satellite Systems (GNSS) in operation. 

 

                                                 
1
 Corresponds to coded references in Bibliography. 
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Figure 1.1. The three segments in the GPS architecture 

Three segments comprise the GPS architecture: the control segment, the space 

segment, and the user segment as shown in Figure 1.1. Some specific functions of the 

are to monitor and maintain satellite health and orbits, to predict satellite 

ephemerides and clock parameters, and to command satellite maneuvers when needed

Five base stations track each satellite’s position and velocity, which are 

master control station to help compute the ephemeris parameters; these in turn

in the orbit model that describes the motion of GPS satellites. Other components are also 

inputs to an algorithm that computes the aforementioned ephemeris parame

information about Earth Orientation Parameters (EOPs), which will be discussed 

3. The navigation messages, which include the orbit parameters, 

are uploaded at least once per day via four data uploading stations. The control segment 

is also commonly referred to as the Operational Control Segment or Operational Control 
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System, which can both be abbreviated as OCS. The space segment consists of 24 space 

vehicles (SV) – plus several spare satellites – distributed in orbits around the earth to 

provide global coverage. The user segment consists of receivers from all users whether 

civil or military [Mis11]. 

One very important design aspect of GPS is the fact that it is a passive navigation 

system. This means that instead of each user having to communicate with the satellites – 

which would significantly increase the size and cost of receivers as well as limit the 

number of users due to bandwidth constraints on the satellites – it is only the satellites 

which transmit data to the receivers, thereby allowing support for an unlimited number of 

users while keeping costs low. In order for a receiver to calculate its position using GPS, 

it must determine two things: how far away it is from the satellites in view and the 

location of the satellites in view. This is possible by having each GPS satellite 

continuously transmit a carrier signal which is modulated with ranging codes and 

navigation data (the ephemeris parameters). 

Currently, for carrier signals, each GPS satellite uses two radio frequencies in the 

L-band referred to as Link 1 (L1) and Link 2 (L2) which are civil and military signals 

respectively. Only the L1 signal is considered in the work described in this thesis since 

the goal is for an ephemeris monitor used in the civil infrastructure, however, the results 

will be equally applicable to military users. The center frequency of L1 is 1575.42 MHz 

and it is modulated with a coarse/acquisition (C/A) code and a precision (encrypted) 

code, or P(Y)-code, the latter being reserved for military users so will not be considered 

[Mis11]. 
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Each GPS signal has three components: the carrier signal, the ranging code which 

is selected from a family of binary codes called pseudo-random noise (PRN) sequences, 

or PRN codes, and navigation data in the form of a binary-coded message consisting of 

ephemeris parameters, clock bias parameters, and satellite health status, among other 

data. Each GPS satellite has a unique PRN code thereby distinguishing itself from the 

others. A receiver can measure the distance between itself and each satellite in view using 

a Delay Lock Loop (DLL). Specifically, using this technique, the receiver continuously 

generates every PRN code and compares the codes to the received signals from the 

satellites. The receiver then computes the time difference between satellite broadcast and 

signal reception by measuring how much it must delay the replica signal relative to the 

received signal to make them match. The time difference is then multiplied by the speed 

of light which yields the range to the satellite, or more accurately what is known as the 

pseudorange. This clarification in terminology is necessary because of another design 

aspect of GPS.  

Since it is the time difference between when the signal was broadcast from the 

satellite and when it was received by the user that is measured, that would seem to 

indicate that the clock on the satellite and the clock in the receiver were perfectly 

synchronized. If this were the case, both the satellite and receiver clocks would have to 

be extremely precise and have little, if any drift over time which would significantly raise 

the cost of a receiver. Instead, very precise atomic clocks are onboard the satellites, but it 

is assumed that the receiver clock is a typical quartz clock subject to a bias at any given 

time. The beauty in the GPS design, however, lies in the fact that when the receiver 

computes the range between itself and each satellite, each measurement will be equally 
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affected by the same clock bias. Therefore, if the clock bias itself is kept as part of the 

state to be estimated, along with the three components of position, then it would not be 

necessary to include a high precision clock in the receiver. This approach requires a 

minimum of four satellites in view for an instantaneous position fix, as opposed to the 

ideal case when only three would be required for trilateration. In addition to having to 

compensate for the clock bias, there are inherent measurement error sources including 

satellite clock offset from GPS time, ionospheric and tropospheric delays, satellite 

ephemeris error, receiver noise, and multipath error. Consequently, the range the receiver 

computes using the DLL results in a pseudorange with a fourth satellite required to 

determine the receiver clock bias and compute the range estimate subject to the 

remaining error.  

The pseudorange measurement �� can be written as in Equation 1.1. 

�� = ! + #$%& + '(� 
The term ! is the true range between the receiver and )*�. The term #$%& is the receiver 

clock bias ($%&) multiplied by the speed of light (#) and this product shall be defined as 

simply -  for future steps. The measurement is subject to error as described above, 

represented by '(�. The resulting state vector to estimate the user position .& and receiver 

clock bias can be written as in Equation 1.2. 

                                                             / = 0.& -12 (1.2) 

 

To estimate the state vector, a linear measurement model, linearized about a prior 

state estimate, must be developed. Using the computed position vector of )*�, denoted by 

.� , a new measurement is defined as 3� ≜ �� − ��2.� , and the linearized measurement 

model is 

(1.1) 
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                                                        3� = −��2!& + - + 6� (1.3) 

 

where �� ≜ 7897:‖7897:‖  is the line of sight unit vector from )*�  to the user, 6�  is the 

measurement error which includes the errors identified above, and the dimensions of each 

term in Equation 1.3 are as follows: 

3�: 01 × 11											��2: 01 × 31												.&: 03 × 11										-: 01 × 11												6�: 01 × 11	 
Since the number of satellites in view A must be at least four to get an instantaneous 

position fix, the measurements pertaining to each satellite need to be stacked as in 

Equation 1.4 

                                                  B = C� + D (1.4) 

 

where:   B = E3F3G⋮3I×F 									C = JK
KL−�F

2−�G2⋮−�2
11⋮1MN
NO
×P

							� = Q!&- RP×F 						and								D = E
6F6G⋮6I×F 

If the noise vector D is assumed to be normally distributed with zero mean and 

A × A covariance matrix V, and no prior knowledge of the state vector � exists, then a 

weighted least squares solution procedure yields the following post-measurement 

estimates of the state vector ��	 and the corresponding post-measurement covariance 

matrix W
  in Equations 1.5 and 1.6 respectively.  

                                     ��P×F = (XYV9FX)9FXYV9FZ (1.5) 

                                            W
P×P = (XYV9FX)9F (1.6) 

 

The preceding equations characterize the fundamental single point solution in 

GPS positioning. Good satellite geometry (redundant and well separated) and more 
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precise pseudorange measurements (low '() will modify the matrices X and V which will 

lead to a more accurate user position estimate. Out of the numerous error sources in the 

pseudorange measurements described earlier, this thesis focuses on only satellite 

ephemeris errors resulting from faulted EOPs. As mentioned earlier this will be discussed 

more thoroughly in section 1.3. 

 

1.2  Definition of GPS Orbit Model 

The orbit of any body can be instantaneously described by six Keplerian 

elements. In an ideal orbit (i.e. one subject to an inverse square gravity field alone), five 

of the elements are constant with time and the sixth element varies with time and 

represents the location of the body in its orbit. Two of the elements that are constant are 

the semi-major axis ([), which defines the size of the orbit, and the eccentricity (�), 
which defines the shape. The other three constant elements are angles that define the 

orientation of the orbit in inertial space and are known as inclination (\), argument of 

periapsis (]), and right ascension of ascending node (^). The terms right ascension of 

ascending node (RAAN) and longitude of ascending node (LAN) are often used 

interchangeably because the only difference is the LAN follows the rotation of the earth. 

Specifically, _`a = �``a − b`)c , where b`)c is the Greenwich Apparent Sidereal 

Time. The Keplerian orbital element that varies with time is known as the true anomaly 

(6). For clarification of orbital element definition, see Figure 1.2. 



 

For GPS specifically, the ideal orbit is nearly circular with an inclination of 55 

degrees. The semi major axis 

of 12 sidereal hours – a fact which is utilized in Chapter 2.

planes that are given RAAN values of 32.85, 92.85, 152.85, 212.85, 272.85, and 332.85 

degrees and within these 

satellite in the slot. The RAAN and true anomaly values were chosen to ensure 

four satellites are in view at all times 

These six Keplerian elements adequately describ

reality there are perturbations such as third body effects from the sun and moon, solar 

radiation pressure, obliquity and inhomogeneity of the earth, among others which cause 

the nominally “constant”

addressed again in Chapter 2.

Figure 1.2. Keplerian orbital elements 

For GPS specifically, the ideal orbit is nearly circular with an inclination of 55 

The semi major axis is 26,559.8 kilometers, such that the satellites have a period 

a fact which is utilized in Chapter 2. There are six distinct orbital 

planes that are given RAAN values of 32.85, 92.85, 152.85, 212.85, 272.85, and 332.85 

degrees and within these orbits, there are four different true anomalies 

The RAAN and true anomaly values were chosen to ensure 

four satellites are in view at all times globally [SPSPS]. 

These six Keplerian elements adequately describe an idealized orbit, however, in 

reality there are perturbations such as third body effects from the sun and moon, solar 

radiation pressure, obliquity and inhomogeneity of the earth, among others which cause 

” Keplerian elements to also change with time. This effect is 

addressed again in Chapter 2. 
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The perturbations of the orbital elements are the reason why a control segment is 

necessary. It tracks the satellites and through observations of the positions and velocities 

of the satellites, as well as information on EOPs, the MCS provides a succinct set of 

ephemeris parameters that predict the position of each satellite during a four hour 

window which receivers utilize to calculate the position of satellites in view at any given 

time (within the window of applicability). Each ephemeris overlaps successive ones by 

two hours, and consequently 12 sets of ephemerides are uploaded to each satellite during 

a day.  

Throughout this work, two terms will be used frequently: GPS orbit model which 

alludes to the procedure that receivers employ to determine satellite position and is 

defined in IS-GPS-200 and broadcast ephemeris, which is the collection of parameters 

that are broadcast by the satellite and serve as inputs into said model. The nominal error 

resulting from inaccuracies in the GPS orbit model and broadcast ephemeris are usually 

about three meters RMS, but can be as large as 10 meters [Mis99]. 

 

1.3  Earth Orientation Parameters 

The purpose of Earth Orientation Parameters (EOPs) is to describe the 

irregularities of the rotation of the earth in inertial space. Specifically they describe the 

rotation of the International Terrestrial Reference System (ITRS) with respect to the 

International Celestial Reference System (ICRS) as a function of time. The official entity 

which serves the geodetic, astronomical, and geophysical communities by issuing 

standards and data related to the rotation of earth and reference frames is the International 

Earth Rotation and Reference Systems Service (IERS). Since 1988 the United States 

Naval Observatory (USNO) serves as an IERS sub-bureau called the Rapid 
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Service/Prediction Center (RS/PC) for Earth Orientation [Joh00]. This means that the 

USNO is responsible for determining and predicting EOPs and the IERS disseminates the 

data and determines the standards which the USNO should follow. Note that over time 

there has been a slow degradation of the accuracy of ITRS and the reference time series 

for EOPs that is used by the IERS. Work has been done to upgrade the numerical 

combination procedure in EOP determination [Alt07] [Biz09]. 

The three major components of EOPs that the IERS logs are universal time, 

coordinates of the pole, and celestial pole offsets. Universal time (UT1) is based on 

viewing the earth as a clock which performs one revolution in about 24 hours. 

Coordinated universal time (UTC) is an atomic timescale that approximates UT1. The 

USNO actually determines and predicts the difference between UT1 and UTC (the 

parameter UT1-UTC). Coordinates of the pole refer to x and y coordinates of the 

instantaneous pole of rotation of the earth relative to the ITRF. In this coordinate frame, a 

static point on earth known as the IERS Reference Pole (IRP) is the origin with the x-axis 

pointing in the direction of the IERS Reference Meridian (IRM) and the y-axis pointing 

in the direction 90 degrees west longitude. These terms are frequently referred to as polar 

motion (PM-x, PM-y) and are expressed in terms of angles in milliarcseconds (mas). 

Celestial pole offsets describe the difference between the Celestial Ephemeris Pole (CEP) 

and the IRP which is calculated in the International Astronomical Union (IAU) 

Precession and Nutation models [IERS]. Precession and nutation are phenomena with 

large frequencies of approximately 26,000 years and 18 years respectively [IERS10]. 

These parameters are also expressed in terms of angles in arcseconds. Figure 1.3 

illustrates the ICRF, ITRF, rotational pole, UT1, and polar motion [Woo09]. Figures 1.4-



 

1.6 show polar motion between 2000 and 2009, UT1

respectively. Since this work is focused on how EOPs affect daily ephemerides, the main 

parameters addressed will be UT1

effect than celestial pole offsets.

Figure 1.3. Illustration of EOPs and reference frames

motion between 2000 and 2009, UT1-UTC, and celestial pole offsets, 

Since this work is focused on how EOPs affect daily ephemerides, the main 

ed will be UT1-UTC and polar motion which have a more immediate 

estial pole offsets. 

Figure 1.3. Illustration of EOPs and reference frames 
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celestial pole offsets, 

Since this work is focused on how EOPs affect daily ephemerides, the main 

and polar motion which have a more immediate 
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Figure 1.4. Polar motion between 2000 and 2009 

 

Figure 1.5. Example of UT1-UTC 



 

 

16

 

Figure 1.6. Example of celestial pole offset 

Figure 1.7 illustrates the EOP process chain and how it translates to GPS users. 

USNO generates EOPs using observational data from Very Long Baseline Interferometry 

(VLBI), Satellite Laser Ranging (SLR), and GPS which includes post-processed 

precision orbit data from the International GNSS Service (IGS) [Tha06] [Rot99]. USNO 

then crosschecks its EOP results using the above redundant sources to detect outliers. 

Software faults cannot be ruled out in individual automated detection methods. The EOPs 

are generated daily by USNO and the products are used by the National Geospatial-

Intelligence Agency (NGA) to produce EOP Predictions (EOPPs) and a corresponding 

EOPP message for GPS MCS. The details of NGA error checking are not known; 

however, MCS uses previous EOPP sets to check the EOPPs received from NGA. MCS 

then uses EOPPs as inputs for GPS orbit determination (OD). Therefore, if an undetected 

EOP/EOPP fault occurs anywhere in the process chain it would ultimately affect orbit 
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ephemerides broadcast to users which in turn would result in potentially significant user 

position error. Each GPS satellite is uploaded individually with navigation message 

parameters derived from the same set of EOPPs, but new sets of ephemeris parameters 

can potentially become effective on several satellites simultaneously every two hours. 

This fact is why it is unclear if current means of fault detection explained in section 1.5 

would be sufficient for EOP/EOPP fault detection and also is the key to the monitor 

algorithm explained in Chapter 3. Throughout the remainder of this thesis, the term 

“EOP/EOPP” fault will be shortened to simply “EOP” fault with the understanding 

EOPPs can be faulted as well. 

 

 

Figure 1.7. EOP process chain from USNO to GPS users 

 

The broadcast ephemeris parameters include the Keplerian orbital elements, rates 

of change with time of some of these elements, clock parameters, and harmonic 

coefficients. EOP errors principally affect orbit orientation parameters and result in 

tangential satellite errors. Consequently, a fault in UT1-UTC would affect LAN and LAN 

rate and lead to horizontal user positioning errors.  

If the broadcast ephemeris is faulted in even a relatively small manner, it can have 

drastic effects on the satellite position calculated from those parameters. For example, 

Table 1.2 shows a sample of some representative broadcast parameters and artificial 

errors imposed on these parameters. The last three parameters listed in Table 1.2 are 

Time of Ephemeris (TOE), which is the time that represents when the broadcast 

USNO

(VLBI, SLR, 
GPS from IGS)

NGA MCS OD GPS SVs GPS Users
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ephemeris is valid, Md , which is the mean anomaly at TOE, and ∆n , which is the 

correction to the computed mean motion. The details of Md and ∆n are not relevant here, 

but it is still illustrative to include them in the following figure. Figure 1.8 shows the 

effect the errors would have on satellite position as a function of time since the ephemeris 

was most valid. 

 

Table 1.2. Sample of ephemeris parameters and artificial error imposed 

Parameter Assumed Value Artificial Error 

Ω (rad) -0.0393 4 × 109P 
dΩ/dt (rad/s) 0 2 × 109i 
i (rad) 0.9599 4 × 109P 
di/dt (rad/s) 0 2 × 109i 
M0 (rad) 4.6797 4 × 109P 
∆n (rad/s) 0 2 × 109i 
TOE (s) 432000 5 

 

 

 

Figure 1.8. Effect that ephemeris parameter errors have on satellite position 
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Table 1.3 shows the latest available approximate RMS prediction accuracies (1-σ) 

according to USNO that are routinely published in IERS Bulletin A which is the 

document issued to users containing EOP information [Woo09]. 

 

Table 1.3. EOPP approximate accuracies according to USNO 

Days into future PM (mas) UT1-UTC (ms) 

1 0.1 0.055 

10 4 1.4 

20 7 2.4 

30 10 3.2 

40 13 4 

 

USNO attributes the decreasing EOPP error to the incorporation of Atmospheric 

Angular Momentum (AAM) forecasts and a least-squares autoregressive algorithm (LS-

AR) [Sta07]. Despite the improvements in prediction accuracy, UT1-UTC continues to 

have the most significant effect on GPS. According to USNO, UT1-UTC prediction 

errors using VLBI, GPS, and AAM are about 6 centimeters per day, which introduces 

about 0.5 meter error in GPS positioning in 7 days [Woo09]. Note that although 

prediction accuracies past one week into the future are illustrative of the quality of the 

prediction algorithm and measurement techniques USNO uses, since they issue new 

EOP/EOPPs daily, predictions that far into the future are not widely used. 

 

1.4  Types of EOP Faults 

Potential EOP faults can be separated into two general types. Type A faults are 

said to occur when EOPs used in OD process were good, but earth motion has changed 
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since upload such as after an earthquake. Type B faults are events when EOPs used in 

OD process were bad and the situation is not detected by MCS prior to upload. The two 

types have similar impacts on GPS ephemerides and user positioning errors, but can 

differ in magnitude and in methods of detection. Type A faults can only be detected via 

real-time ground station data such as from a civil monitoring network or GPS MS 

monitoring. Similarly, Type B faults can be detected using ground station data, but they 

may also be detected via comparison of current broadcast ephemeris with either 

previously validated broadcast ephemerides or independent civil-generated ephemerides. 

This distinction is vital to the development of the algorithms discussed in Chapter 2 and 

Chapter 3. 

The causes of Type A faults include geological and meteorological events. 

Geological events such as earthquakes or large volcanic eruptions can change inertia 

properties of the earth and consequently the rotation rate as described by UT1-UTC. 

NASA estimated that one of the largest earthquakes in recent years, which occurred in 

Indonesia in 2004 and registered as a 9.1 on the Richter magnitude scale, lengthened the 

day by 6.8 microseconds [Bui11]. An abrupt Type A fault that lengthens the day by 10 

microseconds would lead to a user position error growth of 4.7 millimeters per day. 

Given a weekly update rate of EOPs by MCS, the impact of such geological Type A 

events is negligible for the purposes of this thesis. Meteorological phenomena, however, 

such as El Niño can have a larger effect on planetary rotation rate. At its peak, the 1982 

El Niño lengthened the day by 0.9 milliseconds and could have caused a user position 

error growth of 0.42 meters per day [Kop98]. However, such large-scale meteorological 

conditions are much slower to develop than geological events and are directly measurable 
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by VLBI. Therefore the user position error growth could only happen if pre- El Niño 

EOPPs were used to generate most recent navigation message. USNO would account for 

such gradual changes in rotation rate in the daily EOPP updates, in which case it would 

not result in user position error. Consequently, Type B EOP faults will only be 

considered hereafter.  

Type B events result from bad EOPPs in the OD process and since SV ephemeris 

changeovers are discrete time events, the parameters must be changed abruptly. Such 

changes can potentially be detected by airborne user equipment (UE) by comparing 

parameters or SV positions resulting from pre- and post-changeover ephemerides. Such a 

monitor is already in use by Ground Based Augmentation Systems (GBAS) to help 

mitigate ephemeris integrity risk [Gra03]. Detection thresholds (and consequently 

monitor performance) depend on nominal parameter variation between ephemerides. In 

the case of GBAS, first order hold parameter projections are used based on stored 

ephemerides from 24 and 48 hours prior to current time. Accordingly, the smallest error 

the monitor can detect is about 2700 meters which is much too large for the application 

considered in this thesis. This is the reasoning behind why the analysis in Chapter 2 and 

Chapter 3 is based on comparing individual parameters and resulting SV positions from 

adjacent ephemerides as opposed to one or two day projections. 

GPS is only one of several GNSS constellations currently in place. One example 

of another is the European Space Agency’s (ESA) Galileo constellation. It is reasonable 

to assume that any Type B EOP fault is independent across constellations because even 

though observations used to generate EOPs are collected and used internationally, the 

raw data will be processed by different organizations. Additionally, the EOP monitoring 
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functions of USNO, NGA, and GPS MCS are undoubtedly independent from other 

constellations. The independence of Type B EOP faults can be leveraged using the 

monitor discussed in section 1.5 and past work has shown this as explained in section 1.6. 

 

1.5  Concepts of Advanced Receiver Autonomous Integrity Monitoring 

The GPS SPS PS specifies the probability of SV failure as about 109j per hour 

per SV and in order to meet the civil aviation landing requirements of 109k per hour, 

three different architectures have been implemented to afford integrity to aviation users 

[SPSPS]. There are Satellite-Based Augmentation Systems (SBAS), Ground-Based 

Augmentation Systems (GBAS), and Aircraft-Based Augmentation Systems (ABAS) 

[ICAO]. A commonly used SBAS is known as Wide Area Augmentation System 

(WAAS) and the WAAS Performance Standard (WAAS PS) outlines the requirements 

for a certain type of close approach known as Localizer Performance Vertical (LPV-200). 

The requirements outlined for LPV-200 approaches are discussed in Chapter 2 and serve 

as the requirements for the EOP fault monitor in Chapter 3.  

One method of fault detection known as Receiver Autonomous Integrity 

Monitoring (RAIM), is a key elements of ABAS in which only GNSS information is 

used. RAIM is a user algorithm which determines the integrity of a GNSS solution by 

comparing smoothed pseudorange measurements of SVs in view among themselves to 

check for consistency. That is, RAIM algorithms leverage the measurement redundancy 

and by using the residuals, they check the consistency among them and if a fault is 

detected, the SV most likely to be the cause is determined. Usually RAIM algorithms for 
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civil aviation assume only one SV is faulty, meaning the likelihood of multiple SVs is 

taken to be small [Bro97]. 

Many RAIM algorithms consist of four steps: compute GNSS solution, input data 

into a fault detection process, determine faulty SVs, and compute protection levels. Since 

4 visible SVs are required to compute a GPS position fix, 4 SVs are not sufficient to 

provide integrity via RAIM. With 5 visible SVs, if a fault is detected and identified, then 

the measurement from that SV cannot be trusted because only 4 viable SVs remain and 

the receiver cannot compute the solution redundantly and confirm that it is correct. 

Therefore, 5 visible SVs can provide the means for fault detection, but cannot continue to 

provide integrity after isolation and removal of a fault. Consequently, 6 or more SVs are 

typically preferred for RAIM [Bro97]. 

The GNSS Evolutionary Architecture Study (GEAS) panel has proposed a 

different type of RAIM to guarantee LPV-200 operation worldwide known as Advanced 

RAIM (ARAIM). Currently, RAIM only supports lateral navigation and in order to 

include vertical guidance the GEAS report recommended ARAIM techniques include 

four additions: (1) frequency diversity, (2) geometric diversity, (3) use of an Integrity 

Support Message (ISM) which would express safety assertions with each of the core 

GNSS constellations to the sovereign in charge of a given airspace, and (4) lessen likely 

threats to GNSS such as faults in EOPs [GEAS]. The GEAS report found that vertical 

guidance worldwide using ARAIM is possible using a joint constellation of 21 GPS 

satellites and 24 Galileo satellites [GEAS]. 

Specifically what differentiates ARAIM from RAIM is the following: ARAIM 

utilizes dual frequency signals, satellite ranging errors are no longer assumed to be 
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Gaussian with zero mean (as with RAIM), but instead biases are considered, satellite 

integrity failure rate is assumed to be 109j per hour per satellite (instead of 109P per 

hour per satellite), and the case of multiple faults is now considered in the integrity 

requirements [GEAS]. 

Since ARAIM uses redundant measurements and compares residuals from all SVs 

across one GNSS constellation, and an EOP fault will affect all SVs in one constellation 

in a consistent manner, ARAIM is not sufficient to detect EOP faults using one 

constellation. However, recent analysis has shown ARAIM could still be useful in 

detecting EOP faults. 

 

1.6  Prior Work  

Y. Lee and J. Blanch have both described methods to detect Type B EOPP faults 

using ARAIM and multiple core constellations as long as the fault occurs independently 

across constellations [Bla10] [Lee11] [Lee12]. 

L. Gratton explored the nature and frequency of ephemeris faults and their effect 

on Local Area Augmentation Systems by comparing parameters in adjacent ephemerides 

[Gra03]. 

D. Thaller, et al. examined the combination of VLBI and GPS data and the non-

negligible discrepancies between terrestrial measurements and space-geodetic solutions 

of EOPs and demonstrated the extent to which said discrepancies propagate into the 

combined EOP solution [Tha06]. 

The Observatoire de Paris, SYRTE, provides the scientific community the 

international reference time series for EOP known as IERS C04 which results from 
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combining EOP series associated with various geodetic techniques. C. Bizourd of 

SYRTE has developed a new method of combination mainly to address the slow 

degradation of consistency (about 300 microarcseconds) between IERS C04 and ITRS 

[Biz09]. 

With the release of ITRS2005, Z. Altamimi, et. al. developed optimized 

techniques to use VLBI and satellite techniques to determine polar motion and VLBI 

only to determine universal time and length of day, when previously it was conjectured 

that poor SLR and VLBI networks created inconsistencies between ITRS2005 and 

ITRS2000 [Alt07]. 

M. Rothcacher, et. al. have shown that GPS data can be used to check the validity 

of theoretical nutation models (celestial pole offsets) and results from VLBI and lunar 

laser ranging (LLR). Previously, GPS data could be used to measure UT1-UTC, but not 

nutation despite there being no fundamental difference between estimation of UT1-UTC 

rates and nutation rates in longitude and obliquity from satellite data [Rot99]. 
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CHAPTER 2 

AUXILLIARY ANALYSIS 

Preliminary EOP fault monitor development focused on four major areas: 

ephemeris parameter domain, position domain, sidereal day position domain, and 

osculating elements domain. The four unique approaches as well as the reasoning for 

their abandonment or consequential initiation are described below. Additionally, analysis 

of a real observed EOPP fault on June 17, 2012 is summarized. In order to quantitatively 

determine if a particular algorithm results in acceptable performance, it is required to 

define what is deemed acceptable, therefore the basic ideology and methods of fault 

detection are described first below. 

 

2.1  Basics of Fault Detection 

To assess the performance of the algorithms in the following sections, some 

basics of fault detection must be discussed first. One major aspect of fault detection to 

determine an algorithm’s performance is minimum detectable error (MDE). The MDE is 

the smallest fault that can be detected confidently and is a function of the test statistic 

measurement noise, integrity requirements, and prior knowledge of the fault type. Refer 

to Figure 2.1 to better understand the following explanation of computing MDE. 



 

Figure 2.1. 
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Figure 2.1. Definition of minimum detectable error 

First, it would be helpful to define a few terms. The test statistic

threshold T to determine if a fault has occurred. 

that a landing will have to be aborted once it has been initiated. It 

represents the probability of false alarm which is the probability that the monitor detected 

ult even though one did not occur. Prior probability, P, represents the probability of 

being in a faulted state based on historical data. Integrity risk, I, is the probability of an 

undetected fault within a given time interval. The influence of integrity 

probability of missed detection, ���, is lessened when a prior probability 

minimum detectable error (MDE) is defined as the smallest fault that 

can be detected when accounting for nominal noise and all of the above probabilities. 

A normal distribution of the measurement noise is assumed with zero mean and 

(blue solid curve in Figure 2.1). The threshold T is computed such 

is contained within the blue shaded region of Figure 2.1. The location of T can 

be expressed as a multiple of n� . Specifically for the fault free case, the multiplier is 
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that a landing will have to be aborted once it has been initiated. It 

represents the probability of false alarm which is the probability that the monitor detected 

represents the probability of 

is the probability of an 

undetected fault within a given time interval. The influence of integrity risk on the 

is lessened when a prior probability P is used as in 

(MDE) is defined as the smallest fault that 

e above probabilities.  

A normal distribution of the measurement noise is assumed with zero mean and 

curve in Figure 2.1). The threshold T is computed such 

Figure 2.1. The location of T can 

. Specifically for the fault free case, the multiplier is 
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Furthermore, nominal noise is associated with the detector itself and modeled as 

normally distributed with mean MDE and standard deviation n�  (red dashed curve in 

Figure 2.1). The MDE is shifted until 
1
2 	�rs is contained within the red shaded region in 

Figure 2.1. Again it is beneficial to express the location of the MDE relative to T as a 

multiple of n� and in this case the multiplier is denoted pMDE. Therefore, the location of 

the MDE relative to the fault free mean can be expressed in one multiple of n� which is 

MDE	 ≜ 	 ,pf	f + pMDE+	n�. The MDE represents the protection level of the algorithm and 

is compared to a pre-specified alert limit, to determine if the integrity risk requirement is 

met. 

For an initial assessment of each of the algorithms described in sections 2.2 – 2.5, 

the probability of continuity risk and integrity risk requirements come from LPV-200 

requirements (in addition to specific allocations explained in Chapter 3) and were 

1 × 109t and 0.5 × 109i, respectively [WAASPS]. The prior fault probability used for 

this analysis was 1 × 109P and therefore ��� = 0.5 × 109P. The resulting pf	f and pMDE 

were 4.75 and 3.89, respectively. Consequently, the minimum detectable error for the 

following algorithms will be computed as MDE = 8.64 ∗ n�. The resulting MDE can be 

compared to the LPV-200 horizontal alert limit (HAL) of 40 meters [WAASPS]. 

 

2.2  Ephemeris Parameter Domain 

The first approach consisted of using parameters in adjacent ephemerides, namely 

LAN (^) due to its effect on UT1-UTC and inclination (\) due to its effect on polar 

motion. For example, given a previously validated ephemeris k-1 at time t-2 hours with 

parameters ^�9Gz�&{||~9F	 and \�9Gz�&{||~9F , and given the fact that every broadcast 
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ephemeris is guaranteed to be valid for two hours before and after the time of ephemeris 

(TOE) [SPSPS], these parameters can be propagated forward two hours to time t and 

compared to the broadcast parameters in ephemeris k, ^�|~  and \�|~ . Since these two 

parameters also depend on a broadcast rate �̂  and	 i&, that was accounted for and corrected 

during propagation as described in IS-GPS-200 and shown in equations 2.1 – 2.3. For 

inclination, the current inclination and the rate of change of inclination are broadcast, 

therefore no computation for \�|~  is necessary. However the LAN projection is more 

complex since ^d is required to compute the instantaneous LAN and since LAN depends 

on the rotational rate of the Earth as shown below 

 

 

where ^d and %�� are parameters broadcast for each ephemeris and represent the LAN at 

the beginning of the GPS week and the TOE respectively and �̂� is the known rotation 

rate of the earth. Note that the difference between (2.2) and (2.3) arises from the fact that 

when computing	^�|~, % is equal to %��,~ which will cause (2.2) to collapse to (2.3). The 

projection errors ^�� and \�� are defined as ^�� ≜ ^�|~ − ^�|~9F and \�� ≜ \�|~ − \�|~9F 

respectively. An analysis was performed using CDDIS broadcast ephemeris data from the 

year 2000 from PRN 1 and the projection errors are shown below for each ephemeris in 

^�|~9F = ^d,~9F + � �̂~9F − �̂���% − %��,~9F� − �̂�%��,~9F 

^�|~ = ^d,~ − �̂�%��,~ 

(2.1) 

(2.2) 

\�|~9F = \~9F − i&�% − %��,~9F� 

(2.3) 
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Figures 2.2 and 2.3. Note that for this preliminary analysis only adjacent ephemerides in 

the same GPS week with a TOE difference of exactly 7200 seconds were used. 

 

Figure 2.2. LAN projection error for each ephemeris in 2000 for PRN 1 

 

 

 

Figure 2.3. Inclination projection error for each ephemeris in 2000 for PRN 1 

 The standard deviation for LAN projection error was 1.77 × 109t radians. When 

computing the MDE, the 1-σ standard deviation is multiplied by 8.64 as explained in 
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section 2.1 and the MDE is therefore 1.53 × 109j  radians. This value can easily be 

translated into a horizontal user position error by muliplying by the radius of the earth 

(�� = 6,378.1  kilometers) resulting in a user position error of about ^���� =  97.5 

meters. Compared to the HAL of 40 meters in the LPV-200 requirements, this algorithm 

does not provide an adequate protection level. Similarly, the standard deviation for 

inclination projection error was 4.29 × 109t  radians with MDE of 3.7 × 109j  radians 

resulting in a user position error of 236.4 meters, which also exceeds the required HAL. 

Ultimately this approach, based on deviations in individual ephemeris parameters, 

was abandoned because the nominal noise was too large and therefore could not meet the 

integrity risk requirement. With this realization, it become clear that it would be better to 

incorporate all ephemeris parameters simultaneously; this can be done most directly by 

using broadcast ephemeris to calculate the satellite position differences. 

 

 

2.3  Position Domain 

With this approach, using the methods outlined in IS-GPS-200, a 3x1 position 

vector was calculated from ephemeris k at time t, ��|�, and then compared with a position 

vector calculated from the previously validated adjacent ephemeris k-1 at the same time t, 

��|�9�. As in the parameter domain analysis, position projection error was defined as 

�W� = ��|�−	��|�9�. As a demonstration of the overlap period that exists between two 

adjacent ephemerides, the position difference between such ephemerides was taken for 

one second intervals. The resulting plot is shown in Figure 2.4. Clearly, the position 
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difference during the overlap period of 2 hours (-7200 to 0 seconds) is very well 

engineered to be quite low, but it quickly diverges outside of the overlap period. 

 

Figure 2.4. Position difference using adjacent ephemerides during overlap period 

 

For this particular position domain algorithm, initial analysis focused on the year 2000 

and PRN 1 with the position projection error vectors expressed in the earth-centered 

earth-fixed (ECEF) coordinate frame. After showing promising preliminary results, the 

analysis was quickly expanded to include the years 1997-2006 and PRNs 1-31. 

Additionally, since the UT1-UTC EOP fault will affect an SV in a tangential (also called 

“in-track”) direction and a polar motion EOP fault will affect an SV perpendicular to its 

velocity vector, that is “cross-track,” it was more natural and insightful to express the 
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position projection error vectors in local-level (LL) coordinates which consist of in-track, 

cross-track, and radial components as opposed to x, y, and z in ECEF.  

In this analysis, ephemeris data that was flagged as unhealthy by the broadcast 

health bit was removed. However even after removing this erroneous data, there were a 

large number of spikes resulting from data entry errors in the CDDIS database present in 

the position error projection vectors. As a preliminary step, the spikes were remedied by 

simply implementing a threshold such that any position projection error vectors that 

exceed the threshold are removed before any further analysis such as computation of 

standard deviations is performed. Since each broadcast ephemeris is guaranteed to be 

valid two hours before and after the TOE, and error on the order of 2-4 meters should be 

expected, a threshold was set three orders of magnitude higher at 2000 meters to make 

sure no real data was mistakenly culled [SPSPS]. Note that after further analysis that is 

explained in Chapter 3, this assumption proved to be justifiable. 

Figures 2.5 – 2.7 are examples from just three PRNs (2, 17, 22) from the years 

1997-2006 with an absolute value threshold of 2000 meters for each component. 
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Figure 2.5. Position projection error from PRN 2, 1997-2006 with threshold 

 

 
 

Figure 2.6. Position projection error from PRN 17, 1997-2006 with threshold 
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Figure 2.7. Position projection error from PRN 22, 1997-2006 with threshold 

Note the remaining spikes that seem to be outliers; specifically the large spike 

from PRN 17 in Figure 2.5. These outliers will be addressed later in chapter 3 and mainly 

consist of data parsing errors, SV maneuvers, aging SVs, and ephemeris logging errors. 

The standard deviations for the in-track, cross-track, and radial components of the 

position projection error for PRNs 1-31 and years 1997-2006 are shown in Appendix A. 
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normal cumulative distribution is used to over bound the data, this assumption is 

sufficiently enforced. This will be further explained in Chapter 3, however, suffice it to 

say that this adds significantly to the nominal noise that should reasonably be expected. 

Furthermore, the previous analysis depends on an artificial threshold of 2,000 meters that 

will cull out the outliers, but this was solely based on an intuitive assumption that no 

position difference should result in over 2,000 meters from typical healthy data. More 

thorough spike elimination was implemented and discussed in Chapter 3. With all of 

these issues factored into a reasonable nominal noise determination, this assuredly would 

raise the protection level well above the HAL of 40 meters. 

 

2.4  Sidereal Day Position Domain 

As described in section 1.2, GPS orbits were designed to have a period of nearly 

12 hours. Furthermore at nearly 24 hour intervals, each SV will be located above the 

same latitude and longitude coordinate on the earth’s surface. This means that the SV will 

have nearly the same ECEF coordinates as it did about 24 hours earlier. More 

specifically, this repetition was designed to occur once every sidereal day, which is the 

amount of time between a given “fixed” star in the sky crossing a given line of longitude 

and has been measured to be 23 hours, 56 minutes and 4 seconds, which is 86,164 

seconds [Bat71]. A typical day (i.e. “solar day”) is 24 hours since the earth has moved 

slightly in its orbit around the sun.  

This algorithm utilizes the repeatability of ECEF coordinates and operates as 

follows. Given a broadcast ephemeris from PRN 10 in year 2010, 3x1 ECEF position 

vectors, ��, were calculated for a period of time one hour before and one hour after the 

TOE in 0.01 second intervals. This process was repeated for 18 adjacent ephemerides 
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resulting in an approximately continuous trace of ECEF position for 36 hours. An 

arbitrary starting ephemeris was chosen at the beginning of a GPS week and the resulting 

ECEF position calculated from that ephemeris at the TOE is denoted as .d� . The 

difference between every other position over the next 36 hours and the starting position 

was calculated and defined as .Diff� = .� − .d�  and the position difference is shown as a 

function of time in Figure 2.8. 

 

 

 

 
Figure 2.8. ECEF position difference from arbitrary starting position over time 

As expected, there were local position difference minimums (PDMs) about every 
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It was not expected that the ECEF position difference over one sidereal day would be 

zero, but more likely it would be a few thousand meters as was indeed the case. 

Therefore, a zero order hold (i.e. projecting a previous value forward to compare to the 

next future value without any linear variation) approach would not be sufficient and 

instead the algorithm would require a first order hold by using the rates of change in 

PDMs. That is, if a linear change between PDMs is assumed, after comparing the change 

in the first two PDMs, the third should be predictable.  

The three PDMs (the first being at t = 0) shown above in Figure 2.8 are plotted in 

Figure 2.9 along with the linear extrapolation from the first two PDMs. 

 

 

 

 
Figure 2.9. PDMs over 36 hours and the linear projection between the first two 
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This approach is highly dependent on the starting ephemeris. For example, if the 

starting ephemeris i = 56 (that is, the 56
th

 broadcast ephemeris in the 2010PRN10 data), 

the resulting projection error (as shown in Figure 2.9) is approximately 453 meters.  

However, if the 357
th

 ephemeris is used (i = 357), the projection error is about 127 

meters, and if i = 40, the error is 17.9 meters. This shows a very broad range of projection 

errors; to illustrate, several different starting ephemerides were used and the resulting 

projection error is shown in Figure 2.10. 

. 

Figure 2.10. PDM linear projection error for various starting ephemerides 
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quite irregular. In fact, the lowest projection error is 17.8 centimeters using the 458
th

 

ephemeris as the starting point. The standard deviation of the error, however, which is 

also directly the SV error resulting from this algorithm was found to be 10.13 kilometers. 

The resulting MDE is 87.52 kilometers which is still above the HAL of 40 meters. 

Although the sources for some of the spikes in Figure 2.10 could be similar to 

those addressed in section 2.3 (SV maneuvers, aging SVs, and ephemeris logging errors), 

it is unlikely that those alone would account for such erratic and irregular spikes. It is also 

possible that higher order holds could provide better performance, but that would require 

PDMs from 3, 4, or 5 days and the assumption that the SV would experience similar 

disturbance forces such as third body effects from the moon, solar radiation pressure, etc 

over that period of time, which is simply not realistic. 

 

 

2.5  Osculating Element Domain 

In this approach, the broadcast ephemeris parameters were converted to position 

and velocity vectors, which were then converted to the six Keplerian elements [Bat71]. 

As described in section 1.2, an idealized orbit can be completely defined with five 

parameters that are constant with time and one parameter that indicates the location of the 

SV in the orbit.  

However, in real orbits, there are disturbances such as third body effects from the 

moon, solar radiation pressure, the obliquity and inhomogeneity of the earth among 

others. The consequence of these disturbances is that the five parameters that ideally 

remain constant actually change with time and are known as osculating elements.  
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As explained in section 2.4, GPS SVs have nearly the same ECEF coordinates as 

they did about one sidereal day ago and will have approximately the same relative 

location to the sun and moon. This means that each SV will experience almost the same 

disturbance forces as it did one sidereal day ago. When the variations of osculating 

elements, that is the equations of motion, are considered, the rate of change of each 

element is dependent on the disturbance forces [Bat71]. The repeatability of the 

disturbance forces is what leads to the repeatability of the change in osculating elements. 

Note that it is not the value of the osculating elements themselves that repeat, but rather 

only the change in elements. The proceeding algorithm leverages the repeatability of the 

change in osculating elements. 

 Similar to the algorithm in section 2.4, for a given broadcast ephemeris, 3x1 

ECEF position and velocity vectors, .�  and ��, were calculated for a period of time one 

hour before and one hour after the TOE in one second intervals. This process was 

repeated for 18 adjacent ephemerides resulting in an approximately continuous trace of 

ECEF position and velocity for 36 hours. The ECEF position vectors were then rotated to 

the ECI frame, .�. To compute the ECI velocity vectors, numerical differentiation was 

used as in equation 2.4. 

 

 

Given the ECI position and velocity vectors, the osculating element vectors ��~ 

(6x1) were computed. For clarification, refer to Figure 2.11 to better understand the 

following explanation of the algorithm. 

�~� = ∆.
�

∆% =
.~�F� − .~�1	��#oA�  (2.4) 



 

Figure 2.11. Graphical representation of osculating element propagation
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Graphical representation of osculating element propagation

An arbitrary time is taken to be the current time %d . From %d
ents were traced back in time by an interval defined as the retrieve time, 

 (about one sidereal day before %d). Then from %
elements can be advanced in time by an interval defined as the propagatio

�� ≜ %d + %�. To determine the osculating elements at this time, 

, the repeatability of the change in elements is used. A second time in the past is 

+ %�. Over the period of time %� into the future, the elements will 

have changed by nearly the same amount as they changed over the same period starting 

. For this analysis, a simple linear projection was used and if ∆
d + ∆��. 

ected osculating elements were then converted to ECI position and 

and �d��� , which were then rotated to the ECEF vectors 

. The previously calculated ECEF position vectors .�  were used as truth and 
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Graphical representation of osculating element propagation 
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compared to the projected ECEF position vectors at the same time %d�� and a position 

projection error, .��� , was defined as in equation 2.5. 

 

 

A flow chart of the conversions and calculations for this algorithm is shown in Figure 

2.12. 

 

Figure 2.12. Flow chart of osculating element domain algorithm 
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Figure 2.13. .���  for PRN 6 at various retrieve times 

 

Figure 2.14. .���  for PRN 10 at various retrieve times 
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One noticeable observation in Figures 2.13 and 2.14 is how the projection error 

begins to grow as a function of propagation time, but then reaches a local maximum and 

begins to decrease as propagation time increases. The fact that projection error could 

actually decrease as propagation time increases certainly was not an intuitive result. One 

possible explanation is that individual osculating elements oscillate at difference 

frequencies and at first, several elements could start to get out of phase with one another, 

resulting in a growing projection error in the position domain. Over a period of time, the 

elements begin to come back in phase which would cause a decrease in projection error, 

then once again the elements get out of phase which increases projection error once 

again. This could explain the local maxima followed by local minima in Figures 2.13 and 

2.14. 

Furthermore, the local minima seem to change location as retrieve time changes. 

Not only do they occur at different projection times, but they also have differing 

projection errors. Some consideration was given to the idea to determine the retrieve time 

that will minimize the local minimum in the position projection error on a per PRN basis. 

That is, there could have been some retrieve time for PRN 6 which results in the lowest 

projection error as a function of propagation time, and there could be some other retrieve 

time for PRN 10, etc. However, there didn’t seem to be any physical meaning behind 

simply choosing retrieve times by that method and additionally, it was possible for the 

ideal retrieve time to change with time. Therefore, an analysis of position projection error 

was performed which had a fixed propagation time and varied the retrieve times about the 

time of equator crossings for several PRNs. The 4
th

 edition of the GPS Standard 

Positioning Service Performance Standard (GPS SPS PS) issued in 2008 guarantees that 
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an integrity fault can persist for no longer than 6 hours before the Control Segment is able 

to intervene [SPSPS]. Therefore, in the approach described in this algorithm, a 6 hour 

propagation time would represent the worst case scenario and accordingly, to simplify the 

analysis the fixed propagation time was chosen to be 6 hours. Figure 2.15 shows the 

projection errors of this analysis. Note that the red vertical line represents the equator 

crossing for each PRN. 

 

Figure 2.15. .���  for many PRNs and fixed propagation time about equator crossings 

Note that although the position projection errors for each PRN have a local 

minimum within 15 seconds of an equator crossing, not a single PRN has a local 
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greater than the HAL required, the projections of the osculating elements themselves 

were analyzed more carefully. Using each PRN’s equator crossing for its retrieve time, as 

well as a fixed propagation time of 6 hours, the osculating elements were projected in 

time as described above, however instead of converting the elements back to ECEF 

position and comparing positions, the elements themselves were compared with the 

projected elements. In the end, the error between the calculated elements and the 

projected elements was oscillatory for each element suggesting the possibility that there 

was merely a phase shift between the two. To account for the potential phase shift, 

further analysis was done including using higher order polynomial fits going back 3, 4, 

and 5 days to project the change in osculating elements forward in time, but the results 

still did not meet the minimum requirements. The most likely reason why this approach 

did not yield the required results was that the assumption that the change in osculating 

elements over a period of time in the future is equivalent to the change in osculating 

elements nearly one sidereal day earlier was based on the fact that over one sidereal day, 

the disturbance forces described earlier were nearly equivalent, but that assumption 

turned out to not be valid over the course of multiple sidereal days, most likely due to 

changes in the direction of the third body gravity from the moon. 

Additionally, given the finding that the error pertaining to calculated and 

projected osculating elements was likely due to a phase shift, analysis was done in the 

frequency domain. After a perturbation analysis it is possible to de-trend periodic effects 

in osculating elements such as third-body disturbances and disturbances resulting from 

the obliquity and inhomogeneity of the earth. Dominant frequencies of the de-trended 

osculating elements can be found by computing their power spectrum, and then each 
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osculating element can be modeled with a mean term, secular rate, and periodic terms 

using harmonic frequencies [Gar06]. After brief consideration, this method proved to not 

be viable. 

 

2.6  Observed EOP Fault Analysis 

On June 17, 2012 there was an observed EOP fault which occurred because MCS 

received bad EOP vaules which were used to generate faulted GPS ephemeris data 

[Gru12]. In this case, MCS personnel were able to catch this fault and prevented the 

faulted data from being uploaded to more than only one satellite. Within about half an 

hour, MCS uploaded corrected ephemeris data to that satellite. The EOP fault resulted in 

about a 2 kilometer satellite orbit error and would have lead to about a 465 meter east-

west user position error on earth if all satellites had been updated. If the resulting position 

error were smaller on the order of 40 meters, it is not clear that the EOP fault would have 

been caught before all satellites were affected. 

Preliminary analysis was in the position domain. The NGA generates precise 

ephemerides every five minutes that are fault free. The positions resulting from these 

ephemerides were treated as truth and compared to positions computed from CDDIS 

broadcast ephemeris data, which is the data that includes the faulted ephemeris. CDDIS 

ephemerides are uploaded every two hours. For each ephemeris, the position was 

calculated for two hours before and two hours after the TOE at five minute intervals and 

compared to the NGA precise positions. The local level (LL) position difference (in-

track, cross-track, and radial components, and norm) was computed and the results are 

shown in Figures 2.16-2.23. Each curve represents a broadcast CDDIS ephemeris. It was 
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found that one broadcast ephemeris from PRN 19 (the red curve in Figures 2.16-2.23) 

was abnormal when compared to the results from other PRNs and is indeed known to be 

the faulted ephemeris. For each LL component and the norm of the position difference, 

the results from PRN 19 are compared to that of PRN 32 which is a representative sample 

of all other PRNs (1-32). 

 

Figure 2.16. CDDIS/NGA in-track position difference for PRN 32 

 

Figure 2.17. CDDIS/NGA in-track position difference for PRN 19 
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Figure 2.18. CDDIS/NGA cross-track position difference for PRN 32 

 

 

Figure 2.19. CDDIS/NGA cross-track position difference for PRN 19 
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Figure 2.20. CDDIS/NGA radial position difference for PRN 32 

 

 

Figure 2.21. CDDIS/NGA radial position difference for PRN 19 
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Figure 2.22. CDDIS/NGA norm of position difference for PRN 32 

 

 

Figure 2.23. CDDIS/NGA norm of position difference for PRN 19 
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The preceding analysis narrowed down the observed EOP fault to one ephemeris 

from one PRN, but to better understand the nature of this observed fault, more analysis 

was done on the broadcast ephemeris parameters themselves. The specific parameters 

analyzed were semi-major axis (a), inclination (i), eccentricity (e), longitude of ascending 

node (LAN), and the sum of argument of periapsis (ω) and mean anomaly (M). The 

reason why the sum of ω and M, commonly known as the argument of latitude, was used 

instead of the individual parameters was that these two parameters tend to compensate for 

each other and have biases that off-set one another [Gra03]. 

Just like in section 2.2, adjacent parameters from ephemerides were compared. 

Given a 5x1 vector of the above ephemeris parameters (��) from ephemeris k-1 at time 

t-2 hours, ���9G	z�&{||~9F, they were advanced two hours to time t, which was the TOE 

of ephemeris k, and compared to the broadcast parameters in ephemeris k. The process 

taken to advance the parameters which depend on a rate (i and LAN) is identical to that 

described in section 2.2. The difference between the ephemeris parameters was defined as 

∆�� = ���|~ − ���|~9F. The difference was taken for all ephemerides on June 17, 2012 

which was Day 169 in 2012. The same process was implemented for the ephemerides on 

June 16, 2012 (Day 168) for a nominal baseline comparison. The results for LAN are 

shown in Figure 2.20 and the results from the remaining parameters are shown in 

Appendix B. Note that from the previous analysis in the position domain, it was 

concluded that the third broadcast ephemeris from PRN 19 was the faulted ephemeris, so 

the parameter differences resulting from that ephemeris are indicated in Figures 2.20 as a 

green circle. Also, since parameter differences were used, the faulted ephemeris actually 
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affects the second data points on each plot for Day 169 as well which is quite apparent in 

Figure 2.24. 

 

 

Figure 2.24. Difference in LAN between adjacent ephemerides, PRN 19 Day 168 & 169 
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EOP faults. The algorithm described in chapter 3, however, assumes the worst-case 

scenario when all PRNs are affected simultaneously by an EOP fault that is not abrupt, 

but in fact grows slowly with time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

56

CHAPTER 3 

EOP FAULT MONITOR 

All of the algorithms explained heretofore to detect EOP faults have utilized a 

previously validated ephemeris and observed some sort of anomalous change that might 

indicate an EOP fault. The methods have offered surprisingly good nominal noise; 

however, for application to LPV-200 aircraft precision-approaches these methods were 

simply not good enough. The following algorithm similarly requires a previously 

validated ephemeris, but instead of relying on individual satellites, it considers the fact 

that an EOP fault is potentially a mutually consistent fault, affecting all satellites in a 

constellation. The analysis of the observed EOP fault in Chapter 2 clearly shows that in 

that particular case, this was not the fault type that occurred. This mainly was due to the 

quick action of the MCS and the lucky fact that they were able to catch the fault before 

faulted ephemerides were uploaded to other satellites. In the case of one faulted satellite, 

such as this, it is likely that ARAIM will detect the fault. In the case of uploading faulted 

ephemerides in a cascading fashion to multiple satellites, ARAIM still may be able to 

detect such faults. For the purposes of the following algorithm, the worst case of 

instantaneous uploading of faulted ephemeris data to all GPS satellites is assumed. 

 

3.1  EOP Fault Dynamic Threat Model 

As described in Chapter 1, NGA is responsible for generating EOPPs and 

specifically does so in the following manner. NGA uses the data from USNO to compute 

coefficients in a least squares manner which are input into the summation equations in 

Equations 3.1-3.3 to predict polar motion (.(%) and �(%)) and UT1-UTC (�(%)) for any 
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number of days into the future. The seasonal variation coefficients and offset terms 

`, �, �� , s� , �, �, b~, �~, l, �, � , 	and	_ 	 and the two time variables %�	and	%¡  are all 

updated daily by NGA. However, Table 3.1 shows the values of �� , ¢~,	and	� 	 which 

are constants [NGAEOP]. 

.,%+ = ` + �,% − %�+ +£ ���\A ¤2¥(% − %�)�� ¦G
�§F +£ s�#o� ¤2¥(% − %�)�� ¦G

�§F  

 

(3.1) 

�(%) = � + �(% − %�) +£ b~�\A ¤2¥(% − %�)¢~ ¦G
~§F +£ �~#o� ¤2¥(% − %�)¢~ ¦G

�§F  

 

(3.2) 

�(%) = l + �(% − %�) +£ � �\A ¤2¥(% − %¡)�  ¦P
 §F +£ _ #o� ¤2¥(% − %¡)�  ¦P

 §F  (3.3) 

 

Table 3.1. Constants for NGA EOPP determination [NGAEOP] 

Constant Value (Days) Description �F	and	¢F 365.25 Annual Period 

�G and ¢G 435 Chandler Period 

�F 27.56 Lunar Period 

�G 13.66 Semi-Lunar Period 

�¨ 365.25 Annual Period 

�P 182.625 Semi-Annual Period 

 

To determine the behavior of EOPPs over time, consider their value at a time 

% = %� + ∆% , where %�  is a known time and ∆%  is some variable time interval. For 

example, the sine term in Equation 3.3 can be expanded into the expression in Equation 

3.4 using the trigonometric identity sin,[ + -+ = sin,[+ cos,-+ + cos,[+ sin	,-+. 
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sin ¬2¥(%� + ∆% − %¡)�   = sin ¬2¥(%� − %¡)�   cos ®2¥∆%�  ¯ 
+cos ¬2¥(%� − %¡)�   sin ®2¥∆%�  ¯ (3.4) 

Since %� , %¡ ,	and	�  are all known, Equation 3.4 can be expressed as shown in Equation 

3.5 

sin ¬2¥(%� + ∆% − %¡)�   = ° cos ®2¥∆%�  ¯ + ±sin ®2¥∆%�  ¯ 
(3.5) 

where the definitions of α and β can be found by comparison between Equations 3.4 and 

3.5. A similar process can be performed to the other trigonometric terms in Equations 3.1 

– 3.3. Because the EOPP coefficients outlined above are updated daily, the largest ∆% 
increment is one day. Additionally, as shown in Table 3.1, the smallest period for the 

trigonometric terms is the semi-lunar period of 13.66 days. As a consequence of these two 

facts, the trigonometric terms in Equations 3.1 – 3.3 can be plausibly modeled using a linear 

approximation. Thus, EOP faults will henceforth be modeled as an initial bias plus a linear 

time variation. In other words, this dynamic threat model can accommodate EOP faults that 

slowly grow over time instead of merely instantaneous faults. 

 

3.2  Airborne Detection Algorithm 

3.2.1 Measurement Model . In the worst case, EOP faults are mutually consistent 

constellation-wide faults, and they appear as effective rotations of the constellation. 

Consequently, satellite position vectors computed from faulted ephemeris parameters will 

appear rotated with respect to the position vectors resulting from fault-free ephemerides. 

This concept, in conjunction with the fact that adjacent ephemerides are guaranteed to be 
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concurrently valid over an overlap period of two hours, are the foundation of the airborne 

detection algorithm.  

 For example, consider Figure 3.1 where the satellite position vectors at time �� 

can be computed using either ephµ or eph�. These two vectors will be represented by 

���|µ	¶
 and ���|�	¶

, where ���|µ	¶
 is the ECEF position vector of satellite ¶ at time �� computed 

using ephµ and ���|�	¶
 is the ECEF position vector of satellite ¶ at time �� computed using 

eph�. 

 

Figure 3.1. Depiction of validity intervals for two adjacent ephemerides 

 Assuming ephµ is fault-free, if the constellation ephemeris parameters broadcast 

at %¡�,F have been impacted by an EOP fault, then .��|�	¶
 will be rotated with respect to 

.��|µ	¶
. That is, 

        ��·|F	� = ¸I− ��· ×¹��·|d	� + D�·	�  
(3.6) 

where IIII is the 3×3 identity matrix, D�·	�  is the 3×1 fault-free error vector on the position 

difference .��|�	¶ − .��|µ	¶
 and ��· × is the 3×3 skew-symmetric form of the angular fault 

vector, ��· , i.e. 

eph0

eph1

tbc,0 toe0

tbc,1 toe1

: Broadcast time of eph0

: Time of Ephemeris for eph0

: Broadcast time of eph1

: Time of Ephemeris for eph1

tbc,0

toe1

tbc,1

toe0

t1

: Time of interestt1
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 ��· ×= E 0 −��·,¨ ��·,G��·,¨ 0 −��·,F−��·,G ��·,F 0 I 
(3.7) 

Further rearranging Equation 3.6 leads to Equation 3.8 as shown below. 

 										��·|F	� − ��·|d	� = Q��·|d	� ×R��· + D�·	�  
(3.8) 

In this work, D�·	�  is modeled as a zero-mean Gaussian random noise vector with 

3×3 covariance matrix PPPP¼	� . As in the other algorithms discussed in Chapter 2, the 

statistics of D�·	�  are most naturally expressed in the satellite’s local level frame and 

therefore Equation 3.8 is written as shown in Equation 3.9 

  													��·|F	� − ��·|d	� = Q��·|d	� ×R��· + ½¾·¿	À	Á	 	D�·,¿	�
 

(3.9) 

where ½¾·¿	À	Á	  is the 3×3 rotation matrix from satellite Â’s local level frame to the ECEF 

coordinate frame at time %F  and 	D�·,¿	�
 is the 3×1 fault-free noise vector in local level 

coordinates for satellite Â , arranged in the order of in-track, cross-track, and radial 

components. The 3×3 measurement noise covariance matrix of 	D�·,¿	�
 was set to that 

shown in Equation 3.10. 

                                      																								PPPP¼,Ã	� = E(3.6	m)
G 0 00 (1.1	m)G 00 0 (0.68	m)GI (3.10) 

 

The details of the determination of the measurement noise covariance matrix are 

discussed in section 3.5. Furthermore, in what follows, Equation 3.8 is utilized instead of 

Equation 3.9 and it is understood that   

  																																								PPPP¼	� = ½¾·¿	À	Á	 								PPPP¼,Ã	� 	� ½¾·¿	À	Á	 �2. (3.11) 
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Now, if the satellite position vectors are computed using ephd and ephF at some 

other time of interest %G = %F + ∆% , where both %F  and %G  are within the interval 

0toed, toeF1. Next, an equation similar to Equation 3.8 can be written as follows. 

															��Æ|F	� − ��Æ|d	� = Q��Æ|d	� ×R��Æ + D�Æ	�  
(3.12) 

Since the EOP fault can be modeled as an initial bias plus a linear time variation as 

described earlier, ��Æcan be expressed as shown in Equation 3.13. 

											��Æ = ��· + �	� ∆% (3.13) 

Substituting Equation 3.13 into Equation 3.12, and stacking Equations 3.8 and 

3.12 as one matrix-vector equation results in Equation 3.14. 
 

							Ç��·|F	� − ��·|d	�
��Æ|F	� − ��Æ|d	� È = E��·|d	� × µ

��Æ|d	� × Q��Æ|d	� ×R∆%I ¤��·�	�� ¦ + ÇD�·
	�
D�Æ	� È (3.14) 

Writing Equation 3.14 more compactly results in Equation 3.15 

																		B� = HHHH�	� + D� (3.15) 

where B� is the 6×1 measurement vector, HHHH� is the 6×6 observation matrix, � is the 6×1 

parameter vector, and D� is the 6×1 measurement noise vector with 6×6 covariance matrix 

VVVV	�. 
It is assumed in this work that QD�·	� �D�Æ	� �YR = µ , which means that VVVV	� is a block 

diagonal matrix. If measurements from all visible satellites are collected and stacked, the 

result is the measurement model shown in Equation 3.16 

																B = H	H	H	H	� + D 
(3.16) 

with A denoting the number of satellites in view, B is a 6A × 1 vector, HHHH is a 6A × 6A 

matrix, � is a 6A × 1 vector, and D is a 6A × 1 vector with 6A × 6A covariance matrix VVVV . 
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The parameter vector � can now be estimated using weighted least squares estimation as 

shown in Equations 3.17 and 3.18. 

 																		�� = (HHHH2VVVV	9FHHHH)9F				HHHH2 				VVVV	9F				zzzz 
(3.17) 

 																																																																																				PPPPÌ = (HHHH2VVVV	9FHHHH)9F (3.18) 

From Equation 3.13, an estimate of the rotation at any other time % ≥ %F  is given by  

�
� = �
�· + ��
(% − %F) , which can also be written as in Equation 3.19. 

																				�
� = 0IIII IIII(% − %F)1	�� 
(3.19) 

The estimate error covariance matrix associated with �
�  is determined from the 

covariance transformation in Equation 3.20. 

																																																																																												PPPP	� = 0IIII IIII(% − %F)1PPPPÌ Î IIIIIIII(% − %F)Ï (3.20) 

In the case of an EOP constellation fault beginning at %¡�,F  Equations 3.19 and 3.20 

afford the means to evaluate its impact at any future time. 

3.2.2 Detection Test Statistic. The resulting airborne monitor test statistic is shown in 

Equation 3.21. 

																			�� = �
�2PPPP	�9F	�
� (3.21) 

To develop a means of fault detection, a similar process is used as described in Chapter 2 

with the only difference being instead of using a Gaussian distribution for the data, the 

test statistic is now Chi-square distributed with 3 degrees of freedom under fault-free 

conditions since it is a square of the weighted norm of a zero-mean normally distributed 

random vector. The same ideology is behind the fault detection development including 

the use of the probability of false alarm requirement (�fa = 1 × 109t) to determine the 
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monitor threshold c. The threshold is the value which yields the cumulative probability 

of �{ = 1 × 109t in the cumulative density function of the three degrees of freedom chi-

square distribution. The corresponding formula is shown in Equation 3.22 

																								�{ = Ð %(¼9G) G⁄ �9� G⁄2¼ G⁄ Ò(¼ G⁄ ) �% = 1√2¥Ð %F G⁄ �9F G⁄ �%2
d

2
d  

(3.22) 

where 6  is the degrees of freedom (3) and Γ is the Gamma function. The resulting 

threshold value is c = 30.6648.  

 In the case of an EOP fault, the random vector 	�
� will have a bias and therefore 

the test statistic �� will be nearly non-central chi-square distributed with three degrees of 

freedom. It is essential to compute the minimum non-centrality parameter (Ô) which is 

consistent with the integrity risk requirement. More specifically, it depends on the 

probability of missed detection requirement (derived in Chapter 2 as ��� = 0.5 × 109P). 
The non-central chi-square cumulative distribution function is shown in Equation 3.23. 

F(S|ν,λ) =£ÙÚ12 ÔÛ�Â! �Ý G⁄ ÞPràá¼�G�G ≤ Sãä
�§d =£ÙÚ12 ÔÛ�Â! �Ý G⁄ ÞPràá¨�G�G ≤ Tãä

�§d  
(3.23) 

The resulting value is Ô = 86.3002 . A graphical depiction is shown in Figure 3.2 

[Gra03].  



 

Figure 3.2. 

3.2.3 Minimum Detectable Error

by an EOP fault and the corresponding total rotation error 

3.24. 

where $� is the nominal small angle rotation prediction error with the subscript dropped. 

The monitor compares the test statistic 

the threshold c as shown in Equation 3.25.

		
The nominal error 

smaller test statistic which could lead to a missed detection. 

probability of missed detection requirement, 

An infinite set of small angle rotations 

the MDE is the vector �d

Figure 3.2. Non-centrality parameter and threshold for ��
Minimum Detectable Error. Consider a small angle rotation vector 

by an EOP fault and the corresponding total rotation error ������ as shown in Equation 

															������ = �d + $� 

is the nominal small angle rotation prediction error with the subscript dropped. 

The monitor compares the test statistic �� corresponding to the total rotation error with 

as shown in Equation 3.25. 

																		c ≤		? ������T PPPP9F������ 
The nominal error $� could potentially compensate for the EOP fault, yielding a 

smaller test statistic which could lead to a missed detection. In order to meet the 

probability of missed detection requirement, �d must be such that  

													Ô ≤ �dTPPPP9F�d 

An infinite set of small angle rotations �d exists which will yield Ô as above, however, 

d of maximum length for which the integrity risk requirement can 
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� 
Consider a small angle rotation vector �d caused 

as shown in Equation 

(3.24) 

is the nominal small angle rotation prediction error with the subscript dropped. 

corresponding to the total rotation error with 

(3.25) 

could potentially compensate for the EOP fault, yielding a 

In order to meet the 

(3.26) 

as above, however, 

of maximum length for which the integrity risk requirement can 



 

still be met. For a given 

defined by an ellipse with center 

which result in a constant value of the test statistic 

			
Figure 3.3 [Gra03]

ellipses for three various vectors 

�d which will result in a 

corresponds to the vector in the direction of the ellipse’s major axis.

 

 

Figure 3.3. 

An eigenvalue decomposition is needed to compute the maximum value of 

3.26 can be written as in Equation 

 

where DDDD9F  is a diagonal matrix of eigenvalues of 

modal matrix of PPPP9F,  

For a given �d , the probability of ������  lying within a certain bound is 

defined by an ellipse with center �d and a limiting surface consisting of all vectors 

which result in a constant value of the test statistic �� as shown in Equation 3.27.

																						�� = �%o%[çT 	PPPP−1	�%o%[ç 
[Gra03] shows an example of three surfaces represented by small 

ellipses for three various vectors �d which all satisfy Equation 3.26. Note that the largest 

which will result in a ������ distribution that satisfies the integrity risk requirement 

corresponds to the vector in the direction of the ellipse’s major axis. 

Figure 3.3. Fault-free and failure ������ probability space

An eigenvalue decomposition is needed to compute the maximum value of 

3.26 can be written as in Equation 3.28 accordingly, 

															Ô = �dT 				VVVVT				DDDD9F				VVVV	�d 

is a diagonal matrix of eigenvalues of PPPP9F  and since VVVV is an orthonormal 
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a certain bound is 

consisting of all vectors ������ 
as shown in Equation 3.27. 

(3.27) 

shows an example of three surfaces represented by small 

Note that the largest 

the integrity risk requirement 

 

probability space 

An eigenvalue decomposition is needed to compute the maximum value of �d. Equation 

(3.28) 

is an orthonormal 
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												|V	V	V	V	�d| = è�dT				VVVVTè = |�d|. (3.29) 

Since the maximum �d corresponds to a rotation aligned with the ellipse’s major axis – 

which is also the direction of the eigenvector with minimum eigenvalue for PPPP9F  – 

Equation 3.30 can be written as follows. 

																							Ô = émax	 �0éGmin	 ¸eig�PPPP−1�¹ = émax	 �0éG ìmax	 0eig(PPPP)1í9F (3.30) 

Finally resulting in the MDE which can be expressed as in Equation 3.31. 

															MDE	=	î�ï%î = émax	 �0é = ðÔ	max	 0eig(PPPP)1 (3.31) 

For a fault magnitude î�ñî ≤ î�ï�î , the largest impact on the user horizontal position 

error is shown in Equation 3.32 

																		ℎMDE = (�� + ℎ)	î�ï�î 
(3.32) 

where 	ℎMDE  is the minimum detectable user horizontal position error, ��  is the Earth 

radius, and ℎ is the user height. 

3.2.4 Multiple Fault Hypothesis. Since this algorithm intimately depends on position 

comparisons from adjacent ephemerides, the validity of previous ephemerides is vitally 

important to monitor performance. That is, if ephd is assumed valid and ephF is faulted 

in a ramp-like manner, the test statistic may not exceed the threshold instantaneously and 

if it is used to assess if ephG is faulted or not, this could lead to incorrect conclusions. 

Therefore, whenever a new set of constellation ephemeris parameters are broadcast, a 

new fault hypothesis must be considered as shown in Figure 3.4. 
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Figure 3.4. Fault hypothesis tree 

For example, when an aircraft arrives at %¡�,F, the only possible fault hypothesis is 

that the constellation ephemeris parameters broadcast in ephF are in a faulted state while 

those broadcast in ephd  are not faulted. In this case, using position difference 

measurements during the two-hour overlap period of ephd and ephF and Equations 3.21 

and 3.31, the test statistic �F,�· = �
F,�·	T PPPPF,�·9F�
F,�· and corresponding MDE î�ïF,�·î  are 

calculated. Furthermore, when the aircraft arrives at %¡�,G, there are two fault hypotheses 

that must be considered: either the constellation ephemeris parameters broadcast in ephF 
and ephG are faulted while those in ephd are not faulted, or the constellation ephemeris 

parameters broadcast in ephG are faulted while those in ephd and ephF are not faulted. In 

the first case, �
F,�· and PPPPF,�· are propagated forward in time to %¡�,G using Equations 3.19 

and 3.20 while �F,�·  and î�ïF,�·î  are updated accordingly to �F,�Æ  and î�ïF,�Æî , 

respectively. In the second case, as when comparing only ephd  and ephF , position 

difference measurements in the two-hour overlap period of ephF and ephG and Equations 

3.21 and 3.31 are used to calculate the test statistic �G,�Æ  and the corresponding MDE 

î�ïG,�Æî. This progression is continued as the aircraft reaches each consecutive broadcast 

time. Lastly, the fault hypothesis which results in the largest minimum detectable 

tbc,0

: Broadcast time of ephi

Constell. eph. parameters are fault-free

tbc,i

tbc,1

eph0

eph1 eph1

eph2 eph2 eph2

eph3 eph3 eph3 eph3

tbc,2

tbc,3

Constell. eph. parameters are faulted
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horizontal position error (Equation 3.32) is utilized to determine if a given approach is 

available. 

In the above explanation, various broadcast constellation ephemeris parameters 

were assumed to be faulted, however ephd  is always assumed to be fault-free. 

Furthermore, if the aircraft continues to propagate the computed MDEs indefinitely, they 

will tend to grow over time and decrease the availability. In order to address these two 

concerns, a civil ground monitor is introduced. 

 

3.3  Ground Monitor Algorithm 

For a ground monitor to detect EOP faults, instead of using a previously validated 

ephd as the fault-free comparison, a pre-surveyed location of the monitor’s antennae is 

used. Other than that substitution, the algorithm is nearly identical to the airborne 

algorithm.  

First, the pre-surveyed 3×1 ECEF position vector of the \�z  ground station’s 

antenna is denoted by ��8	| . An estimate of ��8 , at time %F  is denoted by ���8,�·  and is 

computed using all visible satellites. If an EOP fault has impacted the constellation 

ephemeris parameters used to compute ���8,�·  then the estimate will be rotated with 

respect to the pre-surveyed location ��8	|  as shown in Equation 3.33 

																		���8,�· = ¸IIII − ��· ×¹ ��8	| + D�8,�· (3.33) 

where ��· is the 3×1 fault vector at time %F and the 3×1 vector D�8,�·  is the nominal error 

in ���8,�· − ��8	| . After rearranging Equation 3.33, the result is shown in Equation 3.34. 

																						���8,�· − ��8	| = ¸ ��8	| ×¹��· + D�8,�·  (3.33) 
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Here, D�8,�·  is assumed to be a normally distributed zero-mean random vector. 

Since the estimate error in 	���8,�· and the survey error in ��8	|  contribute to D�8,�· , the 

covariance matrix of D�8,�· can be written as in Equation 3.34 

																PPPP�8,�· = PPPP7ò8,�· + PPPP|8 (3.34) 

where PPPP7ò8,�· is the 3×3 estimate vector covariance matrix corresponding to 	���8,�· while 

PPPP|8 is the 3×3 survey error covariance matrix corresponding to ��8	| . Surveying errors are 

assumed to be independent and identically distributed, zero-mean Gaussian random 

variables with standard deviations of 10 cm in the north-east-down (NED) coordinate 

frame. That is, PPPP|8 can be expressed as in Equation 3.35. 

																 PPPP|8	N = Ç0.01	mG 0 00 0.01	mG 00 0 0.01	mGÈ (3.35) 

To obtain PPPP|8  from PPPP|8	N , the covariance transformation PPPP|8 = RRRRN8	E 	 PPPP|8	N 	( RRRRN8	E )T is 

needed where RRRRN8	E  is the rotation matrix from the NED coordinate frame originating at 

ground stations \ to the ECEF coordinate frame. As in the airborne algorithm derivation, 

a second position difference measurement can be formed at time %G as in Equation 3.36. 

																						���8,�Æ − ��8	| = ¸ ��8	| ×¹��Æ + D�8,�Æ  (3.36) 

Utilizing the EOP fault dynamic model and combining Equation 3.33 and 3.36 into a 

single matrix-vector equation results in Equation 3.37 

																	¤	���8,�· − ��8	|	���8,�Æ − ��8	| ¦ = ¤ ��8	| × 0��8	| × ¸ ��8	| ×¹∆%¦ Î��·�� Ï + ÎD�8,�·D�8,�ÆÏ (3.37) 

 

which, again, can be represented in a more compact way as Equation 3.38 
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																		B�8 = HHHH�8� + D�8 (3.38) 

where B�8 is the 6×1 measurement vector, HHHH�8 is the 6×6 observation matrix, � is the 6×1 

parameter vector and D�8  is the 6×1 measurement noise vector with 6×6 covariance 

matrix VVVV�8. 
It is assumed that � QD�8,�·�D�8,�Æ�TR = µ which means that VVVV�8 is a block diagonal 

matrix. Stacking measurements from all ground stations yields the measurement model in 

Equation 3.39. 

																		B = HHHH	� + D 
(3.39) 

If there are õ number of ground stations, then B is a 6õ × 1 vector, HHHH is a 6õ	× 6 

matrix, and D is a 6õ × 1 vector with 6õ × 6õ covariance matrix VVVV. The parameter 

vector � and associated covariance matrix PPPPÌ are once again estimated using weighted 

least squares estimation as in Equations 3.17 and 3.18. The test statistic, MDE, and 

minimum detectable horizontal position error are all computed as in the airborne 

algorithm. 

Upon take off, the estimate vector �� and covariance matrix PPPPÌ of the most recently 

validated ephemeris are uploaded to the aircraft. In the event that ephemerides are 

missing between the validated ephemeris and the current aircraft ephemeris, this 

information is also provided by the ground system. During the flight, ��  and PPPPÌ  are 

broadcast to the aircraft by means of the ISM. The needed ISM update rate is determined 

such that the combined airborne/ground algorithm can provide acceptable global 

availability. 

At this point, it would be prudent to discuss the necessity of an airborne algorithm 

if a series of ground monitors could also detect EOP faults on their own. The main reason 
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why this work incorporates the use of an airborne algorithm is that it minimizes the 

upload demands on the ISM. That is, the aircraft is able to propagate its own EOP 

monitor for a period of time without constant ground communication and very high ISM 

update rates. 

 

3.4  Global Availability Analysis  

3.4.1  Availability of Airborne Algorithm. The aircraft computes measurements for 

position estimation using dual frequencies which eliminates the error from the 

ionosphere. Models commonly used in practice to account for other error sources are 

outlined in Table 3.2 as functions of satellite elevation angle ξ in degrees [ITM12]. Note 

that the URA and fault-free measurement bias are example parameters. These error 

sources are summed in a RMS fashion during position estimation on the aircraft. 

Table 3.2. Raw dual frequency error models 

Error Description Standard Deviation 

SV clock and 
ephemeris error 

0.75 m (URA) 

Residual tropospheric 
error 

0.12 1.001ö0.002001 + sinG÷ 	m 

Smoothed code 
multipath 

0.13 + 0.53�9ø Fd⁄ 	m 

Smoothed code 
thermal noise 

0.15 + 0.43�9ø t.ù⁄ 	m 

Fault-free 
measurement bias 

0.75 m 

 

Furthermore, a more extensive description of the allocation of integrity risk explained in 

Chapter 2 is shown below in Figure 3.5 [Lan13].  
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Figure 3.5. Integrity risk allocation tree 

Again, the initial horizontal integrity risk requirement of 1 × 109k comes directly 

from the LPV-200 precision approach requirements in WAAS SPS and the further 

allocation is based upon a combination of historical analysis and qualitative conjecture. 

For example, the overall integrity risk requirement can be separated into three distinct 

elements: no constellation fault, EOP fault, and other constellation faults. The “no 

constellation fault” encompasses faults in which individual satellites fail, which is 

detectable by ARAIM. “Other constellation faults” consist of otherwise unspecified 

constellation-wide faults that are not caused by EOP/EOPPs. The specific fault type that 

this work is concerned with is the “EOP fault” component which itself can be separated 

into two further elements: EOP faults which exceed the monitor MDE, and EOP faults 

which do not exceed the monitor MDE. In the end, the probability of missed detection is 

found to be ��� = 109P 2⁄  which is calculated from the prior probability of EOP faults 

assumed to be ���� = 1 × 109P . Furthermore, the continuity risk requirement is 

���� = 1 × 109t  and all of the preceding probabilities are the same as used in the 

analysis in Chapter 2. 
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In order to determine global availability of the EOP monitor, various satellite 

geometries are constructed at increments of 5 minutes during the day over a 5 degree by 5 

degree global grid. A particular geometry is considered available if the horizontal 

protection level (HPL) (defined shortly) is less than or equal to the horizontal alert limit 

(HAL). LPV-200 approaches require an HAL of 40 meters [WAASSPS]. The HPL is 

conservatively defined by 

																		HPL��� = û���nz + -z + ℎMDE, �7 
(3.40) 

where û���  is the fault-free integrity risk multiplier resulting from 

�l��� − l���,���� ����⁄  from Figure 3.5, similar to the computation of the MDE in 

Chapter 2. nz is the square root of the maximum eigenvalue of the 2×2 upper left block 

of the estimate error covariance matrix. This means that nz extracts the horizontal error 

associated with the estimate error covariance matrix (refer to Figure 3.3), disregarding the 

vertical position error component and clock bias error, since the HPL is concerned only 

with the horizontal error. -z  represents the impact on the horizontal position estimate 

error from the fault-free measurement biases detailed in Table 3.2. Lastly, ℎMDE, �7 is the 

largest minimum detectable horizontal position error resulting from all fault hypotheses 

as defined in Equation 3.32 in section 3.2.3. 

Since ℎMDE, �7  depends on the propagation time of each fault hypothesis in 

Figure 3.4, the HPL and availability each consequently depend on propagation time. The 

availability of the EOP fault monitor using a propagation time of 12 hours is shown in 

Figure 3.6. Longer propagation times can be chosen, but will degrade availability. Figure 

3.7 shows the global availability of ARAIM in general. 



 

 

74

 

Figure 3.6. Global availability of airborne algorithm over 12 hour projection 

 

Figure 3.7. Global availability of ARAIM algorithm 

 Since the availability of the EOP fault monitor (Figure 3.6) is generally higher 

than the ARAIM algorithm (Figure 3.7), this means that implementing the EOP fault 
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monitor will not degrade availability of the ARAIM algorithm. The availability results in 

Figures 3.6 does not allow for the possibility that the initial validated ephemeris (ephd) 
is in a faulted state. In order to account for this, a second availability analysis of the 

ground system is required. 

3.4.2  Availability of Ground Algorithm. The smallest number of ground stations 

required to be able to detect all possible constellation rotations caused by an EOP fault is 

two. This is due to the possibility that if only one ground station is used, it is possible that 

a rotation with an axis collinear with the vector from the center of the earth to the ground 

station could occur and would not be detected. In this example analysis, one ground 

station is placed at MCS in Colorado Springs and the other a sufficient distance away in 

Bahrain. As with the airborne algorithm, dual-frequency, ionosphere-free measurements 

are utilized to compute a position estimate of the ground station. As listed in Table 3.2, 

the ephemeris and SV clock error distributions are bounded with a URA of 0.75 meters 

and the same residual tropospheric error model is used. For the ground stations, the 

standard deviation of the multipath error and thermal noise is computed by Equation 3.41 

																		n�{,�ü =
ýþ
�
þ� �0.24Gr + 0.04G	m ,					÷ < 35°
�(0.15 + 0.84�9ø Fj.j⁄ )Gr + 0.04G	m ,					÷ ≥ 35°

� 
(3.41) 

where ÷ is the elevation angle of the satellite in degrees and r represents the number of 

reference receivers at the ground station, which is two in this analysis. The global 

availability of the ground algorithm over a 24 hour projection time is shown in Figure 

3.8. 
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Figure 3.8. Global availability of ground algorithm over 24 hour projection 

The ground algorithm does not yield an availability which results in a 

considerable reduction of availability, even over a projection time of 24 hours. Together, 

Figures 3.6 – 3.8 show remarkably good availability of the EOP fault monitor presented 

and furthermore, the results will not degrade the performance of ARAIM if it were to be 

implemented. 

 

3.5  Computation of Measurement Noise Covariance Matrix 

In order to determine nominal noise in position difference measurements, an 

analysis of historical GPS data was necessary. In particular, using data from years 2006-

2012 and PRNs 1-32, position differences were calculated resulting from adjacent 

ephemerides. The position differences were expressed in the local level (LL) coordinate 
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organized based on PRN number. 
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Only GPS data after 2005 was used in the historical analysis of measurement 

noise because of the Legacy Accuracy Improvement Initiative (L-Aii) implemented 

throughout 2005 by NGA [Cre07] [Wil06]. Two main aspects of L-Aii were that six 

NGA monitor stations were added to the OCS Kalman filter in August and September of 

2005 and the models used in the Kalman filter were improved. The six additional stations 

improved the accuracy of the predicted orbits which are updated to the SVs and broadcast 

to all users. In turn, GPS user positioning error improved. This was also apparent in the 

position difference analysis where an obvious change in standard deviation was observed 

near the beginning of 2006. Since the data was not stationary before and after the 

beginning of 2006 and since the NGA improved GPS positioning accuracy by the L-Aii, 

it was logical to use the most up to date wide sense stationary data set of 2006-2012. 

3.5.1 Erroneous Data. There were five general types of erroneous data that were 

removed before determining nominal noise levels: unhealthy ephemerides, ephemerides 

broadcast during a satellite maneuver, adjacent ephemerides which have repeated 

broadcast times of zero, ephemerides broadcast even though an SV was decommissioned, 

and CDDIS orbit ephemeris logging errors. Since ephemeris data includes a health bit it 

was trivial to eliminate all unhealthy ephemerides. The ephemerides that were broadcast 

during a satellite maneuver were identified using a maneuver monitor based on the 

variation of semi-major axis [Tan10]. At least one ephemeris in a set of adjacent 

ephemerides that both have a broadcast time of zero at the beginning of a GPS week must 

be an error. Since there is no reason to suspect one ephemeris over the other, both 

ephemerides must be excluded.  
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The two remaining types of erroneous data were only identified after setting an 

artificial threshold of 100 meters on the position differences for each PRN. This was 

implemented due to several spikes in position differences remaining after the above data 

exclusion and it was not expected that nominal position differences in normal operating 

conditions should exceed 100 meters. The data was not simply culled out based on this 

assumption, however. The index of the broadcast ephemerides which resulted in spikes 

over 100 meters were flagged and individually analyzed for the cause of such a 

discrepancy. The entire list of flagged data points can be found in Appendix C. One cause 

for the majority of this erroneous data were instances when an SV was decommissioned, 

but the health bit in the ephemeris was not set to unhealthy and the SV continued to 

broadcast seemingly healthy ephemerides. The period of time during which certain SVs 

(and corresponding PRNs) were decommissioned was determined from GPS Notice 

Advisory to Navstar Users (NANU) messages [Kel00] and cross-referenced to the period 

of time during which some erroneous data points were logged. 

The remaining spikes above 100 meters were due to logging errors by the CDDIS. 

Several ground stations throughout the world (around 360) log broadcast ephemerides 

from the satellites that are in view of the satellite at any given time. Each ephemeris, 

therefore, should be logged by many different ground stations (nominally about 20 

depending on satellite geometry) and the results are compiled by CDDIS into one file 

which can be found on their website under daily broadcast ephemerides. There were four 

typical errors assumed to occur during the compilation process. The first three consisted 

of zero, only one, or two ground stations logging the ephemeris in the compiled data. The 

fourth type of error was discovered when using an ephemeris i logged at an arbitrary 
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ground station at the same TOE of an ephemeris i in the compiled data and comparing the 

position difference between ephemeris i and an adjacent common ephemeris i-1 logged 

by the ground station and in the compiled file, the position difference was an order of 

magnitude smaller. These errors were determined to be attributed to a flaw in the data 

compilation process of CDDIS and therefore deemed erroneous.  

Each broadcast ephemeris also consists of a user range accuracy (URA) (also 

known as SV accuracy) bit. The URA represents information about the standard 

deviation a user can expect when computing the SV position from the broadcast 

ephemeris. It was initially assumed that to compute nominal noise in position difference 

measurements, ephemerides with high standard deviations should somehow be excluded 

but as discussed in section 3.5.4, this was not the case. 

3.5.2 Correlation. In order to determine the cross correlation between in-track, cross-

track, and radial components for each PRN, normalized correlation coefficients were 

calculated. The results are plotted for convenience and tabulated in Appendix D. It can be 

seen that there is negligible in-track/cross-track and cross-track/radial correlation. 

However, the correlation between the in-track and radial components is not negligible 

based on the correlation coefficients and this behavior was expected. Based on the above 

findings, the measurement noise covariance matrix, �¼ , can be expressed as shown in 

Equation 3.42.  

                                                 �¼ = E n�
G 0 �n�n�0 n�G 0�n�n� 0 n�G I (3.42) 

 

where ρ is an unknown correlation coefficient. Due to the stacking of measurements from 

visible satellites, it is necessary to determine if there is any cross-correlation between 
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PRNs on an in-track, cross-track, and radial component basis. That is, the normalized 

correlation coefficients between each PRN were calculated using in-track components 

and similarly for cross-track and radial components. The largest correlation coefficients, 

on an absolute value basis, for in-track, cross-track and radial components were found to 

be -0.0354, 0.0559, and 0.0419 respectively. From these results it was determined the 

correlation across PRNs is negligible. 

To appropriately address the unknown correlation coefficient present in Equation 

3.42, a sensitivity study was performed. In particular, various correlation coefficients 

were assumed between -1 and 1, and the corresponding horizontal MDE, hMDE (Equation 

3.32), was determined based on one geographical location and several SV geometries 

throughout the day. Figure 3.9 shows the result for a 6 hour projection (Appendix E 

contains 12 and 24 hour projections). Note that these plots are only to show the behavior 

of hMDE as the correlation coefficient varies and the actual values of hMDE in these figures 

are not otherwise relevant. 
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Figure 3.9. hMDE sensitivity with correlation coefficient, 6 hours 

From Figure 3.9, the correlation coefficient which yields the worst hMDE 

performance is zero and therefore to be conservative when assuming a correlation 

coefficient in Equation 3.42, zero is used. Therefore, Equation 3.43 represents the new 

measurement noise covariance matrix, which can conservatively be assumed to be 

diagonal. 

                                                        �¼ = En�
G 0 00 n�G 00 0 n�GI (3.43) 

 

3.5.3 CDF Overbounds. In order to be conservative when generating the diagonal 

components of the measurement noise covariance matrix, first all of the data from 

individual PRNs were combined to form only three data sets – one for each LL 

component. Secondly, an assumption was made which is based on the central limit 
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theorem of probability in that if enough samples of a random process are taken, the 

distribution will tend to the Gaussian distribution. These two assumptions describe the 

ideology of cumulative distribution function (CDF) overbounds.  

Empirical CDFs (ECDFs) were plotted for each LL component. Then, a Gaussian 

CDF was also plotted with a specified standard deviation which was varied until it 

completely overbound each ECDF by a small margin. The resulting standard deviation of 

the bounding Gaussian CDF for each component was recorded and used in the diagonal 

components of the measurement noise covariance matrix. The CDF overbound plots can 

be found in Appendix F.  

Incorporating all of the above assumptions and calculations, a very conservative 

estimate of the measurement noise covariance matrix from GPS data in the years 2006-

2012 and PRNs 1-32 to use in the algorithm described in this chapter is shown in 

Equation 3.44. 

                                        �¼ = E(3.6	m)G 0 00 (1.1	m)G 00 0 (0.68	m)GI (3.44) 

 

3.5.4  User Range Accuracy. Table 3.3 shows how URA index relates to ranges of 1-σ 

standard deviation [IS200]. As mentioned earlier, since high URA is an indication of high 

standard deviation in the position domain, in order to yield acceptable availability, it was 

initially assumed that ephemerides with high URA values should be excluded.  
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Table 3.3. User range accuracy and standard deviations 

URA Index URA (meters) 

0 0.00 < URA ≤ 2.40 

1 2.40 < URA ≤ 3.40 

2 3.40 < URA ≤ 4.85 

3 4.85 < URA ≤ 6.85 

4 6.85 < URA ≤ 9.65 

5 9.65 < URA ≤ 13.65 

6 13.65 < URA ≤ 24.00 

7 24.00 < URA ≤ 48.00 

8 48.00 < URA ≤ 96.00 

9 96.00 < URA ≤ 192.00 

10 192.00 < URA ≤ 384.00 

11 384.00 < URA ≤ 768.00 

12 768.00 < URA ≤ 1536.00 

13 1536.00 < URA ≤ 3072.00 

14 3072.00 < URA ≤ 6144.00 

15 6144.00 < URA 

 

 A histogram of the existing URA values in the data after the previous culling is 

shown in Figure 3.10. Originally, a simple URA threshold was considered such that any 

ephemerides which have a URA index above 4, for example, would be excluded. That 

approach would be very conservative, however, since it would be assuming the same 

likelihood of indices of 0 – 4 occurring and presumably, position differences using 

ephemerides with a URA of 4 would yield higher standard deviations. Therefore, a 

second approach was also considered of isolating only ephemerides with given URA 

indices, then performing the position difference algorithm and overbound the results. So 

there would be different overbounding sigmas for ephemerides with a URA index of 0, 1, 

2, 3, etc. The resulting overbounding sigmas are shown in Tables 3.4 and 3.5. 
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Figure 3.10. Histogram of URA indices in cleaned data 

 

Table 3.4. Overbounding sigmas using select URA index intervals 

URA Index 
Interval 

In-track (m) Cross-track (m) Radial (m) 

0 2.7 0.75 0.55 

[0,1] 3.45 1.1 0.55 

[0,2] 3.6 1.1 0.55 

[0,3] 3.6 1.1 0.55 

[0,4] 3.6 1.1 0.68 

[0,5] 3.6 1.1 0.68 

[0,6] 3.6 1.1 0.68 
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Table 3.5. Overbounding sigmas using select URA indices only 

URA Index  In-track (m) Cross-track (m) Radial (m) 

0 2.7 0.75 0.55 

1 0.8 0.22 0.17 

2 0.8 0.16 0.16 

3 0.8 0.16 0.16 

4 0.8 0.09 0.16 

 

 The first three intervals considered in Table 3.4 show the trend that was originally 

expected: as ephemerides with higher URA indices are included, the overbounding 

sigmas get higher. However, this trend generally ceases for the remaining intervals. 

Additionally, in Table 3.5, the exact opposite trend than what was expected is observed: 

using ephemerides with higher URA indices yield lower overbounding sigmas. There are 

two general conclusions that can explain the discrepancies. First, although URA index is 

a representation of the standard deviation in the position domain for individual 

ephemerides, it does not seem to be a good indication of standard deviation of position 

differences. Second, the amount of data used in each successive data set in Table 3.5, 

decreased rapidly because as shown in Figure 3.10, there simply is not as many 

ephemerides with URA indices of 3 or 4 or higher, and the EOP fault monitor relies on 

comparing adjacent ephemerides which further reduces the amount of data. This suggests 

that the overbounds decrease in Table 3.5 because there is less ECDF data being analyzed 

in each step and the overbounds increase in Table 3.4 for the opposite reason. This also 

explains why the overbounds seem to level off in Table 3.4. If URA really were a reliable 

indication of standard deviation of position differences between adjacent ephemerides, 
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then the overbounds in Table 3.4 should continue to increase as data with higher URA 

indices are included in each interval. 

 For these reasons, no form of a URA threshold was used to exclude data, nor does 

it appear that URA is even a reliable indicator of noise for position differences. 
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CHAPTER 4 

CONCLUSIONS 

There are two types of EOP faults, Type A which envelops geological and 

meteorological phenomena and are generally quite small or predictable, and Type B 

which correspond to bad EOP observations or bad EOP predictions. “Bad Earth 

Orientation Prediction” is specifically identified in GPS SPS PS as a potential integrity 

threat, and therefore the EOP fault monitor described in Chapter 3 was designed 

specifically for Type B EOP faults [SPSPS]. Additionally, a real observed EOP fault 

occurred on June 17, 2012 which only underscores the risk that these faults pose. 

If an EOP fault, or any other type of constellation-wide fault, occurs in the future 

it could result in a user position error of several hundred kilometers which current fault 

detection algorithms such as ARAIM could not detect. Even worse, a fault which results 

in user position error less than 100 meters could occur and there would be even a lower 

chance of detecting such a fault, yet with the high reliance on GPS in close approach or 

precision landing aviation applications, there is no tolerance for such a large error. 

Specifically, the requirements detailed in LPV-200 list a horizontal alert limit of 40 

meters and stringent integrity and continuity risk requirements. 

This work provides several approaches to developing an EOP fault monitor all of 

which rely on the aspect of comparing adjacent broadcast ephemerides. What separates 

the linear dynamic algorithm described in Chapter 3 from the others is how it leverages 

using information from all SVs at the same time instead of from individual SVs and can 

also detect EOP faults that slowly grow with time instead of only instantaneous faults. 
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The EOP fault monitor described in Chapter 3 can provide horizontal protection 

levels of less than 40 meters more than 97% of the time around the vast majority of the 

world. That performance is at least on par with, and in many cases far exceeds, the 

current performance of ARAIM. Such a monitor can protect GPS users against the worst 

case EOP fault scenario in which all SVs constellation-wide are affected identically at the 

same time.  Although it is the worst case scenario, it is not necessarily the most likely 

form of EOP fault. NGA does not necessarily upload new ephemeris data to every SV in 

the constellation simultaneously and therefore there could be a cascading effect, which 

leads into a few discovered avenues for future research and possible means of 

improvement. 

Further research could be done on whether ARAIM could detect such a cascading 

EOP fault. The degree to which dual constellations affect availability of ARAIM and the 

EOP monitor in particular could be determined. If tighter requirements such as horizontal 

alert limits are necessary in the future, the continuity risk could be reevaluated. For 

example, the monitor is not being used continuously and therefore, continuity risk 

requirements can be lowered. This will lead to a lower detection threshold, non-centrality 

parameter, and corresponding MDE and minimum detectable horizontal position error 

which will consequently lower horizontal protection levels which could meet availability 

requirements of the new horizontal alert limit. Additionally, the CDF overbounds can be 

tightened if bounding is only required for less than 109t levels as they are currently. This 

would lower the measurement noise covariance matrix components and yield lower 

horizontal protection levels. 
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Thus, even though the EOP fault monitor presented in this work adequately meets 

the LPV-200 requirements for 97% of the time and around the vast majority of the world, 

there is even more room for improvement if the requirements should ever become more 

stringent. 
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APPENDIX  A 

STANDARD DEVIATIONS IN POSITION ERRORS 1997-2006 
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Table A.1. Standard deviation (m) of position errors, PRN 1-31, 1997-2006 

PRN In-track Cross-track Radial 

1 0.524 0.059 0.103 

2 0.790 0.086 0.128 

3 0.529 0.056 2.141 

4 0.557 0.058 0.110 

5 0.431 0.055 0.091 

6 0.556 0.052 0.104 

7 0.661 0.065 0.122 

8 0.612 0.066 0.099 

9 0.536 0.065 0.110 

10 0.568 0.054 0.115 

11 0.465 0.036 0.106 

12 0.464 0.040 0.091 

13 0.531 0.053 0.103 

14 0.824 0.079 0.112 

15 0.662 0.067 0.165 

16 0.637 0.071 0.101 

17 6.596 0.092 6.248 

18 0.796 0.136 0.135 

19 2.824 0.139 9.841 

20 0.509 0.036 0.116 

21 0.594 0.062 0.129 

22 0.603 0.099 0.114 

23 0.778 0.084 0.136 

24 0.666 0.057 0.119 

25 0.558 0.061 0.105 

26 0.570 0.065 0.123 

27 0.666 0.070 0.121 

28 0.397 0.043 0.095 

29 0.656 0.062 0.123 

30 0.422 0.049 0.090 

31 7.462 0.067 6.958 
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APPENDIX  B 

EPHEMERIS PARAMETER COMPARISON DURING OBSERVED EOP FAULT 
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Figure B.1. Difference in semi-major axis, PRN 19 Day 168 & 169 

 

 

Figure B.2. Difference in inclination, PRN 19 Day 168 & 169 
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Figure B.3. Difference in eccentricity, PRN 19 Day 168 & 169 

 

 

Figure B.4. Difference in sum of ω and M, PRN 19 Day 168 & 169 
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APPENDIX  C 

SPIKE SPECIFIC POINT DELETION LIST 
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Table C.1. Description of error codes 

Error Code Description 

1 brdc logging error (one site) 

2 SV decommissioned 

3 brdc logging error (general) 

4 brdc logging error (no site) 

5 brdc logging error (two sites) 

 

 

Table C.2. List of deleted spikes PRNs 1 – 13 

PRN Year Index Code  PRN Year Index Code 

1 2008 376 1  5 2009 2166 2 

1 2008 377 1  5 2009 2167 2 

1 2008 436 1  5 2009 2168 2 

1 2008 437 1  5 2009 2170 2 

1 2008 463 1  5 2009 2186 2 

1 2008 464 1  5 2009 2194 2 

2 2011 3756 1  5 2009 2208 2 

2 2011 3757 1  7 2012 759 1 

4 2012 206 1  7 2012 760 1 

4 2012 207 1  9 2011 932 1 

5 2009 2158 2  9 2011 933 1 

5 2009 2159 2  9 2011 1535 1 

5 2009 2160 2  9 2011 1536 1 

5 2009 2161 2  13 2012 772 1 

5 2009 2162 2  13 2012 773 1 

 

 

 Note that a total of 112 ephemerides corresponding to PRN 25 in year 2010 

starting on April 2, 2010 (indices: 526 – 1595) were deleted due to the decommissioning 



 

 

97

of SVN25 (http://celestrak.com/GPS/NANU/2010/nanu.2010055.txt). Some ephemerides 

within the index range were marked as unhealthy and therefore removed earlier, but 112 

of them were marked as healthy. 

 

 

Table C.3. List of deleted spikes PRNs 14 – 32 

PRN Year Index Code  PRN Year Index Code 

15 2007 944 2  22 2008 451 1 

15 2007 959 2  22 2008 452 1 

15 2007 965 2  22 2010 3987 1 

15 2007 980 2  22 2010 3988 1 

15 2007 1006 2  22 2012 2093 4 

15 2007 1089 2  22 2012 2094 4 

15 2010 678 1  24 2004 391 1 

15 2010 679 1  24 2009 3557 5 

19 2007 3889 1  25 2007 1523 4 

19 2007 3890 1  25 2007 1524 4 

19 2012 2191 4  27 2011 3475 3 

19 2012 2192 4  27 2011 3476 3 

20 2011 2357 1  27 2011 4282 3 

20 2011 2358 1  27 2012 4151 4 

20 2012 994 1  27 2012 4166 4 

20 2012 995 1  27 2012 4167 4 

20 2012 996 1  27 2012 4534 4 

20 2012 997 1  27 2012 5124 5 

20 2012 1620 1  29 2011 468 1 

20 2012 1621 1  29 2011 469 1 

21 2010 3311 1  30 2008 4231 4 

21 2010 3312 1  30 2008 4232 4 

21 2010 3313 1      
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APPENDIX  D 

NORMALIZED CROSS-CORRELATION COEFFICIENTS PER PRN 
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 The normalized cross-correlation coefficients were calculated for each PRN. That 

is, the correlation coefficients between in-track/cross-track (I/C), in-track/radial (I/R), and 

cross-track/radial (C/R) were computed. Figure D.1 is a plot of these coefficients for 

convenience while Table D.1 is a tabulation of the values. 

 

 

 

 

Figure D.1. Normalized cross-correlation coefficients for each PRN 
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Table D.1. List of normalized cross-correlation coefficients for each PRN 

PRN I/C I/R C/R  PRN I/C I/R C/R 

1 0.067 0.290 -0.002  17 -0.008 0.061 -0.002 

2 -0.007 -0.192 -0.004  18 0.003 -0.192 -0.025 

3 0.008 0.244 0.004  19 0.004 -0.147 0.004 

4 -0.064 0.126 -0.008  20 0.003 -0.138 0.017 

5 1.4E-05 0.185 -0.002  21 0.024 -0.106 -0.031 

6 0.010 0.142 -0.044  22 -0.021 -0.043 -0.026 

7 -0.002 0.057 -0.015  23 -0.014 -0.318 0.007 

8 -0.007 0.142 -0.032  24 0.007 0.318 -0.007 

9 -0.005 0.180 0.041  25 -0.008 0.113 -0.017 

10 -0.009 0.181 0.004  26 -0.055 -0.003 0.038 

11 -0.006 -0.078 0.031  27 0.060 0.236 -0.055 

12 -0.012 -0.061 0.016  28 0.004 -0.086 -0.034 

13 -0.039 -0.263 0.007  29 -0.030 0.165 0.022 

14 -0.006 -0.168 -0.007  30 0.011 0.249 0.007 

15 -0.017 -0.088 -0.003  31 0.035 -0.139 -0.033 

16 -0.024 -0.146 -0.004  32 0.009 -0.050 -0.044 
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APPENDIX  E 

ADDITIONAL CORRELATION COEFFICENT SENSITIVITY PLOTS 
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Figure E.1. hMDE sensitivity with correlation coefficient, 12 hours 

 

 

Figure E.2. hMDE sensitivity with correlation coefficient, 24 hours 
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APPENDIX  F 

CDF OVERBOUND PLOTS FOR EACH LL COMPONENT 
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Figure F.1. In-track CDF overbound, 3.6 meters 

 

 

Figure F.2. Cross-track CDF overbound, 1.1 meters 
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Figure F.3. Radial CDF overbound, 0.68 meters 
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