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Preface

This thesis applies the knowledge obtained over the years by several students at AFIT.

It is a direct follow-on to the research done by Robert Gray in the area of aircraft

precision approach landings. This thesis will focus on optimally combining an INS,

DGPS, Baro altimeter and Radar altimeter using an extended Kalman filter for aircraft

precision landing approaches.

I have met some great classmates at AFIT. Thanks to everyone in class GE-95D for

all your patience, support, and guidance in the completion of this work. I wish you all the
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special thanks to Stan Musick for taking the time to explain MSOFE, PROFGEN, and

MPLOT, and to Bob Gray for all the help in explaining his work and getting me started

prior to his leaving.

I also would like to thank my committee members, Lt Col Bob Riggins and Capt Ron

Delap for aiding me in my AFIT education and reviewing this thesis research effort. I

especially would like to thank my thesis advisor, Dr. Peter Maybeck, for his support,

patience, prayers, and continued guidance throughout the thesis development. Dr.

Maybeck is definitely one of the brightest men with whom I have ever had the pleasure of

meeting and working.

To my Christian family at the Central Avenue Church of Christ, thanks for your

spiritual guidance and during my time in Dayton. Your continued interest and support has
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been instrumental in the completion of this thesis. Without God's help, this work would

never have been completed.

I want to thank my parents, Richard and Dale Britton, for their support throughout the

past 19 months. I would not be where I am today if not for their continued guidance in

my life. Thanks to my brothers, Rickie, Randy and Ronnie, for all the calls and visits to

take my mind off things. Finally, I want my son Drew to know how much I love him. The
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Abstract

The Department of Defense (DOD) and the commercial airline industry are in the

process of replacing the instrument landing system (ILS) for aircraft precision approach

landings. The use of the differential Global Positioning System (DGPS) is thought to be a

viable replacement for ILS precision approaches. This thesis explores the integration of an

INS, DGPS, Barometric Altimeter, Pseudolite, and Radar Altimeter for a tanker type and

a single engine aircraft precision approach. These devices are integrated using an

extended Kalman filter (EKF). For the tanker type aircraft, Federal Aviation

Administration (FAA) requirements for a Category I and a Category II precision approach

were met when an INS, DGPS, Barometric Altimeter, and Radar Altimeter were

integrated. Category III precision approach requirements were met for the single engine

type aircraft when the same sensors were integrated.
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A Differential GPS Aided
INS for Aircraft Landing

L Introduction

For precision approaches during aircraft landings, the Department of Defense (DOD)

and the commercial airline industry currently use the Instrument Landing System (ILS)

[20,23]. Originally, the replacement for the ILS was thought to be the Microwave

Landing System (MLS). However, with a full constellation of satellites now available for

use and recent advances made in determination accuracy, the Global Positioning System

(GPS) is now thought to be a viable replacement for aircraft ILS precision approaches

[27].

The DOD and Department of Transportation (DOT) are under extreme pressure from

users to certify GPS for precision landing approaches. The use of GPS for precision

makes sense financially for the DOD and DOT. GPS will eventually be installed on all

DOD and commercial transports [2,21,22,62,71,74], and if an MLS receiver does not

have to be purchased, billions of dollars will be saved [41]. To meet the accuracy and

integrity requirements of the Federal Aviation Administration (FAA) for precision

approaches, the author believes it is necessary to integrate the GPS with an INS. The

accuracy requirements for aircraft precision approaches are presented in Table 1 - 2. To

meet the integrity requirements for an aircraft precision approach, fault detection must

notify the pilot of a possible degraded navigation solution in less than two seconds while

minimizing false alarms [27]. The INS systems on-board most of the commercial and

DOD aircraft are medium accuracy, stand-alone systems which cost about $1 00K per unit.
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A medium accuracy INS has an accuracy error of one nautical mile per hour (nm/hr)

circular eror precision (CEP) [27,68.69]. By replacing the present day stand-alone INS

with a tightly integrated INS/differential GPS unit capable of utilizing available barometric

and radar altimeter measurements, the author believes one can meet and exceed FAA

requirements for aircraft precision landings.

Cost savings are also realized because a less accurate (2-4 nm/hr CEP) INS can be

used when it is tightly coupled with a GPS receiver. The less accurate INS is much less

expensive than the medium accuracy INS but will be just as effective when integrated with

the GPS. A tightly coupled GPS/INS unit is one in which the GPS receiver is embedded

in the INS and the unprocessed GPS information is directly integrated into the navigation

processor. Advantages of an embedded GPS/INS configuration include the reduction in

size, weight, and power. The blending of pseudorange and pseudorange rate data from

satellite vehicles instead of position, velocity and time data (as generated by an internal

filter, often using a generic model for INS errors rather than one tuned to a specific INS)

results in a more accurate navigation solution. The INS provides the GPS with

acceleration and velocity information to aid the GPS cariier and code track loops. From a

security point of view, the embedded mechanization will not require an expensive secure

communication link between the INS and the GPS. The loose configuration is the other

design approach. In a loosely coupled system, the INS and GPS act as stand alone units.

The navigation information output from the INS and GPS is processed by an external filter

to provide a more accurate navigation solution than each unit can provide separately

[58,61]. The loose configuration is often used when a GPS receiver is added to an aircraft
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with an INS present. This is the case with aircraft which were developed before GPS

receivers were widely available. In this situation it may be cheaper to make use of the

existing INS and integrate its output with GPS filter-processed output rather than raw

measurements. Also, the computation time involved with the use of a loose configuration

is lower because a smaller state vector is used than with the tight configuration. However,

by utilizing a loose configuration, users run into problems with correlated data. Both the

GPS data and the INS data have already been processed before being received by the filter

to combine the information. Specifically, the GPS local filter produces its state estimates

and associated error covariance matrix, to be used as "measurements" and "measurement

noise covariance", respectively, in the second (integration) filter. However, this

"measurement noise" is time-correlated rather than white, as assumed by the simplest form

of integration filter. Therefore, this external Kalman filter must process the data at a

different, reduced rate to remove any time correlation from the "measurement noise"

[58,61]. There is also an issue of cross-correlation between the errors in the INS and GPS

in a feedback configuration, which is also ignored in the simplest form of integration filter,

causing further performance degradation. The benefits of using the GPS information are

diminished because the data cannot be used at the rate at which it is available. The

integrated INS/GPS already contains a host Kalman filter which is specifically tuned for

the hardware and is capable of utilizing unprocessed GPS and INS information at the

highest possible rates [58].

In order for GPS to replace ILS for precision approaches, areas associated with

accuracy, coverage, integrity availability, and aircraft integration must be studied and
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understood. In this research, the author used a model for a differential GPS (DGPS), both

with and without a radar altimeter. The weakness of GPS is providing correct information

for the vertical channel due to satellite vehicle (SV) geometry. Radar altimeters and GPS-

aided inertial navigation systems may be incorporated into civil aviation aircraft if cost is

made low enough and performance of integrated systems based on inexpensive

components can be made good enough. Most military and commercial airlines have a

radar altimeter available, but it is only used in the stand-alone mode. The radar altimeter

provides height measurements referenced above the ground. This height above ground

information is of utmost importance during aircraft landings, yet most aircraft do not

integrate radar altimeter information with the differentially corrected GPS data. By

integrating the height information of the radar altimeter with the GPS , one can correct the

errors in the GPS vertical channel. For those civil aviation aircraft which do not have a

radar altimeter, a GPS pseudolite, discussed in detail in Chapter 2, will be used to correct

the problems with errors in the vertical channel [27].

The research will look at comparing several integrated systems to meet a precision

approach landing. Tables 1 - la and 1 - lb present the various system integrations labeled

as Case I through Case XV. Cases I - VI are the basic system configurations which make

use of an INS, DGPS, and barometric altimeter. Cases II, IV, and VI add a radar

altimeter to improve the altitude errors. Also, three different INSs are used in these cases

to demonstrate the usefulness of DGPS for precision approaches over a wide variety of

aircraft. Cases I and II use an 0.4 nautical mile per hour (nm/hr) drift INS, Cases III and

IV use a 2.0 nm/hr INS, and Cases V and VI use a 4.0 nm/hr INS. These are
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representative of a high-precision (and expensive) INS, a moderate-precision INS, and a

low-precision INS (inexpensive enough to consider for small civil aviation aircraft),

respectively. With Cases VII - XII, a pseudolite is used to provide an additional

measurement to Case I - VI configurations. The pseudolite will provide the most

information in those areas where no radar altimeter is available. Cases XIII - XV are

situations where a GPS outage occurs in the middle of the flight. These demonstrate the

increase in drift seen for the different INSs and the capability of the system to correct itself

when the GPS data is restored. These cases relate directly to the work done by Robert

Gray [27], with DGPS replacing GPS. The improvements realized with DGPS are

discussed in Chapter 4.

1.1 Key Terms

Global Positioning System (GPS): A satellite-based navigation and time system designed,

developed, and maintained by the U. S. Department of Defense (DOD) [17]. The Icr

accuracy of the unaided GPS is typically 16 meters for the military and 100 meters for

commercial users [27].

Case I Cas Case Case III Case IV Case V Case VI

Barometric Barometric Barometric Barometric Barometric Barometric

Altimeter Altimeter Altimeter Altimeter Altimeter Altimeter

0.4 nm/hr 0.4 nm/hr 2.0 nm/hr 2.0 nm/hr 4.0 nm/hr 4.0 nm/hr

CEP INS CEP INS CEP INS CEP INS CEP INS CEP INS

DGPS DGPS DGPS DGPS DGPS DGPS

Radar Radar Radar

Altimeter Altimeter Altimeter

Table 1 - la. Case I - VI Integration Comparisons
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Case VII Case VIII Case IX Case X Case XI Case XII Case XIII Case XIV Case XV

Barometric Barometric Barometric Barometric Barometric Barometric Barometric Barometric Barometric

Altimeter Altimeter Altimeter Altimeter Altimeter Altimeter Altimeter Altimeter Altimeter

0.4 nm/hr 0.4 nm/hr 2.0 nrdhr 2.0 nm/hr 4.0 nn/hr 4.0 nm/hr 0.4 nm/hr 2.0 nm/hr 4.0 nm/hr

CEP INS CEP INS CEP INS CEP INS CEP INS CEP INS CEP INS CEP INS CEP INS

DGPS DGPS DGPS DUPS DGPS DGPS DGPS DGPS DGPS

Pseudolite Radar Pseudolite Radar Pseudolite Radar

Altimeter Altimeter Altimeter None None None

and and and

Pseudolite Pseudolite Pseudolite

No GPS No GPS No GPS No GPS No GPS No GPS Single GPS Single GPS Single GPS

Outage Outage Outage Outage Outage Outage Outage Outage Outage

Table 1 - lb. Cases VII-XV Integration Comparisons

Differential GPS (DGPS): A reference receiver [an accurately surveyed, ground-based

GPS receiver] is used to uplink error corrections to aircraft within 150 nautical miles

(nm). The ground-based receiver information reduces common errors in GPS information

to provide a better navigation solution. The lc accuracy of DGPS is 3 meters [27,58]. A

complete description of DGPS is found in Chapter 3.

Carrier Phase GPS (CPGPS): A new receiver technique which can measure the incoming

satellite-transmitted GPS signal to a fraction of a wavelength. The accuracy is less than 30

centimeters [27].

Inertial Navigation System (INS): A self-contained dead-reckoning system that uses

internal gyroscopes and accelerometers to navigate. Accuracy is typically 0.4 to 4 nm/hr

[27].
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Kalman Filter: A recursive computer algorithm developed by R. E. Kalman in the early

1960s [27]. His work may be found in A New Approach to Linear Filtering and

Prediction Problems [39].

Aircraft Precision Landing: Formally defined by the Federal Aviation Administration

(FAA) in [23] as a Category I, II, or III precision approach. See Table 1 - 2 [40] for a

brief listing of location accuracies to meet these specifications.

Pseudolite: A land-based transmitter which broadcasts GPS-like signals to approaching

aircraft for improved navigation accuracy [58].

Instrument Landing System (ILS): Current land-based navigation aide used to guide

aircraft safely for final approach airport landings [23,40].

Microwave Landing System (MLS): Proposed land-based replacement navigation aide for

the ILS [40,48].

Precision Approach Parameters (in feet, all 1 -sigma values)

Category Azimuth Elevation

S+/- 28.1 +/- 6.8

II +/-8.6 +/-2.8

III +/- 6.8 +/- 1.0

Table I - 2. Precision Approach Parameters
1.2 Background

A review of recent technical publications [13,20,27,30,57,59] suggests very few

studies have been performed which use an integrated INS/GPS for precision approaches.

The majority of research has used stand-alone GPS receiver techniques and only one
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technical paper [27] used a radar altimeter, pseudolite, INS, and GPS measurements

integrated by a Kalman filter for aircraft precision landings.

Robert Gray, in his prior work [27] at the Air Force Institute of Technology (AFIT),

has demonstrated, through computer simulation, meeting requirements for a FAA

Category I and Category II precision approach landing. His work integrated a basic GPS

receiver, INS, radar altimeter, barometric altimeter, and pseudolite measurements using a

Kalman Filter. Jochen Hilberg and Thomas Jacob have demonstrated the ability to meet

Category III precision approach landings using an INS/GPS integrated unit. The

validation was performed by actual flight testing in Germany [30].

The work done by Stephen V. Rowson [59] at the NASA Wallops Flight Facility

demonstrated the effectiveness of using DGPS as a stand-alone device for aircraft

precision approaches. In 1993, forty DGPS guided approaches and landings were

performed. Thirty-one of the approaches and landings were hands-off. Russell Paielli at

the NASA Ames Research Center has demonstrated the ability of CPGPS stand-alone for

aircraft precision approaches [57]. In 11 of 12 flight test approaches, the integer

ambiguities (resolution errors removed by DGPS) were resolved at a minimum distance of

2.7 kilometers from landing, and the solution was maintained through touchdown. At

Stanford University, Clark Cohen has developed a new system based on low power

pseudolite transmitters situated underneath the approach path [13]. Real time position

solutions with independent static survey measurements were shown to agree to the

centimeter level.

1-8



1.3 Problem Statement

This thesis will investigate the use of an extended Kalman filter (EKF) to integrate an

INS, differential GPS, barometric altimeter, and radar altimeter for aircraft precision

approaches. The extended Kalman filter integration analysis will be performed using the

Multimode Simulation for Optimal Filter Evaluation (MSOFE), a filter evaluation program

[53]. In addition, the use of a single ground-based pseudolite to stabilize the vertical

channel of the GPS will be analyzed. A new precision flight profile for a small

instrumented rated aircraft will be developed using PROFGEN [52]. This profile will be

designed around a Piper Cherokee Warrior aircraft and will be referred to as a single

engine aircraft. This profile and a generic flight profile for a tanker size aircraft will be

used to provide flight information for the simulation runs. True, post-processed ephemeris

data [15] will replace the prior FORTRAN orbit functions used at AFIT [3,29,50,55,65].

The latitude, longitude, and altitude errors found by using the DGPS measurements will be

compared to those found by Gray [27] by using standard GPS measurements. This will

demonstrate the substantial improvements found by using DGPS.

1.4 Past Research at AFIT

Research at AFIT in this area began with the generation of computer models for INS,

GPS, and Range/Range-Rate System (RRS), along with the development of EKF software

to blend the information from these independent sources. This information was used to

generate a more accurate navigation solution than each source could generate

independently. Robert Gray modified this model, named it the Landing System Model

(LSM), and used it in his efforts to achieve a Category III precision approach landing. He
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was able to meet the requirements for a Category I and Category II landing under certain

conditions, but Category III accuracy could not be achieved using the basic GPS model in

the LSM. Gray also developed models for three different qualities of INSs, 0.4 nm/hr, 2.0

nm/hr, and 4.0 nrn/hr, to extend the information to a wide variety of aircraft. Research at

AFIT has also included the development of an accurate DGPS error model, since DGPS

may provide the accuracies required for a Category III landing (and other applications).

This research will modify the LSM to include the DGPS. From this point, the LSM will

be called the Differential Landing System Model (DLSM).

1.5 Scope

This research will focus on a simulation-based effectiveness study of GPS integrated

with an INS, barometric altimeter, radar altimeter, and pseudolites for aircraft precision

approach landings. The work will be limited to:

1. The development and integration of a DGPS model with existing INS,

barometric altimeter, radar altimeter, and pseudolite models [6,27,55].

2. The development of a flight profile for a single engine aircraft to demonstrate

the effectiveness of using DGPS for smaller aircraft.

3. Tuning the filter model for various jamming conditions. These will be utilized

eventually for multiple model adaptive estimators to detect the onset ofjamming, and to

adapt appropriately to the jamming.

4. The effectiveness of the integrated systems will be verified using a filter

evaluation tool (MSOFE).

The tasks involved are as follows:

1-10



a. Review prior AFIT thesis of Vasquez [72], Nielsen [56], Negast [55], Gray

[27], Mosle [50], and Hansen [29].

b. Study the ILS Category I, II and III precision approach techniques and

performance specifications used by Robert Gray in his research [27]. Investigate the

INS/GPS integration used in his research. Receive instruction from Captain David Kyger

[42], a pilot, on what is required during a precision landing. His experience will allow

much needed background into what is required with aircraft landing.

c. Study and utilize the developed flight profiles for an autoland at Wright-

Patterson AFB, OH. Wright-Patterson AFB was chosen based on its proximity to AFIT

and the readily available information about the airfield at the base. This will require the

study and use of Profile Generator (PROFGEN [52]), a software tool which simulates the

flight of an arbitrary vehicle responding to user defined maneuver commands. The two

flight profiles of interest from PROFGEN [52] include the use of the Boeing 707 (KC-

135) aircraft flight data used by Gray and the development of a single engine aircraft

profile based on a smaller commercial aircraft.

d. Study the current "truth model," a complete, complex mathematical model that

portrays true system behavior very accurately. Justify its continued use, update the GPS

information model and make any other adjustments which are required to yield an

accurate, validated model.

e. Investigate current DGPS information and modify the current GPS

measurement model to be representative of DGPS instead. This effort will constitute the
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major effort of this thesis. The current DGPS model will have to be checked for validity

before incorporation into the current simulation software packages.

f. Learn MSOFE, a generalized Monte Carlo simulation and covariance analysis

program integrated as one package. Generate the EKF based upon the truth model as a

"benchmark" of performance and analyze its capabilities. This learning process will

include the updating of the software developed by Gray to the latest version of MSOFE.

Once this upgrade has occurred, his work must be re-accomplished to verify software

integrity with the new version of the simulation package and to set a benchmark for future

comparisons as the DGPS filter is incorporated.

g. Simplify the system models by removing and combining states associated with

non-dominant effects. The work done by Gray [27], Negast [55], and Hansen [29] will be

used as a guide for model simplification.

h. Conduct a Monte Carlo analysis of each proposed Kalman filter and tune each

filter to provide the best possible performance. The Monte Carlo analysis will be the

primary software evaluation tool. It is based on the use of the EKF and that filter's

necessity to relinearize about each successive estimate of the state. This relinearization

enhances the adequacy of the linearization process and the resulting filter performance.

i. For each separate filter (standard GPS, DGPS), select a design and implement it

against the generated profile.

j. Analyze the results and compare the performance found to the current ILS, and

GPS (standalone).
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1.6 Assumptions

All theses are limited by the assumptions made, and no research can be adequately

evaluated unless these assumptions are clearly defined [50]. This section outlines the

assumptions that have been made in this thesis [27].

1. All work has been conducted through computer simulation. The "real" world in the

simulation is modeled as a full-order truth error-state model. The full-order truth and filter

design models are presented Chapter 3.

2. The INS platform is assumed to be stabilized with a barometric (baro) altimeter. An

INS platform is unstable without an outside measurement source in the vertical channel

[10], and the baro altimeter is a commonly used method to stabilize the vertical channel.

The use of the baro altimeter is included in the modeling of the system.

3. This thesis will use the radar altimeter as an independent measurement device to feed

additional information to an extended Kalman filter. Most commercial and military

aircraft do not combine this information with other navigation data, but use it in a stand-

alone mode. The radar altimeter measurements will be utilized at altitudes below 3000 feet

above ground level (AGL).

4. A sample period of one second has been chosen (unless otherwise noted) for the EKF.

The sample period refers to how often the GPS and radar altimeter measurements will be

brought into the EKF. The decision to use one second sample period is the author's

choice based primarily on the typical availability of the GPS measurement in the real

world. Though faster GPS outputs are available, a one second sample period is chosen as

a good, representative design choice.
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5. The computer simulations have been developed using a program called Multi-mode

Simulation for Optimal Filter Evaluation (MSOFE) [53]. MSOFE is well-established Air

Force software to develop and test linear and extended Kalman filter algorithms.

6. The computer-simulated flight profile has been generated by the program PROFGEN

[52]. PROFGEN is designed to work with MSOFE to provide the necessary data files to

simulate dynamic flight profiles.

7. The plotted outputs are generated by the commercial software package MATLAB

[67].

8. The SV ephemeris data using System Effectiveness Model (SEM) [ 19] software was

obtained from the Coast Guard BBS. The ephemeris data is post-processed by the U.S.

Department of Commerce, National Geodetic Information Branch [15].

9. Ephemeris data was incorporated into PROFGEN's binary output "FLIGHT" profile

by making adaptations to existing FORTRAN source code [64].

10. The four SVs chosen to range during operation of MSOFE and the FLIGHT profile

are chosen based on the indicated results of the System Effectiveness Model (SEM3.6)

software from [19] based on position dilution of position (PDOP) criterion less than 2.5.

PDOP is based on the geometry of the satellites in reference to the aircraft. The smaller

the PDOP, the better the geometry and the resolution of the position errors at the aircraft.

11. The simulation software, MSOFE and MATLAB, has been coded to run in double

precision to increase the numerical stability and precision of the simulation. MSOFE

software utilizes a U-D factorization algorithm to increase the numerical stability in the

Kalman filter measurement update equations [46,53].
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12. The MSOFE runs are conducted using 15-run Monte Carlo analyses. While a larger

batch size for the Monte Carlo analysis would be preferable, this value has been chosen to

keep the computational burden of the thesis within reasonable bounds, while maintaining

adequate confidence the resulting sample statistics properly reflect the true statistics [27].

13. Taylor series approximations truncated at first order are used for linearizing nonlinear

equations in the NRS and DLSM filter.

14. It will be assumed for this thesis that, when radar altimeter measurements are

available, the earth's surface will be modeled as flat and referenced approximately to the

INS indicated altitude (referenced to WGS-84 ellipsoid). This assumption needs to be

"upgraded" to a more realistic radar altimeter scenario at a later time by possibly using a

database that contains "height of terrain" for specific locations on the earth.

15. The INS will have had a "normal" 8-minute alignment and nominal flight of 60

minutes duration prior to the terminal approach phase under investigation. "Normal" also

means the INS has not been degraded nor enhanced by any means.

16. Four SV are always available, with an average PDOP of 2.1. The SEM 3.6 software

selects the four best satellites available at a given time and these satellites are used without

interruptions. Although some current GPS receivers allow access to more than four SVs

simultaneously, all performance evalutions in this research are based on using only the four

best satellites.

17. The transport aircraft flight profile will:

a. Always be at less than 0.9g during entire flight.

b. Have a takeoff speed of 150 knots.
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c. Have a landing speed of 133 knots at a 3 degree glideslope.

d. Airspeed above 10,000 will always be greater than 250 knots.

e. Change altitude at a rate 4000 ft/min (maximum).

f. Follow the approach plate for Wright-Patterson AFB, OH.

18. The small aircraft flight profile will:

a. Always be at less than 3.Og during entire flight.

b. Have a takeoff speed of 50 knots.

c. Have a landing speed of 50 knots at a 3 degree glideslope..

d. Change altitude at a rate 500 ft/min (maximum).

e. Follow the approach plate for Wright-Patterson AFB, OH

The approach plate of WPAFB calls for the aircraft to be transitioned to the Wright-

Patterson (FFO) procedure track, approximately 11 nm from the runway. The aircraft

then follows the arc-turn to heading 2330. During inbound transition, the aircraft must

maintain a minimum altitude of 3000 ft mean sea level (MSL). At approximately 5.6 nm

from the VORTAC DME station, the aircraft maintains a minimum of 2200 ft MSL which

is the glide slope intercept altitude. At approximately 0.5 nm from the runway end, the

pilot's VORTAC DME would indicate 2.1 nm. The aircraft continues its 3' ILS

glideslope to touchdown. FFO is only certified for a Category I precision approach. The

approach plate shows, "S-ILS 23R 1025/24 200." This information states it is a

"Precision, straight-in to Runway 23 (right-hand side); the decision height (DH) MSL is

1025 ft with prevailing visibility (runway visible range in 100's of feet) of 24." "Height of

DH above touchdown zone (HAT) is 200 feet." For a precision ILS approach, the pilot:
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" Transitions to the ILS Localizer Course from the published approach procedure

" Tunes the ILS and monitors the proper identifier during the entire approach

" Sets the published localizer course prior to localizer course interception

" Accomplishes the Approach

" Once the localizer course is intercepted, he or she maintains glide slope

interception altitude until reaching the glide slope intercept point.

" Maintains a complete instrument cross-check throughout the approach, with

increased emphasis on the baro altimeter and radar altimeter (decision height

(DH) is based on the altimeters).

" Establishes a systematic scan for the runway environment prior to reaching

DH.

* Continues descent to DH.

Note: The precision ILS approach must be discontinued if the localizer course becomes

unreliable, or any time full-scale deflection of the pilot's control display indicator (CDI)

occurs on final approach [17]. The pilot must not descend below localizer minimums if

the aircraft is more than one dot (half scale) below or two dots (full scale) above the glide

slope. One dot is 2.50 and two dots is 5' . If the glide slope is recaptured to within the

above tolerance, descent may be continued to DH.

A block diagram of the NRS [50,55] is shown in Figure 1 - 1. A block diagram of the

DLSM is shown in Figure 1 - 2. A "walk-through" of Figures 1 - 1 and 1 - 2 can be found

in Chapter 3, Section 3.1 and Section 3.3 respectively.
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Figure 1 - 2. Differential Landing System Model (DLSM) Simulation
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1.7 Summary

This chapter has given an overview of the thesis plan to develop an integrated

DGPS/INS/Barometric and Radar Altimeter System for aircraft precision approaches.

The background for the necessity of such a system, the various system integrations, past

research, the project scope, and all assumptions were presented. The reference frames

used in this project, as well as the INS, GPS, DGPS, baro altimeter, and radar altimeter

subsystems, are presented in Chapter 2, along with a discussion of Kalman filter

algorithms. Chapter 3 presents the DLSM and Chapter 4 presents the results and analysis

of the DLSM performance. Conclusions and recommendations for future research are

presented in Chapter 5.
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II. Background

21 Introduction

The background presented in this section includes the basic theory on a ring laser gyro

(RLG), an Inertial Navigation System (INS), a Global Positioning System, a Differential

Global Positioning System (DGPS), a barometric altimeter and a radar altimeter.

Information on ILS precision approaches, Kalman filter, and extended Kalman filter (EKF)

theory will also be discussed. More information on Kalman filter development and uses

may be found in [45,46,47]. Deterministic and stochastic processes used in this section

will presented in roman typeface. Vectors will be displayed in bold-faced type, x, and

scalars will be shown in normal type, x. Matrices will be displayed in bold-faced upper

case, X. A particular realization of a variable will be displayed in italics, x. The credit for

the development of large portions of this chapter belongs to Gray [27].

2.2 RLG Strapdown INS

An RLG strapdown INS provides aircraft information on the present position, bearing,

velocity, and distance from destination. An inertial navigatior is a self-contained, dead-

reckoning navigation aid using inertial sensors, a reference direction, an initial and/or

subsequent fixes to determine direction, distance, and speed; single integration of

acceleration provides speed information and a double integration provides distance

information [36].

A strapdown system is a type of inertial navigator characterized by the lack of a gimbal

support structure [10]. The non-gimbaled INS is advantageous because no moving parts

are required to keep a stable element level. Without the moving parts, the system is less

prone to failures and cheaper to build. Also, when gyro failures occur in a strapdown
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system, the gyros may be replaced; the entire inertial measurement unit (IMU) would

have to be replaced in a gimbaled system. The disadvantage with a strapdown system is

the platform is physically strapped to the aircraft body. This forces the gyroscopes,

accelerometers, and strapdown computer algorithms to be rugged enough to maintain

integrity in whatever harsh dynamic environment the aircraft may encounter. The sensors

must also provide precise measurements over a substantially larger range of values than

would a similar sensor on a gimbaled platform.

The strapdown system is mechanized by mounting three gyros and three

accelerometers directly to the vehicle for which the navigation function is to be provided.

More than three of each can be used to provide enhanced reliability through redundancy.

A digital computer is used to keep track of the vehicle's attitude with respect to some

reference frame, based on information from the gyros. This enables the computer to

provide the coordinate transformation necessary to coordinatize the accelerometer outputs

in a desired computational reference frame, such as East-North-Up or wander azimuth

[27].

To provide navigation information, the RLG detects and measures angular rates by

measuring the frequency difference between two counter-rotating (laser) beams [32]. The

two laser beams circulate in a ring-shaped optical cavity simultaneously. The beams are

reflected around the optical cavity using mirrors. The resonant frequency of a contained

laser beam is a function of its optical path length. Since the path traveled by each of the

beams is identical, the two laser beams have the same frequencies when the gyro is at rest.

If the cavity is rotating in an inertial sense, the propagation times of the two light beams

are different. The delay in the propagation time manifests itself in the form of a phase shift
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between the two beams, and the phase shift is detected by a pair of photo detectors. The

magnitude of the phase shift provides a direct indication of the angular rate of rotation of

the instrument with respect to inertial space [60,65].

2.3 Barometric Altimeter

Errors in navigation information from an INS are due in part to the inherent instability

present in the vertical channel. This instability results in unbounded error growth in

vertical position and velocity [3,10,26,58]. The instability may be controlled by aiding the

vertical channel with a barometric (or other type of) altimeter. The barometric altimeter

provides external altitude information and stabilizes the vertical channel [10].

The barometric altimeter is probably the simplest way to measure the altitude of an

aircraft. The pressure of the Earth's atmosphere decreases as height above the earth

increases. Barometric altimeters provide altitude information based on the pressure

differences. Barometric altimeters are most inaccurate when ascending or descending at

rapid rates but are realtively low in cost [ 17].

2.4 Global Positioning System (GPS)

GPS navigation presents opportunity for standardized worldwide civil aviation

operations using a common navigation receiver [24]. GPS is a space-based positioning,

velocity and time system that has three major segments: Space, Control and User.

2.4.1 GPS Space Segment

The GPS Space Segment is composed of 24 satellites in six orbital planes. The

satellites operate in near-circular 20,200 km (10,900 NM) orbits at an inclination angle of

55 degrees and with z12-hour period. The spacing of satellites in orbit is arranged so that

2-3



a minimum of five satellites will be in view to users worldwide, with a position dilution of

precision (PDOP) of six or less. PDOP is a measure of the error contributed by the

geometric relationships of the GPS satellites as seen by the GPS receiver [ 18]. PDOP is

mathematically defined as:

PDOP = (a 2 + cr2 + C2)1 / 2 (2.1)

where a x , a and a z are the variances of the estimated user position to each exis [58]. A

definition for pseudorange measurement is defined in Section 2.4.3. Each satellite

transmits on two L band frequencies, Li (1575.42 MHz) and L2 (1227.6 MHz). Li

carries a precise (P) code and a coarse/acquisition (C/A) code. L2 carries the P code. A

navigation data message containing the important information about about each satellite is

superimposed on these codes. The same navigation data message is carried on both

frequencies.

2.4.2 GPS Control Segment

The Control Segment has five monitor stations, three of which have uplink capabilities.

The monitor stations use a GPS receiver to track all satellites in view passively and thus

accumulate ranging data from the satellite signals. The information from the monitor

stations is processed at the Master Control Station (MCS) to determine satellite orbits and

to update the navigation message of each satellite, This updated information is

transmitted to the satellites via the ground antennas, which are also used for transmitting

and receiving satellite control information.
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2.4.3 GPS User Segment

The User segment consists of an antenna and receiver processors that provide

positions, velocity and precise timing to the respective user. Computing the user's

positional information typically requires simultaneous solution of the following four

nonlinear position equations [18]:

(xI -u.) 2 +(y, -uy) 2 +(z1 -u,) 2 =(R 1 -CB) 2

(X 2 -U)
2 +(Y 2 -Uy)

2 +(Z 2 -U,)
2 =(R 2 -CB)

2

(X3 -U)
2 +(y 3 -Uy)

2 +(Z 3 U-U)
2 =(R 3 -CB)

2

(x 4 -u") 2 +(y 4 -u,) 2 +(z 4 -u) 2 =(R 4 -CB) 2

where the pseudorange, Ri=1,2,3,4 to each satellite is defined as

R = cAt1
R 2 = cAt 2

R 3 = cAt 3

R 4 = cAt 4

and

c = speed of light

Ati=l,2,3,4= signal transmit time as measured by the receiver

xi=12,3,4, Yi=1,2,3,4, zi=1,2,3,4 are respective i-th satellite

positions

Ux, uy, uz is the user position the GPS user

equipment is solving numerically and recursively

CB = the user clock bias (user equipment solves)
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Normally the user equipment needs to acquire and maintain lock on at least four

satellites in order to compute a 3-D position fix [49] and the clock bias CB. The GPS

pseudorange between the user and each satellite is computed based on knowledge of time

(the master GPS clock) and the unique signal format which is broadcast by each satellite.

Part of the problem is that the user clock is not identical to the master clock. Once the

four pseudo-ranges are known, a recursive algorithm is solved to compute the user's

position [49]. See [18] for further references.

2.4.4 Satellite Vehicle Data Using SEM 3.6

In his research [27], Gray made use of true SV ephemeris data as an input to MSOFE

rather than utilizing the MSOFE subroutine to generate generic SV data. The ephemeris

data used was obtained from the National Geodetic Office. The SV ephemeris used in the

DLSM simulation was selected based upon the best four SV available for a random day by

the System Effectiveness Software (SEM) 3.6 [19] software package. The four SVs

chosen were based on:

* Random day (21 May 94 ) selected.

(GPS week 749, Day of year 141).

* GPS Almanac data file "051994A.AL3" (See Appendix H) was obtained

(downloaded) via the Coast Guard Bulletin Board Services (CGBBS).

* LAT/LONG/ALT along the Tanker flight profile was noted and entered

in SEM 3.6.

Best 4 SV based on PDOP algorithm

50 mask angle
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* Scenario duration: 2 hours [Begin time 04:00 UTC

(Coordinated Universal Time or 08:00 Eastern time)]

The best four SVs are then numerically displayed to the user. The mask angle was

chosen as 50 based on the author's experience. Thus, all satellites in view above a 50

angle made from the GPS antenna surface (mask angle) on 21 May 94 between the hours

of 04:00 - 06:00 Greenwich mean time are available for use. For further information of

SEM 3.6 software and SEM 3.6 output plot format, see [19].

2.5 Differential GPS (DGPS)

Differential GPS is a method of achieving higher GPS accuracies in position

measurement in a local area. The basic principle behind DGPS is based on the fact that a

large portion of pseudorange measurement errors are correlated between two nearby

receivers tracking a given satellite. A single DGPS reference station at a known location

can compute a range error correction for each GPS satellite in view. The error

corrections may then be broadcast to users in the vicinity of the reference receiver. A user

can typically improve 3-D positioning accuracy from 100 meters for a standard GPS down

to the 2 - 5 meter level by applying the corrections to the signals received. The accuracies

do decrease as the distance between the user and the reference station increases. Beyond

a separation distance of 100 kilometers, a range error correction is not sufficiently

accurate to realize the full potential of DGPS [55,58].

Work accomplished by William Negast at AFIT has demonstrated the effectiveness of

using differential corrections to increase GPS precision. He was able to eliminate the

satellite vehicle (SV) clock error from each pseudorange measurement, and the SV

position errors was nearly eliminated. The atmospheric propagation errors can be almost
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totally eliminated when the two GPS receivers are within 200 miles of each other [55].

The work by Negast provided the new DGPS error model used in this effort. Detailed

equations for DGPS and explanations for the errors removed from standard GPS after the

application of DGPS corrections are presented in Section 3.4.3.

2.6 Radar Altimeter

A radar altimeter provides measurement of absolute clearance over all types of terrain

[31]. The system operates by measuring the time it takes for an electromagnetic energy

pulse to travel from the aircraft to the terrain below and return to the aircraft. Radar

altimeters are normally all-weather devices. Performance specifications (3-a) are typically

± [3ft + 3% of altitude range], with ± 300 pitch and ± 450 roll maneuverability at or above

ground level (AGL) heights, which typically vary from 0 feet to 10,000 feet. Figure 2 - 1

provides an elementary block diagram of this operation.

Height indicator

f
STransmitter, ] I Range computerl R e c e iv e r

IAntennal Antenna
RFtransmission

Figure 2 - 1. Elementary Radar Altimeter Block Diagram
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2.7 Instrument Landing System (ILS) Precision Approach

An instrument approach, by definition [36], is the process of making an approach to a

landing by the use of navigation instruments without dependence upon direct visual

reference to the terrain. The Instrument Landing System (ILS) is designed to provide an

approach path for exact alignment and descent of an aircraft on final approach to a runway

[17]. The ground equipment consists of two highly directional transmitting systems, and

along the approach, three (or fewer) marker beacons. The directional transmitters are

known as the localizer and glide slope transmitters. See Figure 2 - 2.

The localizer transmitter, operating on one of the 40 1LS channels within the frequency

range of 108.10 MHz to 111.95 MHz, emits signals which provide the pilot with course

guidance to the runway centerline in the horizontal plane. The localizer signal is usable

and accurate to a range of 18 nautical miles (NM) from the localizer antenna unless

otherwise depicted on the Instrument approach procedure (lAP) [17]. See Figure 2 - 2.

The ultra high frequency glide slope transmitter, operating on one of the 40 ILS

channels within the frequency range 329.15 MHz to 335.00 MHz, radiates its signals

primarily in the direction of the localizer front course, i.e., so as to measure angular

vertical displacement from the desired glide path, as seen from the side. The glide slope

signal is usable to a distance of 10 NM unless otherwise depicted on the Instrument

approach procedure (IAP) [17].

A marker beacon light and (or) aural tone may be included in the cockpit display to

indicate aircraft position along the localizer. The marker beacons are identified by

continuous dashes for the outer marker, alternating dashes and dots for the middle marker,

and continuous dots for the inner marker (see Figure 2 - 2). Precision ILS Approaches
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ILS Precision Category Horizontal Accuracy Vertical Accuracy

1 ± 56.1 ft +13.5 ft

2 ± 17.1 ft +5.6ft

3 ± 13.5 ft +2.0 ft

Table 2 - 1. 2-a Precision ILS Approach Criteria at Decision Height

follow the 2-c decision height accuracy shown in Table 2 - 1.

2.8 Reference Frames

A navigation "solution" has significance only if the corresponding frame in which the

solution is expressed is clearly understood [65]. While the preceding statement may seem

obvious, it cannot be overemphasized. Consider that a typical INS "owner's manual"

defines earth frame, true frame, computer frame, platform frame, sensor frame,

accelerometer frame and the body frame [41,65]. From a student's perspective this may

at first be overwhelming, but to make matters worse, another INS vendor may well define

every frame mentioned above, such as "earth frame" in an entirely different manner!

Therefore, the frames used in this project and the coordinate transformations, will briefly

be discussed (all reference frame figures with permission from [8]). All the figures are

presented at the end of Section 2.8

2. 8.1 Inertial Frame (x, y', zi)

An inertial frame is an orthogonal, right-handed coordinate system; its origin is

coincident with the earth's center-of-mass and the frame is oriented as follows. The xi, zi

plane lies in the earth's equatorial plane and does not rotate with respect to the fixed stars.
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The y' axis projects from the earth's center-of-mass directly through the North pole. The

inertial frame is depicted by the [xi, y', zi] frame shown in Figure 2 - 3.

2.8.2 Earth Frame (xe, ye, Ze)

The earth frame or "earth-centered-earth-fixed" (ECEF) frame is an orthogonal, right-

hand coordinate system; its origin is coincident with the earth's center-of-mass, with the

x, z' plane located in the earth's equatorial plane. The z' axis is aligned with the

Greenwich meridian and rotates at exactly the earth rate, 0, about the ye axis, which

projects from the earth's center-of-mass directly through the North pole. The Earth frame

is depicted as [xe, ye, Ze] in Figure 2 - 4.

2.8.3 Geographic Frame (xg, y9, Z') = (E, N, U)

The geographic frame or "local-level" frame is an orthogonal, right-handed coordinate

system; its origin is at the location of the INS (or the user), and its axes are aligned with

the East, North and Up directions [E, N, U]. The geographic frame remains

perpendicular to the earth's surface with respect to the earth's gravity field as the user

moves over the Earth. The geographic frame is depicted as either [x9, y9, z9] or [E, N, U]

in Figure 2 - 5.

2.8.4 Navigation Frame (xn, y", zn)

The navigation frame or "local-level-wander-azimuth" frame is an orthogonal, right-

hand coordinate system; its origin is at the location of the INS (or the user). This frame

coincides with the geographic frame when the wander angle, a equals 00. The wander

angle is a computed angle between a "scribe mark" on a wander azimuth angle platform
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and North. For gimbaled systems, the platform is purposely not commanded to seek

North, due to the high platform angular rates that this would require in polar regions,

with resulting performance degradation [3,65]. The navigation frame is denoted as [xn, yD,

zn] shown in Figure 2 - 6.

2. 8.5 Body Frame (xb, yb, Zb)

The body frame is an orthogonal, right-hand frame; its origin is at the vehicle (i.e.,

aircraft) center-of-mass. Its axes are the vehicle's roll, pitch, and yaw axes [If, 0, ly]. The

xb axis points in the forward direction, along the roll axis; the yb axis points to the right

(starboard side) of the aircraft, perpendicular to the roll axis, but along the pitch axis; and

the zb axis is positive out the underside of the aircraft. The body frame is denoted as [xb,

yb zb] and is shown in Figure 2 -7.

INERTIAL FRAME (xi, yi z)

EARTHS ANGULAR VELOCITY
VECTOR El

" EARTH

'/'- ENTER

VERNAL

EQUINOX XIUA OR A

PLANE

Figure 2 - 3. Inertial Frame
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LOCAL LEVEL, WANDER AZIMUTH, NAVIGATION FRAME (x", y11, z1n

PLANE

Figure 2 - 6. Navigation Frame

BODY FRAME (xb ylb zb)

Figure 2 - 7. Body Frame
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2.9 Reference Frame Transformations

The RLG INS modeled in this thesis uses the navigation frame or "local-level-wander-

azimuth" frame. It is often necessary to express vectors such as position, attitude, velocity

or acceleration in terms of several different reference frames. As an example, the INS

modeled in this thesis also outputs position error in terms of an error-angle vector, [80x,

80y, 50,, 8 h]T, where 80, is the error angle about the local level xg (or E) axis, 50y is the

error angle about the local level yg (or N) axis, 50, is the error about the local level z' (or

U) axis, and 8h is the altitude error [3,41]. Even though this definition is clear, if the

error-angle vector is to have physical meaning, it must be transformed into a vector in

navigation error terminology, [&1, 8k, 6a, 5h]T, where 5 is the error in latitude, 8% is

longitude error, 5ac is alpha (wander) angle error and 8h is again the altitude error.

taErrorAngle , permits compact transformation of the

error-angle vector into an equivalent expression in navigation error space. The

transformation matrix, CNavigation Error is shown below in Equation (2-2) [3,65]:"Error Angle

-cosa sina 0 0 1
Cr.aigi,,,Error sina sec cosa sec 0 0 (2.2)E rorAngle -sincatan -cosa tan 1 0

0 0 0

= latitude
cx = alpha angle

Other transformations are as follows (from [8]):
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2.9.1 Inertial Frame to Earth Frame, Ci

-cosft 0 -sinQt]

C j 0 1 0 (2.3)

Lsinflt 0 cosft

t -> when t = 0, x-axis of ECEF frame equals x-axis of inertial frame

2.9.2 Earth Frame to Geographic Frame, Cg

1 0 0 ]cosX 0 -sin X
C9 0 cos4 -sinj 0 1 0

sine cos sin X 0 cos(

Cos 0 -sin(2.4)

=-sin~sink cos€ -sin~cosk

cos€ sin), sine cos4 cosj
where

X = longitude
¢ = latitude

a = alpha angle

2.9.3 Earth Frame to Navigation Frame, C"

Ca sina 0 1 0 0 Cos x 0 -sink]

c:"=-sina CosaIL 0 c5s: -sin i 0 1 0
k 0 0 1 0 sine cos .JL sin k 0 Cos) (

Cosa cos% - sina sine sink sina cos€ -cosa sink - sina sine cos (

= -sina cosX -Cosa sin sink Cosa eos¢ sina sinX - Cosa sin Cos,

cos€ sink sine Cos€ cos x

where

= longitude
= latitude

a= alpha angle
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2.9.4 Geographic Frame to Navigation Frame, C'

cosa sina 01
Cg -sina cos 0 (2.6)

0 0 1

where
x = alpha angle

2.9.5 Geographic Frame to Body Frame, Cb

1 0 0 cosO 0 -sine]O cosy sinxV 0 0 1 0
0 0 1  -11

Cg = cos p sin p 0 1 0 l-sin~i cosq 01 00
-0-sinp cosp]LsinO 0 cosO 0 L0o o 1 0o -1- 27n cosO sin cosO cosy sinO 1 (2.7)

= sin p sinO sinxv + cosp cosyV sin p sinO cosy - cosp siny - sin p cosO

Lcos p sinO sinw - sin p cosW cos p sinO cosxV + sin p siny - cos p cosO _

where
p = roll

0 = pitch
= geographic heading

2.9.6 Navigation Frame to Body Frame, Cn

1l 0 0 cosO 0 -sinO cosxV p sinN p 0]0 1 0
C = cos p sin p 0 1 0 -sinW p cos p 0 1 0 0

0 -sinp cospjsinO 0 cosO j 0 0 1-0 0 -ij
cosO sin p cosO cosW P sinO 1(2.8)

= [sinpsinOsinWp +cospcosxj, sinpsinecosw p-cospsinxVp -sinpcosO

LcospsinOsinjp-sinpcosxjp cospsinOcosx +sinpsinxjV -cospcosOj

where

p = roll
0 = pitch

Sp = platform heading
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2.10 Kalman Filter Theory

2.10.1 What is a Kalman Filter?

A Kalman filter is simply an optimal recursive data processing algorithm [45] that can

be shown to be optimal by essentially any standard, given the appropriateness of several

underlying assumptions. These assumptions are that the system in question can be

adequately modeled as linear with white, Gaussian system and measurement noises.

One aspect of the word "optimal" is that the Kalman filter can incorporate all

information (measurements) provided to it [45]. It processes all available measurements,

regardless of their precision, to "estimate" the current value of the variables of interest

with use of (from [45]):

* Knowledge of the system and measurement device dynamics

* The statistical description of the system noises, measurement errors and

uncertainty in the dynamics models.

* Any available information about inertial conditions of the variables of

interest.

For example, to determine the velocity of an aircraft, one could use a Doppler radar, or

the velocity indications from an inertial navigation system, or the pitot and static pressure

and relative wind information in the air data system. Rather than ignore any of these

outputs, a Kalman filter could be built to combine all this data and knowledge of the

various systems dynamics to generate an overall best estimate of velocity. Another way a

Kalman filter is optimal is that it obtains the best estimate of desired quantities from data

provided by a noisy environment. Here the word "optimal" means that the Kalman filter

minimizes errors in essentially all respects, and it does so recursively. The word recursive
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means that, unlike certain data processing concepts, the Kalman filter doesn't require all

previous data to be kept in storage and reprocessed every time new measurements are

taken.

To "see" how a Kalman filter works, a simple example taken directly from [45] will be

presented. It is included here because it helped the author understand the concept of a

Kalman Filter in his AFIT studies.

2.10.2 Kalman Filter Example

Suppose that you are lost at sea during the night and have no idea at all of your

location. So you take a star sighting to establish your position (for the sake of simplicity,

consider a one-dimensional location). At some time t1 you determine your location to be

z1 . However, because of inherent measuring device inaccuracies, human error, and the

like, the result of your measurement is somewhat uncertain. Say you decide that the

precision is such that the standard deviation (one-sigma value) involved is aT, (or

-I x
Figure 2 - 8. Conditional Density of Position Based on Measured Value z,
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equivalently, the variance, or second order central statistic, is or2 ). Thus, you can

establish the conditional probability of x(t 1), your position at time tj, conditioned

on the observed value of the measurement being zl, as depicted in Figure 2 - 8. This is a

plot of f,(t,1 z(t ) (xlzi )as a function of the location x: it tells you the probability of being

in any one location, based upon the measurement you took. Note that acz is a direct

measure of the uncertainty: the larger aCz is, the broader the probability peak is, spreading

the probability "weight" over a larger range of x values. For a Gaussian density, 68.3% of

the probability "weight" is contained within the band a units to each side of the mean, the

shaded portion in Figure 2 - 8.

Based on this conditional probability density, the best estimate of your position is

i(i) = zi (2.9)

and the variance of the error in the estimate is

CY 2(t ) = cy (2.10)

Note that i is both the mode (value that locates the peak) and the median (value with 1/2

of the probability weight to each side), as well as the mean (center-of-mass).

Now say a trained navigator friend takes an independent fix right after you do, at time

t2 -- t (so that the true position has not changed at all), and obtains a measurement z2

with a variance 2 . Because he has a higher skill, assume the variance in hisZ2 •

measurement to be somewhat smaller than in yours. Figure 2 - 9 presents the conditional

density of your position at time t2 , based only on the measured value z2. Note the
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narrower peak due to smaller variance, indicating that you are rather certain of your

position based on his measurement.

At this point, you have two measurements available for estimating your position. The

question is, how do you combine these data? It can be shown that, based on the

assumptions made, the conditional density of your position at t2 = ti, x(t 2 ), given both

z, and z2 , is a Gaussian density with mean t and variance cy2 as indicated in Figure 2 - 10

with

= 2 , + 2 2 (2 .11)1 U Z C Z 1 Z + ' ]"z2 7

L (1 ) ..4 (X Z2)

z1  x

Z I Z
2

Figure 2 - 9. Conditional Density of Position Based on Measurement z2 Alone
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Figure 2 - 10. Conditional density of position based on data z1 and z2

1 1 1I 1(2.12)(2 U-- -(Y2 ,
CI  z2

Note that, from (2.12), a" is less than either az or aZ2 which is to say that the uncertainty

in your estimate of position has been decreased by combining the two pieces of

information.

Given this density, the best estimate is

(' = (2.13)

with an associated error variance a2 . It is the mode, the median and the mean (or, since it

is the mean of a conditional density, it is also termed the conditional mean). Furthermore,

it is also the maximum likelihood estimate, the weighted least squares estimate, and the

linear unbiased estimate whose variance is less than that of any other linear unbiased
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estimate. In other words, it is the "best" you can do according to just about any

reasonable criterion.

After some study, the form of p. given in (2.11) makes good sense. If acz were equal

to CyZ 2, which is to say you think the measurements are of equal precision, the equation

says the optimal estimate of position is simply the average of the two measurements, as

would be expected. On the other hand, if az, were larger than yZ2, which is to say that

the uncertainty involved in the measurement z1 is greater than that of z2, then the equation

dictates "weighting" z2 more heavily than z1. Finally, the variances of the estimate is less

than az, even if caZ2 is very large: even poor quality data provides some information, and

should thus increase the precision of the filter output.

The equation for i(t 2 )can be rewritten as

2,21

z . +](2.14)- ~o+ aj...2Z
zl z zz

or

21

--+ + 2 z-zj (2.15)

or, in final form that is actually used in Kalman filter implementations (noting that

i (ti z1) ,

(t 2 = i(t 1 ) + K(t 2 )[z 2 - i(t 1 )] (2.16)

where

CY2

K(t 2 ) = 2 + 2 (2.17)
2 Z Z2
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These equations say the optimal estimate at t2 , ' (t 2 ), is equal to the best prediction of its

value before z2 is taken, (t 1 ), plus a correction term of an optimal weighting value times

the residual difference between z2 and the best prediction of its value before it is actually

taken, i (t1 ). It is worthwhile to understand this "predictor-corrector" structure of the

filter. Based on all previous information, a prediction of the value that the desired

variables and measurement will have at the next measurement time is made. Then, when

the next measurement is taken, the difference between it and its predicted value is used to

"correct" the prediction of the desired variables.

Using the K(t 2 ) in Equation (2.17), the variance equation given by (2.12) can be

rewritten as

2  C 2 K(t 2 )or(t 1 ) (2.18)CTx U2) = Krxttl) (til2.8

Note that the values of i ( t2 ) and ar2 (t 2 ) embody all the information in

fx(t2 Iz(/),z(t2)(xjz ,z 2 ). Stated differently, by propagating these two variables, the

conditional density of your position at time t2 , given z1 and z2, is completely specified.

Thus we have solved the (static) estimation problem example from [45]. This will be

of vital importance to the practicality of filter implementation. The filter is plain and

simple, "just a computer program in a central processor" [45]. If the reader needs a further

example detailing dynamics and propagations, see [45].

2.10.3 Linear Kalman Filter:

Whenever possible, a system will be modeled as a set of linear differential equations of

the form [45]:

2 - 25



i(t) = F(t)x(t) + B(t)u(t) + G(t)w(t) (2.19)

where:

x = "state" vector (n-dimensional)

F = homogenous state dynamics matrix (n x n)

B = control input matrix (n x r)

u = deterministic control input vector ( r-dimensional)

G = driving noise input matrix (n x s)

w = white Gaussian driving noise vector (s-dimensional)

Because the deterministic control term B(t)u(t) is zero in this research, it will be ignored

hereafter. The expected value (i.e. mean), of the white Gaussian driving noise vector,

w(t) is:

E{w(t)} 0 (2.20)

and the noise strength is Q(t):

E{w(t)wT(t +t)} = Q(t)5 (,r) (2.21)

where 5 (.) is the Dirac delta function.

While Equation (2.19) is written in terms of "whole" value state variables, the models

used in the thesis are those of error states. This choice of state variable results in simpler

dynamics equations [10], and (2.19) may be rewritten as [45]:

8i(t) = F(t)&x(t) + B(t)u(t) + G(t)w(t) (2.22)

where x(t) has been replaced by the error state vector 8x (t), and all other quantities retain

their previous definitions. The topic of error states is explored more fully in the section on

extended Kalman filters.
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As previously stated, the Kalman filter incorporates sampled-data measurement

information from external measuring devices. Irrespective of the type of measuring

device, the equation which is used to describe linear measurements is of the form [3]:

z(ti) = H(ti)x(ti) + v(ti) (2.23)

or, in the case of error-state models:

8z(ti) = H(ti)8x(ti) + v(ti) (2.24)

where, in both cases above, H is the observation matrix, and v is a discrete-time zero-

mean white Gaussian measurement noise vector with covariance given by [45]:

E{v(t,)vT(t ) I= {R(t)fort = (2.25)
0 fortj t t(

The Kalman filter "propagates" the error state and its covariance from the instant in

time immediately following the most recent measurement update, t+, to the instant in time

immediately preceding the next measurement update, t,-+1, by numerical integration of the

following equations [45]:

i(t / ti) = F(t)i(t / ti) (2.26)

P(t / ti) = F(t)P(t / ti) + P(t / ti)FT(t) + G(t)Q(t)GT (t) (2.27)

The notation for i(t / t ) and associated error covariance P(t / ti) indicate the best

estimate of x and P at time t, based on measurements through time ti. Initial conditions

are given as

i(t / ti) = i(t + ) (2.28)
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P(t i / ti) P(t + ) (2.29)

as provided by the measurement update cycle at time ti . The variables ti and tj+1 indicate

the initial and final times for each integration period, respectively.

After propagation, i(ti+1 / ti ) = i(t-+l) and P(tj+1 / ti) = P(t-+l)are "updated"

(meaning that state estimates are revised, based on new measurement information). The

pivotal element in the update equations for sample time t, shown below is the time-

varying Kalman filter gain K(t i ). The K(t i ) matrix assigns "weights" to the

"measurement residual" (the residual consists of the difference between the actual

measurement and the filter's prediction of the measurement) based on known measurement

noise statistics and filter-computed state error covariance from the previous time step.

This process is designed to improve the estimate of each element of the state vector. The

update equations are [45]:

K(ti) = P(t )H(t){HQ1 )p(t P )HT(ti) + R(t)} -1  (2.30)

i(ti+) = i(t[-) + K(tj ){z, - I-(t )i(tj)]} (2.31)

P(t + ) = P(t-) - K(ti)H(t)P(ty-) (2.32)

Although the algorithm shown above is generally applicable to any problem which

lends itself to a Kalman filtering solution, it is not necessarily the algorithm which is used

in practice. It is often advantageous to use a form of the algorithm known as the U-D

factorization form [45]. In the U-D algorithm, the filter covariance matrix is not

propagated as a single square array. The U and D matrices below representing the pre-

and post-measurement filter covariances, respectively, are explicitly computed instead

[45]:
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P(t7) = U(ty)D(t )U(ty) (2.33)

P(ti-) = U(t)D(t7)U(t ) (2.34)

where the U matrices are upper triangular and unitary (and thus contain ones along the

main diagonal), and the D matrices are simply diagonal [45]. This form offers several

advantages, including numerical stability, improved precision, and guaranteed non-

negativity of the computed covariance's eigenvalues [45]. It is the U-D form of the

Kalman filter algorithm which is implemented in the MSOFE software [53] that is used in

this research.

2.10. 4 Linearized and Extended Kalman Filtering

Unfortunately, not all problems are adequately described with linear systems driven by

white Gaussian noise. In many cases, the most appropriate model is nonlinear. The

navigation problem at hand falls squarely into the nonlinear category. Fortunately, a

method exists whereby a nonlinear system may be treated in much the same manner as a

linear one for a particular class of problems. Suppose that the nonlinear system may be

described by [46]:

i(t) = f[x(t), u(t), t] + G(t)w(t) (2.35)

In this case, the state dynamics vector, f [., ., .], is a nonlinear function of the state

vector x(.), time t, and the control input (assumed to be zero in this research). The white

Gaussian noise is defined exactly as in (2.20) and (2.21), and it still enters the dynamics

model linearly. In addition, the measurement equation may also be a nonlinear function of

the state vector and time [46]:

z(ti)= h[x(ti),tjI] + v(ti) (2.36)
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The noise vector v is again zero-mean, white and Gaussian, entering the measurement

equation linearly, and its covariance is described by (2.25).

Recalling that a system must be linear in order to satisfy the assumptions upon which a

conventional Kalman filter is based, the nonlinear equations (2.35) and (2.36) must be

linearized. The following approach is summarized from [46]:

1. Assume that a nominal state trajectory, x,, (t), may be generated which satisfies

x,(to) = Xno (2.37)

and

i (t) = f[x (t), u(t), t] (2.38)

where f [.,., .] is specified in (2.35), and u(t)=O.

2. The "nominal" measurements which accompany the nominal trajectory are:

Zn(ti) = h[x,(ti),ti] (2.39)

3. The "perturbation" of the state derivative is obtained by subtracting the nominal

trajectory from the original nonlinear equation:

[ i(t) - in (01 = fIX(t), u(t), t] - f[IXn (t0,u(t), t] + G(t)w(t )  (2.40)

4. The equation above may be approximated to first order by a Taylor series expansion:

ft(t) = F[t;x n (t)]Ux(t) + G(t)w(t) (2.41)

where 8x(.) represents a first-order approximation of the process [x(.) - xn (.)], and

F[t; xn (t)] is a matrix of partial derivatives of f with respect to its first argument,

evaluated along the nominal trajectory [46]:
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F[t;xn(t)] = af[Xt] (2.42)

ax X = Xt (242

5. The perturbation measurement equation is derived in like fashion and is expressed as

[46]:

8z(t i ) = H[t i ; x,, (ti )]Ux(t) + v (ti ) (2.43)

where

( h[x'ti] (2.44)I-I~i~nti)] -' x= Xn (ti)

With the "error-state" model in hand, it is possible to return to the linear filtering theory.

An estimate of the whole-valued quantities of interest is obtained from [46]:

i = x" (t) + 6i(t) (2.45)

The expression above for the linearized Kalman filter is useful, provided that the

linearization assumption is not violated. However, if the nominal and "true" trajectories

differ by too large an amount, unacceptable errors may result [46]. It is for this reason

that extended Kalman filtering is useful in many cases for which perturbation techniques

alone do not suffice. Extended Kalman filtering allows for relinearizing about newly

declared nominals at each sample time, to enhance the adequacy of the linearization

process, and thus of the resulting filter performance as well [46].

The extended Kalman filter equations are summarized below. The reader is

referred to [46] for details regarding their derivation. The assumed measurement model

equation for an extended Kalman filter development is given by Equation (2.36), where

v () is once again zero-mean, white and Gaussian, with covariance given by (2.25).
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Measurements are incorporated into the extended Kalman filter via the following set of

equations [46]:

K(ti) = P(t i-)HT [ti;j(ti-)]In[ti; i(t i-)aP(t i,)HT[ti;j(t i) + R(ti)l - ' (2.46)

(t+) = i(t[) + K(t) {zi - h[i(ti); tj ]} (2.47)

P(t + ) = P(ti-) - K(t )H[t;i(ti )]P(ty-) (2.48)

where

H[t;i~t)] =ath[x, t1] (2.49)
ax x = it-)

The state estimate and covariance are propagated from ti to tj+j by integrating the

following equations [46]:

X(t /tj) = f [i(t / ti), u(t), t] (2.50)

P(t / ti) = F[t;i(t / ti)]P(t / ti) + P(t / ti)FT[t;i(t / ti)] + G(t)Q(t)GT (t) (2.51)

where

F[t; i(t /tj) =f f[x(t)' t]i (.2

ax x= i(t / ti)

and the initial conditions are:

i(tj / ti ) = i(t) (2.53)

P (tj / ti ) = P (ti) (2.54)

The equations shown above for the extended Kalman filter are programmed into the

MSOFE shell [53] for the problem defined by this thesis. It is the fact that the extended
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Kalman filter is relinearized about each successive estimate of the state i (t)which

"enhances the validity of the assumption that deviations from the reference (nominal)

trajectory are small enough to allow linear perturbation techniques to be employed" [46].

2.11 Single Pseudolite During the Landing Approach

A pseudolite is a ground-based "satellite" which provides very accurate pseudorange

information on a precision approach because of its fixed location and its proximity to the

aircraft. The placement of the pseudolite was chosen based on the near/far issue. The

near/far issue determines the distance a pseudolite has to be located from the runway in

order for it not to interfere with the normal satellite transmissions. Basically it is a 12 to 1

ratio, which says that if a pseudolite is place 1 nm from the runway, it can be received up

to 12 nims from the runway without interference [43]. Various pseudolite locations about

the runway, each being 1 nm from the runway, were tried without significant

improvement. By no means is the location of the single pseudolite optimal. Several

factors, including the location of the satellites overhead, would have to be taken into

account to find the optimal location for the pseudolite.

The aircraft is assumed to be following a precision approach pattern, landing at

Wright-Patterson AFB, OH as found in [16]. The pseudolite measurement is available and

being processed once every second beginning at T = 3641 sec. It should be noted that the

pseudolite is considered to be a fifth measurement. That is to say, it is like having a fifth

satellite providing measurements. The designer must maintain the importance of geometry

if it is necessary to replace one of the existing SVs overhead with a ground-based

pseudolite. The GPS receiver must simultaneously maintain an adequate (minimal)
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horizontal dilution of precision (HDOP) and PDOP at all times during the precision

approach. Readers may wish to consult [13] for further reference on pseudolites.

2.12 Summary

This chapter has presented the basic theory of an RLG INS, GPS, DGPS, barometric

altimeter, radar altimeter, and pseudolites. The definition of an ILS precision approach

was discussed. Reference frames and coordinate transformations used in this thesis have

also been defined. A Kalman filter example from [45] was given and linear, linearized and

extended Kalman filter fundamentals were discussed. Chapter 3 will describe the design

methodology and error models of the RLG INS, GPS, DGPS, barometric altimeter, and

radar altimeter avionics used in this thesis for MSOFE simulations.

2 - 34



III Design Methodology and Error Models

This chapter describes the set-up of the MSOFE computer simulation for the

Differential Landing System Model (DLSM) error model. This chapter also describes the

technique used to determine which "real-world" (true) satellite vehicle (SV) ephemeris

data was used during MSOFE simulation. A brief description of the use of PROFGEN

[52] to generate a transport and single engine aircraft flight profile will also be discussed.

As with Chapter 2, the background work done by Gray [27] laid the foundations for large

portions of this chapter.

3.1 Introduction to MSOFE

The name "MSOFE" is an acronym meaning "Multimode Simulation for Optimal Filter

Evaluation." MSOFE is a general-purpose, multimode simulation program for designing

integrated systems that employ optimal (Kalman) filtering techniques and for evaluating

their performance [53]. Its general-purpose construction allows specific user problems to

be simulated more quickly and at less cost than without its use. MSOFE has been

designed to support a wide variety of system simulation and filter evaluation efforts. It

provides two major operating modes:

1) Monte Carlo simulation: to generate multiple sample time histories of

system truth states, filter states, and filter estimation errors, including nonlinear

effects; usable for linear and extended Kalman filters;

2) Covariance simulation: to generate time histories of the second-order

statistics (covariances) of system truth states, filter states, and filter estimation

errors, under the assumption of linear (or linearized) models.
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The Monte Carlo and covariance simulation modes of MSOFE are complementary to one

another. The covariance mode can generate filter performance statistics via a single run,

whereas the Monte Carlo mode requires several sample runs (say, 15 or more) to generate

meaningful statistics for a given scenario. However, the covariance mode is limited to

linear (or linearized) systems, whereas the Monte Carlo mode can represent nonlinear as

well as linear dynamic and measurement processes. In addition, the Monte Carlo mode

provides better visibility into the detailed workings of the filter models and computation

processes, and can easily be reduced to a deterministic mode (by suppressing noise

sampling) when required. Monte Carlo runs (15 runs) were solely performed in this thesis

for each case unless otherwise noted.

MSOFE provides a general-purpose simulation environment in which the user embeds

a specific problem by supplying up to 14 problem-specific subroutines. The collective set

of 14 user routines is named USOFE. The name MSOFE generally references the whole

program, that is the union of 63 nonvarying routines in the CSOFE "core part" with the 14

routines in the USOFE "user part". From one problem to the next, the 14 routines of

USOFE vary greatly, whereas the 63 routines of CSOFE vary only in the sizes assigned to

the vectors and arrays. With MSOFE, users can quickly apply their engineering skills to

important filter design issues, rather than to the time-consuming development of support

tools [53].

The multimode simulation program MSOFE is part of an existing set of tools

developed by [53] to support the design, analysis, and evaluation of a wide variety of

integrated systems. Other tools that were used in this thesis were:
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" PROFGEN -- a trajectory generator for simulating the translational and rotational

dynamics of an aircraft in flight [52].

" MPLOT -- a postprocessor program for satisfying the plotting needs of both MSOFE

and PROFGEN, e.g. for computing ensemble statistics from Monte Carlo runs [70].

3.1.1 MSOFE Computer Requirements

MSOFE is written in ANSI standard FORTRAN 77 to provide full portability across a

wide variety of computers and compilers. MSOFE was run on a 486 PC and also on a

SPARC 10 UNIX machine for this thesis. MSOFE is fully compliant with the ANSI

standard except for the way it manages global common blocks. These blocks, which are

constructed in the form of individual files, one file per block, are inserted in the code at

designated locations. This is called an "INCLUDE" approach, borrowing this name from

FORTRAN 90, where this ability is an integral part of that standard. The INCLUDE

ability automates common block array sizing and aids program maintenance. It can be

easily eliminated or modified for non-supporting computers. This exception to ANSI

compliance was permitted because of its usefulness and its wide availability as an

extension to most FORTRAN implementations.

The principal system requirements necessary to run MSOFE on a given computer are:

* FORTRAN-77 compiler and linker;

* Ten input/output files open concurrently;

a Program and data memory to load the entire program at one time (it is not

overlaid): approximately 200,000 words;

0 Output data storage of approximately 40 (Mb) per hour in Monte Carlo mode

was not uncommon during simulations of this thesis (15 Monte Carlo runs).
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MSOFE allows models of any size, limited only by the amount of computer memory

available and perhaps by array-size restrictions present in the FORTRAN compiler. There

are no size restrictions whatsoever within the core code.

In order for the reader to see the "Big-MSOFE-Picture", Figure 3 - 1 (Section 3 .2)

and Figure 3 - 2 (Section 3.3) illustrate the overall goal: DGPS and radar altimeter

measurement information must be fed into an extended Kalman filter to determine the

errors, dx, in the INS. As stated earlier, our extended Kalman filter estimates the true

error, Sx, of the INS with an output we note as "&^ ". Once the best estimates, di, are

determined by our extended Kalman filter, we then subtract them (in a feed-forward

approach) from the output of the simulated INS blackbox. The feedforward approach is

utilized in this thesis due to current Federal Aviation Administration (FAA) restrictions on

providing "feedback" to the INS. Without going into a lengthy technical discussion about

the differences between feedforward or feedback, feedforward was chosen because it is

the most conservative choice, especially if one does not have faith that the extended

Kalman filter feedback corrections will always be reliable. The author's belief is that, at

the present time, the FAA does not want to "lose" the "pure" INS output during precision

approaches. Because of this FAA requirement, a feedforward approach will be utilized in

this thesis.

3.2 Introduction to PROFGEN

PROFGEN computes position, velocity, acceleration, attitude and attitude rate for an

aircraft moving over the earth [52]. Position is given as (geographic) latitude, longitude

and altitude. Velocity with respect to earth is coordinatized and presented in a local-
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vertical frame. Acceleration consists of velocity rates-of-change summed with Coriolis

effects and gravity. Attitude consists of roll, pitch and yaw: the Euler angles [52].

Title: 1031 B.EPS from CorelDRAWI
Creator: CorelDRAWI
CreationDate: Fri Oct 07 12:31:56 191

Figure 3 - 1. Overall Differential Landing System Model (DLSM) Description

PROFGEN models a point mass responding to maneuver commands specified by the

user. These maneuvers are available:

" Vertical turns (pitch up or down)

" Horizontal turns (yaw left or right)

" Sinusoidal "jink" heading changes (oscillates left and right)

" Straight flights (great circle or rhumb line path)

PROFGEN is used to create an extended flight profile by concatenating a sequence of

maneuvers chosen from the basic four. The user specifies how long each maneuver shall

last and thereby divides the flight profile into flight segments [52]. Up to fifty flight

segments, may be strung together to produce a varied total profile. The final values of the

variables in each segment are passed along as the initial values for the start of the next
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segment thereby creating uninterrupted time histories for all output variables. The

segments for the "Tanker" flight profile used in this thesis are shown in Table 3 - 1. To

augment the research performed by Gray [27] and extend the research to a wider variety

of aircraft, a flight profile was also generated for a single engine aircraft that is instrument

rated. The use of a smaller aircraft will establish the feasibility of utilizing a low-cost INS

with DGPS measurement corrections to achieve a precision approach for civil aviation

aircraft. Flight segments for the single engine aircraft profile are shown in Table 3 - 2.

The earth is modeled as a perfect ellipsoid having values for eccentricity, sernimajor axis

length, spin velocity and gravitational constant equal to those of the DOD World Geodetic

System 1972 [52].

A PROFIN file (PROF-IN is the input file for PROFGEN [52]) was created for a

Boeing 707 (KC-135) aircraft based on inputs from [4,51,66], and a similar input file was

created for a Piper Cherokee Warrior aircraft based on inputs from Captain David Kyger

[42]. Both the tanker and the single engine aircraft profiles consisted of a take-off from

Wright-Patterson AFB, a gradual climb to cruising altitude, and several 450 turns to return

each aircraft for a precision approach landing to the airfield.

PROFGEN reads in PROFIN, and outputs a binary flight file called "FLIGHT" which

contains the flight profile variables shown in Table 3 - 3. Looking at this table may seem

cryptic, but note in the far right column labeled "WRITTEN TO FLIGHT" are the

parameters written to the Tanker profile or the single engine aircraft profile (which are

labeled "FLIGHT" in PROFGEN). Those variables followed by the word "YES" are

output to the Flight file.
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Segment Start Segment Nominal Centrifugal Accel along ARoll APitch AHeading

Number Time Length Path Accel Velocity (deg) (deg) (deg)

(sec) (see) (max in g's) vector

1 0 3 STRT 0 0 0 0 0

2 3 30 STRT 0 0.262 0 0 0

3 33 160 VERT 0.21 3.80E-02 0 5 0

4 193 329 STRT 0 1.00E-02 0 0 0

5 522 5 VERT 0.9 -8.75E-02 0 -5 0

6 527 25 HORZ 0.9 1.OOE-02 0 0 45

7 552 371 STRT 0 1.OOE-02 0 0 0

8 923 35 HORZ 0.9 0 1 0 45

9 958 400 STRT 0 8.OOE-03 0 0 0

10 1358 35 HORZ 0.9 0 1 0 45

11 1393 340 STRT 0 0 0 0 0

12 1733 35 HORZ 0.9 0 0 0 45

13 1768 600 JINK 3.41E-02 0 0 200 (sec) 2

for JINK

14 2368 35 HORZ 0.9 0 0 0 45

15 2403 120 VERT 0.311 0 0 -5 0

16 2523 35 VERT 0.9 0 0 5 0

17 2558 372 STRT 0 3.OOE-03 0 0 0

18 2930 70 HORZ 0.9 -0.125 0 0 90

19 3000 40 VERT 0.63 -8.50E-02 0 -5 0

20 3040 35 VERT 0.9 0 0 5 0

21 3075 360 VERT 0.9 1.50E-02 0 -1.75 0

22 3435 45 HORZ 0.9 -5.OOE-02 1 0 -45

23 3480 104 VERT 0.9 0 0 1.75 0

24 3584 35 HORZ 0.9 -5.OOE-02 1 0 45

25 3619 39 VERT 0.24 -0.1882 0 -3 0

26 3658 25 HORZ 0.9 0 0 0 45

27 3683 242 STRT 0 0 0 0 0

Table 3 - 1. PROFGEN Segments for "Tanker" Flight Profile
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Segment Start Segment Nominal Centrifugal Accel along ARoll APitch AHeading

Number Time Length Path Accel Velocity (deg) (deg) (deg)

(see) (see) (max in g's) vector

1 0 42 STRT 0 0.1 0 0 0

2 42 130 VERT 3 0 0 3.7 0

3 172 5 VERT 3 0 0 -3.7 0

4 177 120 VERT 3 0 0 3.59 0

5 297 5 VERT 3 0 0 -3.59 0

6 302 133 VERT 3 0 0 3.24 0

7 435 5 VERT 3 0 0 -3.24 0

8 440 150 VERT 3 0 0 2.87 0

9 590 5 VERT 3 0 0 -2.87 0

10 595 170 VERT 3 0 0 2.58 0

11 765 5 VERT 3 0 0 -2.58 0

12 770 60 STRT 0 3.85E-02 0 0 0

13 830 300 STRT 0 0 0 0 0

14 1130 15 HORZ 3 0 0 0 45

15 1145 110 STRT 0 0 0 0 0

16 1255 15 HORZ 3 0 0 0 45

17 1270 260 STRT 0 0 0 0 0

18 1530 15 HORZ 3 0 0 0 45

19 1545 530 STRT 0 0 0 0 0

20 2075 15 HORZ 3 0 0 0 45

21 2090 500 STRT 0 0 0 0 0

22 2590 15 HORZ 3 0 0 0 45

23 2605 520 STRT 0 0 0 0 0

24 3125 15 HORZ 3 0 0 0 45

25 3140 300 STRT 0 0 0 0 0

26 3440 15 HORZ 3 0 0 0 45

27 3455 50 STRT 0 0 0 0 0

28 3505 15 HORZ 3 0 0 0 45

29 3520 320 VERT 3 -0.7E-02 0 -5.095 0

30 3840 5 VERT 3 0 0 5.095 0

31 3845 75 VERT 3 -2.3E-02 0 -2.0 0

Table 3 - 2. PROFGEN Segments for Single Engine Aircraft Flight Profile
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VARIABLE DIM PRINTED PRINTED WRITTEN
NAME(s) TO PROF OUT TO FLIGHT

0 time 1 TIME YES YES

1 terrestrial longitude 1 TLON YES YES
2 geographic latitude 1 GLAT YES YES

3 altitude 1 ALT YES YES
4 celestial longitude 1 CLON
5 wander angle 1 ALPHA YES YES
6 heading 1 HEAD

7 roll 1 ROLL YES YES
8 pitch 1 PITCH YES YES

9 yaw 1 YAW YES YES

10 terrestrial longitude rate 1 DTLON
11 geographic latitude rate 1 DGLAT
12 altitude rate 1 DALT

13 celestial longitude rate 1 DCLON
14 wander angle rate 1 DALPHA YES YES
15 heading rate 1 DHEAD

16 roll rate 1 DROLL YES YES
17 pitch rate 1 DPITCH YES YES
18 yaw rate 1 DYAW YES YES

19 signed earth velocity magnitude 1 VET
20 signed earth velocity magnitude rate 1 DVET
21 position in frame i (2) (3) 3 RI

22 earth velocity in frame i 3 VEI
23 inertial velocity in frame i (4) 3 VII
24 gravitation in frame i 3 GNI
25 specific force in frame i (5) 3 FII
26 angular rate, b/i in frame i 3 WBII

27 DCM to inertial from body 3X3 CIB

28 DCM to inertial from earth (6) 3X3 CIE

29 angular rate, e/i in frame e 3 WEIE

30 position in frame e 3 RE
31 earth velocity in frame e 3 VEE

32 inertial velocity in frame e 3 VIE
33 gravity in frame e 3 GYE

34 specific force in frame e 3 FIE
35 angular rate, b/i in frame e 3 WBIE

36 DCM to earth from body 3X3 CEB

37 DCM to earth from nav 3X3 CEN
38 angular rate, n/e in frame n 3 WNEN

39 position in frame n 3 RN
40 earth velocity in frame n 3 VEN YES YES
41 inertial velocity in frame n 3 VIN
42 gravity in frame n 3 GYN
43 specific force in frame n 3 FIN YES YES
44 angular rate, b/i in frame n 3 WBIN

45 DCM to nav from body 3X3 CNB
46 angular rate, b/n in frame b 3 WBNB

47 position in frame b 3 RB
48 earth velocity in frame b 3 VEB
49 inertial velocity in frame b 3 VIB
50 gravity in frame b 3 GYB
51 specific force in frame b 3 FIB
52 angular rate, b/i in frame b 3 WBIB

Table 3 - 3. PROFGEN Flight Profile Outputs
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3.3 The DLSM Computer Model

The NRS model [50,55] was used to model the DLSM computer model. The DLSM is

divided into two parts for computer modeling, the truth model and the filter model. The

truth model represents computer-generated simulation of the real-world error

characteristics found in avionics black-boxes and the environment in which the units

operate. The research was accomplished through computer simulation; therefore, the

truth model will simulate the errors in true avionics hardware (INS, DGPS, Baro, Radar

Altimeter) black-boxes. The truth model generates the measurement updates for the

DLSM flter, the true flight profile of the aircraft, and a state variable baseline for

evaluating filter performance [50,55]. The truth model consists of 61 error states about

their nominal values. The filter model represents the DLSM as it could be hosted on-

board an aircraft computer. The DLSM filter model is a 13-state extended Kalman filter

developed through order reduction of the 95-state truth model of [50,55]. An advantage

of using only 13 states is that the current state-of-the-art aircraft host computers can

handle the computational requirements.

The block diagram, Figure 3 - 2 explains the interaction of the filter and truth models in

MSOFE. A simulated flight profile is provided by PROFGEN [52], and the U.S. Coast

Guard GPS Bulletin Board Service (BBS) [25] provides true SV ephemeris data for any

SV. Use of the "real-world" ephemeris replaced the prior FORTRAN ORBIT functions

used by past researchers at AFIT [3,50,55,65]. The best four SV were chosen by using

System Effectiveness Model (SEM) software [19] and selecting the best (lowest) position

dilution of precision (PDOP). With this information, the truth model is able to simulate a
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real world INS navigation solution, x + t&frJ, and generate the real world DGPS and

radar altimeter measurements, RDGPS and Rrait respectively. The DLSM filter in Figure

3 - 2 is represented by the Kalman filter block. Corrections from the DLSM filter are

subtracted from the INS navigation solution to generate the best possible navigation

solution available, x? x + t5XINS - INS [50,5 5]. The switch in Figure 3 - 2 does not

imply "either/or", instead it implies the use of radar altimeter measurements as well as

DGPS receiver outputs. Now that the MSOFE implementation of the DLSM filter has

been explained, the truth and filter models for the DGPS, radar altimeter and the INS

subsystems will be described.
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3.4 DLSM Model Description

This section presents the truth and filter model propagation and measurement

equations, (2.35) and (2.36), respectively. The following presentation will be divided up

by navigation subsystems with most parts taken directly from [55]. First the INS portion

of the equations will be presented, then the DGPS, followed by the radar altimeter.

Before the different navigation subsystems are individually described, the high-level state

and measurement equations for the DLSM filter are provided, followed by those for the

truth model. Equations (3.1) and (3.2) show how the different navigation subsystems

models combine to form a single DLSM filter model:

FINS,, 0 & + [WINSf (31fL 0 FDGPSs If + WDGPSJ (3.1)

&f HINS ] f + FvNs (3.2)
HDGPSf L VINSJ

As stated earlier, the overall filter model consists of 13 states; 11 for the INS and 2 for the

DGPS. A description of the 13-state vector, f, implemented in the filter model can be

found in Table A.4 in Appendix A. References to further descriptions of the sub-matrices

in the filter equations can be found in Table 3 - 4. The barometric altimeter aiding

measurements are considered to be INS measurements, while the DGPS and radar

altimeter measurements are the respective updates for the baro/inertial system from the

DGPS and radar altimeter.
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Filter Model Location of Description Truth Model Location of Description

FINS1  Section 3.4.1.3 FINSFilter Section 3.4.1.3, 3.4.2.1

FINS,, Section 3.4.1.2

FINS,2 Section 3.4.1.2

FDGPSf Section 3.4.2.2 FDGPs, Section 3.4.2.1

WINSf Section 3.4.1.3 WINS, Section 3.4.1.2

WDGPsf Section 3.4.2.2 WDGPs, Section 3.4.2.1

HINSf Section 3.4.1.4 HINS, Section 3.4.1.4

HDGPSj Section 3.4.2.3 HDGPS, Section 3.4.2.3

Table 3 - 4. References for the Sub-Matrices of the DLSM Truth and Filter

The propagation and measurement equations for the DLSM truth model is presented in

similar fashion below:

FFIter FNs, 0 1 WFilte1

6 t NS,2  0 Ixs t + WINS, (3.3)

0 0 FDGPS, LWDGPS,

r& H =gD pHls, ]5xt 1 ± VINS
t

] (3.4)

The DLSM truth model consists of the original thirteen states of the filter model

(represented by FFilter and WFter ), augmented by additional INS and DGPS states (the

radar altimeter measurements were modeled as corrupted only by white noise, therefore

no additional states were necessary). The total number navigation subsystems states is 61;

39 INS states, and 22 DGPS states. Tables A. 1 - A.3, in Appendix A, provide a full

3 -13



description of each individual state of the truth model. Also Tables B. 1 - B. 5 and Tables

B.6 - B.7 in Appendix B have a complete listing of the components of the F and the Q

noise strengths associated with the w vector components in Equation (3.3).

There is one crucial difference between the first thirteen states of the filter model and

the first thirteen states of the truth model [50,55]. The filter model dynamics driving noise

and measurement noise do not correlate exactly with those of the first thirteen states of the

truth model. To achieve good tuning against the truth model, the filter model noise

statistics values have been altered [50,55]. The following sections will provide a detailed

presentation into the exact make-up of the truth and filter model propagation and

measurement equations for all navigation subsystems used in this thesis.

3.4.1 The Inertial Navigation System (INS) ModeL

This section presents the truth and filter models used for the INS. The INS model is a

strapped-down wander azimuth system that senses aircraft motion via gyros and

accelerometers and is used as the primary source for navigation [50]. The INS model has

been derived from a medium accuracy RLG INS 93-state model [1,41]. First, the original

93-state model will be presented, followed by the reduced-ordered 39-state truth and 11-

state filter models. After the INS truth and filter state equations have been defined,

barometric altimeter measurement equations will be presented.

3.4.1.1 The 93-State LN-93 Error Model.

The 93-state Litton INS MSOFE computer model has been generated by the Wright

Laboratories, Avionics Directorate, Avionics System Integration and Research Team

(ASIRT). Their development uses both past AFIT research and INS vendor [41]
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documentation to "fine-tune" past modeling efforts [55,65,72]. The 93-state model

generates a high number of documented error sources that are found in the Litton wander-

azimuth LN-93 INS [41]. These errors are described using six categories of states

[50,55]:

(3.5)

where & is a 93 x 1 column vector and:

&: represents the "general" error vector containing 13 position, velocity, attitude, and

vertical channel errors (representative of a Pinson model of INS error

characteristics).

&2: consists of 16 gyro, accelerometer, and baro-altimeter exponentially time-

correlated errors, and "trend" states. These states are modeled as first order

Markov processes in the truth (system) model.

(x3 : represents gyro bias errors. These 18 states are modeled as random constants in

the truth model.

&4: is composed of the accelerometer bias error states. These 22 states are modeled in

exactly the same manner as the gyro bias states.

&5: depicts accelerometer and gyro initial thermal transients. The 6 thermal transient

states are first order Markov processes in the system model.

&6: models the gyro compliance errors. These 18 error states are modeled as biases in

the system model.
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The 93-State Litton model state space differential equation is given by:

5k2  0 F22 0 0 0 0 &2 W2

&3/_ 0 0 0 0 0 0 8X 3  0 (3.6)

& 4  0 0 0 0 0 0 t5X4  0 (

& 5  0 0 0 0 F55  0 &5 [ 0

c)x6  0 0 0 0 0 0 t:5X6  0

A full description of the sub-matrices for this equation is given in the Litton LN-93 manual

[41]. This large state model represents the most accurate model available for the LN-93

navigation errors [50,55].

3.4.1.2 The 39-State INS Truth Model.

The 93-state model is a very accurate representation of the INS error characteristics,

but the high dimensionality of the state equations makes the model very CPU-intensive for

"first-look" projects. The intent of this thesis is to evaluate performance characteristics

associated with a particular class of INS (medium precision or lower precision). Previous

AFIT theses have demonstrated that reduced-ordered truth models can be used in place of

the 93-state truth model without losing a significant degree of accuracy [50,55,58].

Therefore the INS truth model has been reduced to a 39-state model. The reduced-

ordered model retains only the truly essential states from Equation (3.6). The truth model

state space equation is defined in Equation (3.7):

F'l1 11 F 12  F1 3  F15 I [Wl

0 F22  0 0 & (3.7)

&3 0 0 0 0 _J&3 ~0

&4 0 0 0 0 JL&4
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It should be noted that the INS truth state vector (5x, is a 39-state vector. The four

components of &x: do not directly correlate to the first four components of the 93-state

Litton model [50,55]. For a complete listing of the 39 states and how they relate to those

in [41], see Tables A.1 and A.2 in Appendix A.

3.4.1.3 The 11-State INS Filter Model.

The INS filter model retains the essential states from the 39-state truth model.

Through past AFIT research, the 11-state INS filter has been shown to perform

adequately when given frequent DGPS measurement updates [50,55,58]. Table A.4 in

Appendix A shows the 11 states used for the INS filter model. The final INS filter

dynamics submatrix, F, as well as process noise strength Q and measurement noise

covariance R, can be found in Appendix I.

3.4.1.4 INS Measurement Model.

The two measurements that are used to update the filter are the barometric altimeter

and the radar altimeter. The barometric altimeter signal is used to correct for inherent

instabilities of the vertical channel in the filter, and the radar altimeter is used during

landing approaches when altitudes are below 3000 feet above ground level (AGL). The

barometric altimeter measurement will be presented first, followed by the radar altimeter

measurement. Since the DLSM filter is an error state filter, it is necessary to develop

difference measurement update equations for all the measurements. The barometric

altimeter measurement equation is based on the difference between the INS-predicted

altitude, AltNs and the barometric altimeter-predicted altitude AltBar:

3- 17



&Alt = AltINS - Alt Bar (3.8)

Therefore it is necessary to develop the two separate measurement signals that will be

differenced to attain the proper measurement update for the error state filter [50,55]. The

INS-predicted altitude is the sum of the true altitude, ht, and the INS error in vehicle

altitude above the reference ellipsoid, bh. The barometric altimeter reading is modeled as

the sum of the true altitude, ht, the total time-correlated error in the barometric altimeter,

bhB, and a random measurement noise, v. The difference measurement update signal is

formed in Equation (3.9) by subtracting the INS-predicted altitude from the barometric

altimeter altitude:

&Alt = A itINS - A itBar

= [ht + h]- [ht + MB -v] (3.9)

= - B v

Note that, since v is assumed zero mean, white gaussian noise, statistically speaking, one

can choose v with either a plus "+" or minus "-" coefficent . The author chooses the

coefficent carefully so that the end result shows a plus "+v" sign.

This completes the presentation of the INS truth and filter state equations as well as

the INS measurement equations. The next section will develop similar equations for the

radar altimeter used in this thesis.

3.4.2 Radar Altimeter Model

As a "first-cut" model of the radar altimeter, the measurement equation is based on the
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difference between the INS predicted altitude, Altis and the radar altimeter predicted

altitude, AltRalt:

&ALT =ALTINS - ALTRaIt
=[h t +,5h] - [ht - v] (3.10)

= cih + v

Note that the errors in the radar altimeter are represented totally as white noise, with no

time-correlated component at all. Though admittedly only a first-cut model, it should be

sufficient to demonstrate important performance trends.

The radar altimeter measurement noise variance, RFilter or RTrue, is a function of aircraft

altitude above ground level (AGL). The filter model noise variance from [31]:

{[0.01] 2 * [Radar Altitude]u (A GL ] 2 25 Bias (3.11)

and the truth model noise variance is the same:

Rrt h = {[0.01] 2 *[Radar Altitude'u(AGL) ]2 } + 0.25Bias (3.12)

Note that RFilte, and RTuth are both time-varying rather than constant, due to the altitude

dependency.

This completes the presentation of the radar altimeter measurement and noise variance

equations. The next section will develop truth, filter and measurement equations for the

Differential Global Positioning System (DGPS) used in this thesis.

3.4.3 The Differential Global Positioning System (DGPS) Model.

The DGPS navigation system used is based on electromagnetic signals transmitted

from orbiting GPS satellites. This model has been developed throughout research at

AFIT, and many of its fundamental concepts are addressed in a variety of sources

[44,50.55,63,65]. GPS generates navigation information by acquiring the range to
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multiple satellites of known position, called "pseudoranges". Inherent in the pseudorange

are errors caused by ionospheric and tropospheric delays, selective availability errors

incorporated by the United States, satellite clock biases, receiver noise, and ephemeris

errors [4,38]. These errors work together to dilute the accuracy of standard GPS to a

level which is unacceptable for aircraft precision approaches. By incorporating the

differential corrections to the standard GPS pseudoranges, one can achieve much higher

navigation precision. Several error sources can be eliminated or significantly reduced

because these errors are common to both the reference station receiver and the aircraft

receiver. These errors are composed of the satellite's clock error, errors in the satellites's

broadcasted ephemeris data, and signal propagation delays that are not accounted for by

the receiver's measurements or modeling. The dominant error source is selective

availability (SA). SA is a program for controlling the accuracy of pseudorange

measurements. The user is in essence given a false pseudorange for each satellite so the

resulting measurement is in error by a controlled amount. The level is chosen to give

navigation solutions that meet a specified accuracy. When two receivers in the same

vicinity (within about 100 nautical miles) are using the same set of four satellites, the

above errors will be common to both and can be removed or essentially eliminated by

differential techniques [4,38]. The navigation information passed to the DLSM filter is the

respective range and ephemeris data position to each of four satellites, with differential

corrections applied to provide more accurate information [55]. The next three sections

present all the necessary equations to define the DGPS truth and filter error models fully.
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3.4.3.1 The 22-State DGPS Truth Model

There are five types of error sources that are modeled in the DGPS truth model state

equations. The first two states represent the errors in the user clock and are modeled as

follows:

{Dlk o 0 1 I lko (3.13)

where

5Iku = range equivalent of user clock bias

5Dclku = velocity equivalent of user clock drift

The initial state estimates and covariances for these states were chosen to be consistent

with previous ART research, [50,55,63,65] and are:

5kclku (to)l (3.14){SDlku (to) L010

and

,3DcIkU (t o  [9.0 X 1l14 ft2 0 j (3.15)

PbIU0 9.0 x 10 10 f12 / sec 2

Because these error sources are a function of the user equipment, they are common to all

the satellite vehicles. The remaining five sources of errors are unique to each satellite

vehicle (SV), based on their individual equipment and their position with respect to the

user. The first SV-specific error source for GPS is the code loop error, SR 1coop .

Although the code loop is part of the user equipment shared by all the SV's, its error

magnitude is relative to each SV. The work done by Negast [55] has shown that, with
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differential corrections applied, this error can be removed from the DGPS model. The

second and third SV-specific errors are the atmospheric interference with the EM signals,

9t .on and Rtr0p, as related to the ionospheric and tropospheric delay in the signal's

propagation. The tropospheric delay and ionospheric delay are both modeled as first

order Markov processes with time constants shown in Equation (3.16), consistent with

previous AFIT research [50,55,63,65]. Both are driven by zero-mean white Gaussian

noise with strengths shown in Equation (3.19). The fourth SV-specific error source is due

to inaccuracies in the clocks on board the SV's, Rsdk. By using differential corrections,

this error source was also removed from the DGPS model. The final error source was

based on line-of-sight errors between the SV's and the receiver, ixsi, 1ysi, &Sz,

respectively. The model for these states is shown in Equation (3.16):

t(R 30- 0Rtrop w trop

1ton 0 15 00 0 0 0 SOi (3.16)

- 0 0 0 0 0 &xS + 0

0 0 0 00 5y,, 0

Sisi 0 0 0 00 - z, 0

where the initial covariance for the states is given by:

1.0 ft 2  0 0 0 0

0 lOft2  0 0 0 (3.17)

PDGPS 0 0 0.35 ft 2 0 0

0 0 0 0.35 ft
2  0

0 0 0 0 0.35ft2

and mean values and strengths of the dynamics driving noise are given by:

E0W "'s ()) = 0 (3.18)
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0.001 0 0 0 0

0 0.0004 0 0 0 (3.19)

E{wDGPs(t)wD +-) 0 0 0 0 0 
sec

0 0 0 0 0
0 0 0 0 0

The reduced dynamic driving noise strengths from standard GPS are indicative of the error

reduction for these remaining states when differential corrections are applied. A quick

reference of the truth model non-zero DGPS dynamics matrix components is provided in

Tables 1.5 of Appendix I. This ends the description of the 22-state truth model. Now the

filter model will be presented.

3.4.3.2 The 2-State DGPS Filter Model

Various research efforts have shown that two states provide a sufficient model for GPS

and DGPS [50,55,58]. The primary argument is that the errors modeled by the other 20

states are small when compared to the two states common to all SV's. By adding

dynamics driving noise, of strength Q, and re-tuning the filter, the overall performance of

the DLSM can be maintained with the significantly reduced-order model of Equation

(3.20):

0i~k ~ 1 ]FSRlk_ + WR1(.0I cl1k, 0~ 0jjDlk, J WR,(320

The values implemented for the dynamics driving noise strengths can be found in Tables

1. 8 - 1. 10 of Appendix I. It should be noted that, in the tuning process, the measurement

noise covariance values R (as shown in Appendix I) have also been adjusted to achieve

adequate tuning of the filter [45]. This completes the description of the DGPS filter
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model. The next section presents the DGPS measurement equations for both the truth and

the filter models.

3.4.3.3 DGPS Measurement Model

There are four differentially corrected GPS measurement updates, one for each of the

satellite range signals received by the DLSM filter. These measurement updates are once

again difference measurements. First the DGPS truth model difference measurement will

be fully presented, followed by a brief description of the filter measurement. The DGPS

difference measurement is formed by taking the difference of the INS-calculated

pseudorange, RINS and actual pseudorange, RDGPS.

&DGPS = R1Ns - R DGPS (3.21)

The real pseudorange, RDGPS is the sum of the true range form the user to the satellite

plus all the errors in the pseudorange signal propagation. After differential corrections are

applied, the measurement equation is modeled as:

RDGPS =R t + Rtrop + RRio,+ - v (3.22)

where

R DGPS Differentially corrected GPS pseudorange measurement, from SV to user

Rt  = true range, from SV to user

R,op = range error due to tropospheric delay

&Rion = range error due to ionospheric delay

SRUdk = range error due to use clock error

v = zero-mean white Gaussian measurement noise
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Note that, since v is assumed zero mean, white gaussian noise, statistically speaking, one

can choose v with either a plus "+" or minus "-" coefficent . As in Equation (3.9), the

author chooses the coefficent carefully so that the end result shows a plus "+ v" sign in

Equation (3.25) and Equation (3.26).

The second source of a range measurement is the INS itself, RINs [50,55]. RINs is the

difference between the DLSM-calculated position, Xu and the satellite position from the

ephemeris data Xs. This difference vector is represented below in the ECEF frame
' U e [se

RINS= XU -XS { {{= (3.23)

An equivalent form for Equation (3.23) is

RINS = V(XU - XS)2 + (YU -Ys) 2 + (ZU - ZS) 2  (3.24)

Based on Assumption 13 from Chapter 1, Equation (3.24) can be approximated and

rewritten in terms of the true range and a truncated first-order Taylor series, with

perturbations representing the errors in Xu and Xs:

RwszR~~IN~xsxU)~ '7?INS (XS, XU)RINS = R t + 'q
I N S ( X S

, 
X U )  .(5Yu + 0 IN ( S ' U (XSU 1%'(X (3.2 5)

9Xu ( (XSXU)nom (3.2 5) )s

The solution for RINS is found by substituting Equations (3.24) into Equation (3.25) and

evaluating the partial derivatives to get [50,55]:

RINs = R, - NS - Rs - Y u S-ZUI

R IN S  
IRINSI " 2NS 1 S (3.26)

XSXUYS -2YU5 + ZS-L IRINSI I L + RINS~ I RINSI
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Finally, the DGPS pseudorange truth model difference measurement is given as:

5DGPS, - RINS - RDGPS

=-[ x s - x ,], -[ y s - Y y z zs - Z U
. -R 1 y L. FR - 5 1zL RNsj L RINs j IY I IRINSI I.~

[XS-X1U 1. [ -zu 1. (3.27)

1 RINs ]S IR1 N j L RINS 

- [1Rrop - [1]3R,o, - [1]RU k, + V

The user position errors in Equation (3.27) can be derived from the first three states of the

filter or truth model using an orthogonal transformation [ 10,50,5 5].

The filter model for the DGPS measurement will now be derived. Since the filter

model does not contain the states for the errors in the satellite position, these terms are

removed from the equation. The filter model measurement equation can therefore be

written as:

&zDGPSf= RINs - RDGPS

xSxU 1s F 1 ]zs - zu (

RINS j] (3.28)

- [1]g5RUk + V

The filter measurement noise variance, R, will be tuned to attain adequate performance

despite the reduction in order from the truth model and the Taylor series approximation.

The measurement noise variances for both the filter and the truth model equations are

provided in Table I. 11 of Appendix I. This completes the description of the DGPS

measurement equations and the entire DLSM filter and truth model equations.
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3.5 Chapter Summary

This chapter presents the set-up of the DLSM MSOFE computer simulation. An

introduction to MSOFE and PROFGEN is provided. The truth model and filter model

propagation and measurement equations are described for the INS/Baro, Radar Altimeter,

and DGPS subsystems. A simple radar altimeter model has been presented. The radar

altimeter measurements should play a key role in aiding the vertical channel and allowing

our aircraft to meet precision approach requirements. The INS/Baro and DGPS truth

model is located in tabular form in Appendix A. The dynamic submatrices FFilt,, FINStI,

FINSt2, andFDGPS, and process noise strength and measurement noise covariance matrices

for filter and truth models are presented in Appendix I. Results and analysis of the DLSM

simulation are presented in Chapter 4.
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IV. Results and Analysis

This chapter presents the results and analysis of the performance for the various system

integrations involved in this effort. Table 4 - 1 shows the Case I - VI comparisons and

Table 4 - 2 shows Cases VII - XV. Each case was evaluated using the PROFGEN-

Case I Case II Case III Case IV Case V Case VI

Barometric Barometric Barometric Barometric Barometric Barometric

Altimeter Altimeter Altimeter Altimeter Altimeter Altimeter

0.4 nn/hr 0.4 nm/hr 2.0 nm/hr 2.0 nm/hr 4.0 nm/hr 4.0 nm/hr

CEP INS CEP INS CEP INS CEP INS CEP INS CEP INS

DGPS DGPS DGPS DGPS DGPS DGPS

Radar Radar Radar

Altimeter Altimeter Altimeter

Table 4 - 1. Case I - VI Integration Comparisons

Case VII Case VIII Case IX Case X Case XI Case XII Case XIII Case XIV Case XV

Barometric Barometric Barometric Barometric Barometric Barometric Barometric Barometric Barometric

Altimeter Altimeter Altimeter Altimeter Altimeter Altimeter Altimeter Altimeter Altimeter

0.4 nm/hr 0.4 nm/hr 2.0 nm/hr 2.0 nm/hr 4.0 nm/hr 4.0 nm/hr 0.4 nm/hr 2.0 nm/hr 4.0 nm/hr

CEP INS CEP INS CEP INS CEP INS CEP INS CEP INS CEP INS CEP INS CEP INS

DGPS DGPS DGPS DGPS DGPS DGPS DGPS DGPS DGPS

Pseudolite Radar Pseudolite Radar Pseudolite Radar

Altimeter Altimeter Altimeter None None None

and and and

Pseudolite Pseudolite Pseudolite

No GPS No GPS No GPS No GPS No GPS No GPS Single GPS Single GPS Single GPS

Outage Outage Outage Outage Outage Outage Outage Outage Outage

Table 4 - 2. Cases VII-XV Integration Comparisons
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created flight profiles for both the tanker and the light aircraft. Latitude, longitude, and

altitude errors are compared for the DGPS and GPS case. The tuning values for the 13-

state filter are presented for each case are presented in Appendix I.

4.1 Radar Altimeter/Barometric AltimeterDGPS Aiding of the 0.4 nm/hr, 2.0
nm/hr INS, and 4. 0 nm/hr INS with the Tanker Flight Profile

This section discusses the results for Cases I - VI for the tanker flight profile. The

plots for these cases are located in Appendix B.

4.1.1 Case I and Case H- 0.4 nm/hr INS

The tanker flight profile was utilized to provide real world information for the

simulations. It was assumed that there were no satellite vehicle (SV) outages for the

entire flight of the aircraft. The main difference between Case I and Case II was the

addition of a radar altimeter in Case II for vertical channel aiding. Several tuning runs

were performed to minimize the difference between the filter-predicted errors and the

truth model errors. By minimizing this difference, one is able to make more realistic

decisions about the appropriateness of utilizing a reduced-order state filter for flight tests.

With the use of the radar altimeter for vertical aiding, when the aircraft went below

3000ft AGL, errors in aircraft altitude, longitude, and latitude all show a reduction. As

expected, the most significant improvement occurs in the altitude errors because the

altimeter is utilized to reduce the errors in the vertical channel directly. Table 4 - 3

summarizes Case I and Case II landing system performances at respective decision

heights.

To meet the requirements for an aircraft precision approach, certain accuracy

requirements have to be met at three decision heights (200 ft, 100 ft, and 50 ft) as an
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Position Error Decision Case I True Case I Filter Case II True Case II Filter
State Height (feet) Error (feet) Error (feet) Error (feet) Error (feet)

5latitude 200 1.04 1.37 1.14 1.32
8latitude 100 0.99 1.37 0.92 1.32
8latitude 50 1.0 1.37 0.86 1.31

8longitude 200 0.76 1.62 0.81 1.59
61ongitude 100 0.91 1.62 0.97 1.59
6longitude 50 1.06 1.62 1.15 1.59
8altitude 200 4.55 5.96 2.49 3.36
8altitude 100 4.68 5.96 1.47 3.06
8altitude 50 3.19 5.96 1.19 2.95

Table 4 - 3. Case I and Case 111 r Latitude, Longitude and Altitude Errors

Precision Approach Parameters (in feet, all 1 -sigma values)

Category Decision Height Azimuth Elevation

1 200 feet +/- 28.1 +/- 6.8

II 100 feet +/-8.6 +/-2.8

III 50 feet +/- 6.8 +/- 1.0

Table 4 - 4. Precision Approach Accuracy Requirements at Decision Heights

Case Horizontal Horizontal Vertical Vertical
Number (Based on True (Based on Filter (Based on True (Based on Filter

Error) Predicted Error) Error) Predicted Error)

I Cat III Cat III Cat I Cat I
II Cat III Cat III Cat II Cat I

Table 4 - 5. Precision Landing Category Predicted To Achieve

aircraft approaches the runway. The accuracy requirements are presented in Table 4 - 4.

Table 4 - 5 summarizes the Case I and Case II performance in terms of which precision

approach category is met, based on the horizontal and vertical errors shown in Table 4 - 4.

The errors predicted in the horizontal channel by the filter, as well as the true errors, meet

the Category 1 landing requirements for Case I and Case U1. This is a vast improvement

over the horizontal errors using standard GPS measurements. Actual improvement values

are presented later in this section. However, work needs to be done in vertical channel
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aiding to meet the precision landing requirements for the vertical channel. The true error

shows that a Category II landing could be met with the utilization of the radar altimeter in

Case II, but the filter-predicted error and the true error for Case I in the vertical channel is

limited to a Category I landing. The filter-predicted error for Case II meets the Category I

landing requirements, but with some additional filter tuning it may well meet the

requirements for a Category II landing.

The errors in latitude, longitude, and altitude are also reduced from those found by

using standard GPS measurements. Table 4 - 6 presents a comparison of the improvement

in horizontal and vertical errors using DGPS measurements versus GPS measurements for

Case I. Similar improvements are found when comparisons are made for Case II when a

radar altimeter is used to provide height measurements to aid the vertical channel. Table

4 - 7 presents the true and filter predicted error values for the Case II simulations using

DGPS measurements and GPS measurements. Since the filter errors vary slightly with the

precision of the tuning, it is useful to compare the improvements in the true errors for the

Position Error Decision DGPS Case I DGPS Case I GPS Case I GPS Case I
State Height (feet) True Error Filter Error True Error Filter Error

(feet) (feet) (feet) (feet)

6latitude 200 1.04 1.37 8.81 9.85
8latitude 100 0.99 1.37 9.40 9.80
8latitude 50 1.0 1.37 8.61 9.80

81ongitude 200 0.76 1.62 9.14 10.68
8longitude 100 0.91 1.62 9.77 10.68
61ongitude 50 1.06 1.62 8.83 10.69
8altitude 200 4.55 5.96 14.2 15.1
altitude 100 4.68 5.96 15.65 15.1

6altitude 50 3.19 5.96 15.3 15.1
Table 4 - 6. DGPS vs GPS Case I Ica Latitude, Longitude and Altitude Errors
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simulations when DGPS measurements are used instead of standard GPS measurements.

As can be seen in Table 4 - 8, the use of DGPS measurements improved the latitude error

by almost 89%, the longitude error by 90%, and the Altitude error by 73%. Similar

results are seen when the radar altimeter is used in Case II. Table 4 - 9 presents the error

improvements for Case II. By comparing the altitude errors for Case I and Case II when

DGPS measurements are used, one can see an additional 58% reduction in the true

altitude errors when the radar altimeter is used. The averaged true errors in Tables 4 - 8

and 4 - 9 are the result of averaging the true error values from the three decision heights.

Case I plots are found in Appendix B.1. Case II plots are found in Appendix B.2.

Position Error Decision DGPS Case II DGPS Case II GPS Case II GPS Case II
State Height (feet) True Error Filter Error True Error Filter Error

(feet) (feet) (feet) (feet)

8latitude 200 1.14 1.32 8.72 9.69
8latitude 100 0.92 1.32 9.13 9.69
8latitude 50 0.86 1.31 8.35 9.69

_longitude 200 0.81 1.59 8.83 10.58
_longitude 100 0.97 1.59 9.65 10.58

8longitude 50 1.15 1.59 8.70 10.58
altitude 200 2.49 3.36 3.76 7.74

8altitude 100 1.47 3.06 2.43 7.57
8altitude 50 1.19 1 _2.95 2.64 7.52

Table 4 - 7. DGPS vs GPS Case 11 a Latitude, Longitude and Altitude Errors

Error State DGPS Case I average GPS Case I average % Change in Error
true error (feet) true error (feet) ,

Latitude 1.01 8.94 88.7%
Longitude 0.91 9.25 90.2%
Altitude 4.14 15.05 72.5%

Table 4 - 8. Case I Averaged True Error Reduction Using DGPS Measurements
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Error State DGPS Case II average GPS Case II average % Change in Error
true error (feet) true error (feet)

Latitude 0.97 8.73 88.9%
Longitude 0.97 9.06 89.3%
Altitude 1.72 2.94 41.5%

Table 4 - 9. Case II Averaged True Error Reduction Using DGPS Measurements

4.1.2 Case III and Case IV- 2.0 nm/hr INS

As in Cases I and II, the tanker flight profile was flown and received DGPS

measurements from 4 SV with no outages. With Case III and Case IV, a mid-range INS

with a 2.0 nm/hr drift was used in place of the 0.4 nm/hr INS, to investigate the possibility

of using a less accurate but more cost effective INS in the landing scenario. As with Case

II, a radar altimeter is used in Case IV to provide vertical channel aiding.

Table 4 - 10 summarizes Case Ill and Case IV landing system performance at

respective decision heights. Table 4 - 11 summarizes the Case III and Case IV

performance in terms of which precision approach category is met based on the horizontal

and vertical errors.

Even with the use of a less accurate INS, Category III landing requirements are still

met in the horizontal errors for both Case III and Case IV. The shortcomings in the

Position Error Decision Case III True Case III Filter Case IV True Case IV Filter
State Height (feet) Error (feet) Error (feet) Error (feet) Error (feet)

8latitude 200 1.29 1.69 1.37 1.64
5latitude 100 0.91 1.69 0.99 1.64
8latitude 50 1.17 1.69 0.95 1.64

81ongitude 200 0.95 2.09 0.94 2.07
81ongitude 100 1.11 2.09 1.21 2.07
8longitude 50 1.42 2.09 1.54 2.07
8altitude 200 3.69 6.37 2.72 3.67
8altitude 100 4.79 6.39 1.54 3.38
6altitude 50 3.08 6.39 1.42 3.28

Table 4 - 10. Case III and Case IV I a Latitude, Longitude and Altitude Errors
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Case Horizontal Horizontal Vertical Vertical
Number (Based on True (Based on Filter (Based on True (Based on Filter

Error) Predicted Error) Error) Predicted Error)

III Cat III Cat III Cat I Cat I
IV Cat III Cat III Cat II Cat I

Table 4 - 11. Precision Landing Category Predicted To Achieve

vertical channel still limit the filter-predicted error to a Category I landing for both cases.

It should be noted that the true vertical channel error for Case IV once again meets the

Category II landing requirement. With some additional filter tuning, the filter-predicted

errors in Case V should also be able to meet the Category II requirements.

As expected, with the use of DGPS measurements rather than GPS measurements, the

errors in latitude, longitude, and altitude are greatly reduced. This allows the Category I,

II, and even III requirements for precision landings to be met, whereas standard GPS

measurements limited the results to Category I and sometimes Category II approaches.

Table 4 - 12 and Table 4 - 13 present the improvements for the true errors when DGPS

measurements are used to replace GPS measurements for Case III and Case IV. Case III

plots are in Appendix B.3. Case IV plots are in Appendix B.4.

Error State DGPS Case III average GPS Case III average % Change in Error
true error (feet) true error (feet)

Latitude 1.12 8.72 87.2%
Longitude 1.16 9.25 87.5%
Altitude 3.85 15.4 75.0%

Table 4 - 12. Case III Averaged True Error Reduction Using DGPS Measurements

Error State DGPS Case IV average GPS Case IV average % Change in Error
true error (feet) true error (feet)

Latitude 1.10 8.96 87.7%
Longitude 1.23 9.37 86.9%
Altitude 1.89 2.47 23.5%

Table 4 - 13. Case IV Averaged True Error Reduction Using DGPS Measurements
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4.1.3 Case Vand Case VI- 4.0 nm/hr INS

As with the previous cases, Cases V and VI use the tanker profile with DGPS

information provided and no SV outages. A further reduction was made in the accuracy

of the INS to help define the aircraft where this system might be useful; an INS of this

level of precision ought to be affordable for civil aviation aircraft as well as for commercial

airliners or military applications. Aircraft are outfitted with varying INS qualities. To

make the research as usable as possible, different qualities of INSs were considered. Table

4 - 14 summarizes Case V and Case VI landing system performance at respective decision

heights.

Position Error Decision Case V True Case V Filter Case VI True Case VI Filter
State Height (feet) Error (feet) Error (feet Error (feet) Error (feet)

5latitude 200 1.43 1.87 1.45 1.82
5latitude 100 1.0 1.87 0.99 1.82
5latitude 50 1.0 1.86 0.92 1.82

6longitude 200 1.08 2.31 1.23 2.29
8longitude 100 1.29 2.32 1.41 2.29
8longitude 50 1.56 2.32 1.77 2.29
8altitude 200 3.32 6.26 2.79 3.54
6altitude 100 4.48 6.26 1.38 3.24
8altitude 50 3.66 6.26 1.38 3.14

Table 4 - 14. Case V and Case VI lo Latitude, Longitude and Altitude Errors

Table 4 - 15 summarizes the Case V and Case VI performance in terms of what

category of precision approach is met based on horizontal and vertical errors. Category

III precision approaches are met in the horizontal direction as before, and the accuracy in

the vertical is also maintained. As before, the filter-predicted errors in the vertical for

Case VI meet the Category I requirements but are within the area where additional filter

tuning could help achieve a Category II precision approach.
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Case Horizontal Horizontal Vertical Vertical
Number (Based on True (Based on Filter (Based on True (Based on Filter

Error) Predicted Error) Error) Predicted Error)

V Cat III Cat III Cat I Cat I
VI Cat III Cat III Cat II Cat I

Table 4 - 15. Precision Landing Category Predicted To Achieve

With the use of the DGPS measurements, we still see major improvements in the

latitude, longitude, and altitude errors for Case V and Case VI over those achievable with

standard GPS measurements. Table 4 - 16 summarizes the improvements for Case V

errors, and Table 4 - 17 for Case VI errors, when DGPS measurements are used instead of

GPS measurements. Case V plots are in Appendix B.5. Case VI plots are in Appendix

B.6.

Error State DGPS Case V average GPS Case V average % Change in Error
true error (feet) true error (feet)

Latitude 1.14 8.93 87.2%
Longitude 1.31 9.25 85.8%
Altitude 3.82 15.59 75.5%

Table 4 - 16. Case V Averaged True Error Reduction Using DGPS Measurements

Error State DGPS Case VI average GPS Case VI average % Change in Error
true error (feet) true error (feet)

Latitude 1.12 8.80 87.3%
Longitude 1.47 9.38 84.3%
Altitude 1.85 2.32 20.3%

Table 4 - 17. Case VI Averaged True Error Reduction Using DGPS Measurements

4.2 Radar Altimeter/BarolDGPS Aiding of the 0.4 nm/hr, 2.0 nm/hr, and 4. 0 nm/hr
INS using a Single Pseudolite during the Landing Approach

For Cases VII - XII in this section, an additional measurement from a single pseudolite

is utilized along the final approach path to improve the errors in latitude, longitude, and

altitude. The final location of the pseudolite was 84' 1' 23.3" longitude and 390 49' 15.5"

latitude. This places the pseudolite at the approach end (Runway 23) of the airport. It is
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positioned parallel to Runway 23, approximately one nm from the side of the landing strip.

The true latitude, longitude, and altitude errors for Cases VII, IX, and XI will be averaged

and compared to the average of the true errors for Cases I, III, and V to investigate the

error reductions when the pseudolite is used, when no radar altimeter is employed.

Similarly, the errors for Cases VIII, X, and XII will be averaged and compared to the

average of the true errors for Cases II, IV, and VI, for the case when a radar altimeter is

also used. Averaged values were used because no significant improvements were found in

latitude, longitude, and altitude errors over Cases VII, IX, and XI (no radar altimeter

used) and Cases VIII, X, and XII (radar altimeter used) when the single pseudolite was

utilized. The plots for Case VII - XII are located in Appendix C. 1 - C.6 respectively.

4.2.1 Cases VII, IX, and XI - Pseudolite Without Radar Altimeter

The pseudolite provides an additional range measurement to the aircraft and is

available and being processed once every second. When an aircraft is following a

precision approach pattern, the pseudolite data is available when the aircraft is within a

12 nm window of the runway. This distance was chosen based on a 12/1 near-far ratio.

Basically this means is that, if the pseudolite is placed 1 nm from the runway, then it can

broadcast data at a strength which will reach 12 times this distance without interfering

with the other range measurement information received.

Other than maintaining a certain distance from the runway, the pseudolite placement

was a random location at the runway. Several pseudolite positions around the runway

were tried, with no significant improvement in the horizontal and vertical errors. The use

of the pseudolite did decrease the VDOP, which is reflected in the decrease in altitude
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Error State Case I, III, V average Case VII, IX, and XI % Change in Error
true error (feet) average true error (feet)

Latitude 1.09 1.14 + 4.4%
Longitude 1.13 0.71 37.2%
Altitude 4.43 3.9 12.0%

Table 4 - 18. Averaged True Error Reduction Using a Single Pseudolite

error seen when Cases 1, 111, and V are compared to Cases VII, IX, and XI. Table 4 - 18

presents the improvements in latitude, longitude, and altitude error when a single

pseudolite is used.

With the use of the pseudolite, basically no change was seen in the true errors in

latitude. A 37.2% decrease in longitude error is noted, but the 12% decrease in altitude

error is not enough to improve the precision landing approach above a Category I. The

increase in latitude error, despite the decrease in longitude error, may be in part due to

changes in HDOP and PDOP caused by the pseudolite placement. Table 4 - 19

summarizes the Case VII, IX, and XI performances in terms of which category of

precision approach could be met based on horizontal and vertical errors. Category III

precision approaches are maintained for the horizontal errors, but as discussed earlier, the

vertical errors still limit us to a Category I approach in both true and filter predicted

errors.

Case Horizontal Horizontal Vertical Vertical
Number (Based on True (Based on Filter (Based on True (Based on Filter

Error) Predicted Error) Error) Predicted Error)

VII, IX, Cat III Cat III Cat I Cat I
and XI

Table 4 - 19. Precision Landing Category Predicted To Achieve
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4.2.2 Cases VIII, X, and XII - Pseudolite and Radar Altimeter

Cases VIII, X, and XII are identical to cases in the previous section except for the

addition of radar altimeter measurements when the aircraft goes below 3000 feet (AGL).

Cases VIII, X, and XII will be compared to Cases II, IV, and VI, where the radar

altimeter was also used in the configuration. The improvements realized when the

pseudolite and radar altimeter are used together versus just the use of the pseudolite are

presented in Table 4 - 20. The performance enhancements obtained by the pseudolite and

radar altimeter combination, compared to just the use of a radar altimeter, are presented in

Table 4 - 21.

Once again, we were able to maintain a Category III precision approach for the

horizontal errors when the pseudolite was introduced along with the radar altimeter in

Cases VIII, X, and XII. The pseudolite improved the longitude errors by 44% over the

cases when only the radar altimeter was used, but this time only a marginal improvement

of 2.2% was seen in the altitude errors from Cases II, IV, and VI to Cases VIII, X, and

Error State Case II, IV, VI average Case VIII, X, XII % Change in Error
true error (feet) average true error (feet)

Latitude 1.07 1.11 +3.6%
Longitude 1.23 0.69 44.0%
Altitude 1.82 1.78 2.2%

Table 4 - 20. Averaged True Error Reduction, Case II-IV-VI vs. Case VIII-X-XII

Error State Case VII, IX, XI Case VIII, X, XII % Change in Error
average true error (feet) average true error (feet)

Latitude 1.14 1.11 2.6%
Longitude 0.71 0.69 2.8%
Altitude 3.9 1.78 54.4%

Table 4 - 21. Averaged True Error Reduction, Case VII-IX-XI vs. Case VIII-X-XII
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XII. This can be attributed to the fact that the radar altimeter is providing adequate

vertical channel aiding to the aircraft, and the improvements provided by the pseudolite

are not as significant. Table 4 - 21 presents the significance of the radar altimeter for

altitude error performance. When the radar altimeter is used with the pseudolite, a 54%

improvement in average altitude errors is seen over the pseudolite only case. The average

true altitude errors for Cases VII, IX, and XI show only a modest improvement when the

the pseudolite is used, when compared to Cases I, III, and V when no pseudolite is used.

In the cases where the altimeter is used, the performance requirements for a Category II

precision approach are met in the vertical channel. In Cases VII, IX, and XI where no

altimeter is used, only a Category I precision approach can be maintained. Table 4 - 22

summarizes the Case VIII, X, and XII precision approach performances.

Case Horizontal Horizontal Vertical Vertical
Number (Based on True (Based on Filter (Based on True (Based on Filter

Error) Predicted Error) Error) Predicted Error)

VIII, IX, Cat III Cat III Cat II Cat I
and XII

Table 4 - 22. Precision Landing Category Predicted To Achieve

4.3 Example of 0.4 nm/hr, 2.0 nm1hr, and 4.0 nm/hr INS Drift during a Loss of
GPS Measurements for 1/8 Schuler Period

Research done in Cases I - XII was based on the assumption that range measurement

information from 4 satellites was available without interruption. In this section, the loss of

GPS for approximately 650 seconds (1/8 Schuler period) was examined to view the

performance of the true and filter-predicted parameters under real world conditions.

During an actual flight, loss of GPS measurements will inevitably occur. If a low accuracy

INS is used in a DGPS/INS Kalman filter integration for a landing system implementation,

one needs to know the effects of the loss of DGPS measurements. The continuous DGPS
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measurements enabled the performance differences between each of the INSs to be

minimized, allowing the aided navigation systems to maintain their accuracies. The

increased drift caused by the less accurate INSs will increase the errors substantially if the

DGPS measurements are lost. The plots for Cases XIII - XV are located in Appendixes

D.1 - D.3. By comparing the plots for Cases XIII - XV, one can see the errors for the

INSs increase as the quality of the INSs degrade.

The four SV measurements were assumed lost at time T = 2000 sec. into the flight.

This loss represents a situation where the GPS receiver may be unusable or a terrorist

jamming has occurred. In Appendix D, one can compare the outputs for the three

different INSs and see the errors increasing until the GPS measurements are re-acquired.

Figure D. 1 through Figure D.3 represent the 0.4 nrim/hr, 2.0 nm/hr, and 4.0 nm/hr INS,

respectively. Once the re-acquisition has occurred, the INS errors are once again

bounded. The latitude, longitude, and altitude errors once again approach the range

required for precision approach landings. Table 4 - 23 presents the averaged true errors

and Table 4 - 24 summarizes the precision landing performance for Cases XIII, XIV, and

XV. There were no precision landing category degradations caused by the interruption in

DGPS information due to the time period over which DGPS information was lost, relative

to the time of landing. As before a Category III precision approach was realized with the

horizontal errors, but the vertical errors limited the landing to a Category I.
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Error State Case XIII average true Case XIV average true Case XV average true
error (feet) error (feet) error (feet)

Latitude 1.19 1.29 1.39
Longitude 0.44 0.51 0.54
Altitude 4.16 4.31 4.25

Table 4 - 23. Averaged True Error for Case XIII, XIV, and XV

Case Horizontal Horizontal Vertical Vertical
Number (Based on True (Based on Filter (Based on True (Based on Filter

Error) Predicted Error) Error) Predicted Error)

XIII, Cat III Cat III Cat I Cat I
XIV,

and XV
Table 4 - 24. Precision Landing Category Predicted To Achieve

4.4 Radar Altimeter/Barometric Altimeter/DGPS Aiding of the 0.4 nm/hr, 2. 0
nm/hr INS, and 4. 0 nm/hr INS with the Single Engine Aircraft Flight Profile

This section discusses the Case I - XV results for the single engine aircraft flight

profile. The scenarios for the set-up of each of these scenarios is identical to the set-up

for the cases in Sections 4.1, 4.2, and 4.3. Also the filter-predicted errors for these cases

using the single engine aircraft flight profile are nearly identical to the errors found with

the tanker flight profile. Therefore, the information discussed will be limited to the true

errors and the precision approach performance for each case. The plots for Cases I - VI

are located in Appendices E. 1 - E.6; these are directly comparable to plots in Appendices

B. 1 - B.6 for the case of the tanker trajectory profile. The plots for Cases VII - XII are

located in Appendices F. 1 - F.6; these can be compared to plots in Appendices C. 1 - C.6

for the tanker profile. The plots for Cases XIII - XV are located in Appendices G. 1 -

G.3; these can be compared to results in Appendices D.1 - D.3.
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4.4.1 Case I, III, and V- 0.4 nm/hr, 2.0 nm/hr, and 4.0 nm/hr INS

For these three cases, no radar altimeter was used for vertical channel aiding. The only

difference in the scenarios is the accuracy of the INS used. The true error information

presented is an average of the errors for Cases I, Ii, and V. Averaged values were used

because no significant improvements were found in latitude, longitude, and altitude errors

at the three decision heights. Table 4 - 25 presents the averaged true errors for each

individual case and Table 4 - 26 summarizes the precision approach capabilities for each

case.

Error State Case I average true Case III average true Case V average true
error (feet) error (feet) error (feet)

Latitude 0.6 0.44 0.58
Longitude 1.81 1.74 1.73
Altitude 4.65 3.96 4.92

Table 4 - 25. Averaged True Error for Case I, Ill, and V

Case Horizontal Horizontal Vertical Vertical
Number (Based on True (Based on Filter (Based on True (Based on Filter

Error) Predicted Error) Error) Predicted Error)

I, III, Cat III Cat III Cat I Cat I
and V

Table 4 - 26. Precision Landing Category Predicted To Achieve

Once again, Category III precision approach requirements are met with the horizontal

errors, but we are still limited to Category I with the vertical error precision. This matches

exactly the precision approach requirements seen with the tanker aircraft. When one

compares the average true errors of the tanker with the average true errors of the single

engine aircraft, some interesting trends are noted. Table 4 - 27 presents the true error

comparisons for latitude, longitude, and altitude for Cases I, UI, and V (tanker and single

engine aircraft). A significant decrease in the latitude error is seen from the tanker to the
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single engine aircraft. However, the gains in latitude errors are lost by an increase in

longitude errors for the single engine aircraft. The difference in altitude errors shows no

significant differences between the tanker and the single engine aircraft, except for Case V

where a difference of one foot is found. These differences can be associated with the

difference in the flight profiles flown by the two aircraft. The approach speed for the

single engine aircraft and the altitude from which it began its descent is much different

from that of the tanker. These variations show up in the final output.

Error State Case I Case I Case III Case III Case V Case V
average true average true average true average true average true average true
error (feet) error (feet) error (feet) error (feet) error (feet) error (feet)

tanker single tanker single tanker single
engine engine engine

Latitude 1.01 0.6 1.12 0.44 1.14 0.58
Longitude 0.91 1.81 1.16 1.74 1.31 1.73
Altitude 4.14 4.65 3.85 3.96 3.82 4.92

Table 4 - 27. Average True Errors of Tanker vs Single Engine Aircraft

4.4.2 Case l, IV, and VI - 0.4 nm/hr, 2.0 nm/hr, and 4.0 nm/hr INS with Radar
Altimeter

With the addition of the radar altimeter for these cases, the true errors in the vertical

channel have been reduced enough to warrant a close look at the altitude errors at each

decision height. Once again, the latitude and longitude errors will be will be averaged

over the three decision heights because no significant improvements were noted, and a

Category III precision approach is met at all three heights. Table 4 - 28 shows the

averaged true error for Cases II, IV, and VI.

Error State Case II average true Case IV average true Case VI average true
error (feet) error (feet) error (feet)

Latitude 0.85 1.0 0.98
Longitude 0.99 1.12 1.18

Table 4 - 28. Averaged True Error for Case II, IV, and VI
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Enough of an improvement in the radar-altimeter-assisted latitude errors has led to the

requirements for a Category III precision approach landing being met for the true vertical

errors. It should be noted that the filter-predicted vertical errors still maintain only a

Category I precision approach, but with some additional tuning a Category III approach

should be possible. Table 4 - 29 outlines the true latitude errors for each decision height

and Table 4 - 30 summarizes the precision approach category for each case.

Position Error Decision Case II True Case IV True Case VI True Vertical (Based
State Height (feet) Error (feet) Error (feet) Error (feet) on True Error)

5altitude 200 1.98 2.38 1.92 Cat III
8altitude 100 0.79 1.1 0.78 Cat III
8altitude 50 0.47 0.82 0.51 Cat III

Table 4 - 29. Case II, IV, and VI Ia Altitude Errors

Case Horizontal Horizontal Vertical Vertical
Number (Based on True (Based on Filter (Based on True (Based on Filter

Error) Predicted Error) Error) Predicted Error)

II, IV, Cat III Cat III Cat III Cat I
and VI

Table 4 - 30. Precision Landing Category Predicted To Achieve

The Category III precision approach met in the vertical channel for the true errors is

one level higher than the Category II approach met by the tanker aircraft scenario. Table

4 - 31 outlines the Case II, IV, and IV comparisons for the tanker and single engine

aircraft errors. As can be seen, the altitude errors in the single engine aircraft cases has

been reduced by an amount large enough to maintain a Category Ill precision approach.

Although the true altitude errors in the tanker scenarion are less than one foot more, this

difference is enough to maintain the precision approach at a Category II. This is

counterintuitive since the small aircraft will "bounce around" more in an approach than a

tanker. The different speed of the approaches is the determining factor here. The small
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aircraft has decreased speed to 50 knots at touchdown while the tanker has a speed of

133 knots. Since the PROFGEN simulation does not simulate the greater buffetting of the

single engine aircraft during landing, the lower velocity minimizes the effects of some of

the errors. The addition of the radar altimeter for Cases II, IV, and VI has also eliminated

the differences in latitude and longitude errors between the tanker and single engine

aircraft which were seen in Cases I, III, and V. This additional measurement is very

significant during the precision approach landing.

Error State Case II Case II Case IV Case V Case VI Case VI
average true average true average true average true average true average true
error (feet) error (feet) error (feet) error (feet) error (feet) error (feet)

tanker single tanker single tanker single
engine engine engine

Latitude 0.97 0.85 1.10 1.0 1.12 0.98
Longitude 0.97 0.99 1.23 1.12 1.47 1.18
Altitude 1.72 1.08 1.89 1.43 1.85 1.07

Table 4 - 31. Average True Errors of Tanker vs Single Engine Aircraft

4.4.3 Case VII, IX, and Xl- 0.4 nm/hr, 2.0 nm/hr, and 4.0 nm/hr INS with a Single

Pseudolite

With the addition of the single pseudolite, no significant improvements were noted

over Cases I, I, and V where no pseudolite was used. "Significant" implies the changing

of a precision landing category based on the changes in either filter-predicted or true

errors. Table 4 - 32 summarizes the precision landing category met for each case. As

with the non-pseudolite case, Category III precision is met in the horizontal errors, but

only Category I is met with the vertical errors.
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Case Horizontal Horizontal Vertical Vertical
Number (Based on True (Based on Filter (Based on True (Based on Filter

Error) Predicted Error) Error) Predicted Error)

VII, IX, Cat III Cat III Cat I Cat I
and XI

Table 4 - 32. Precision Landing Category Predicted To Achieve

4.4.4 Case VIII, X, andXfI- 0.4 nm/hr, 2.0 nm/hr, and 4.0 nm/hr INS with a Single
Pseudolite and radar altimeter

As in the previous section, no significant changes were found when the pseudolite was

added to the radar altimeter case. We were able to realize a Category III precision

approach in the true errors in for both the horizontal and vertical. Table 4 - 33

summarizes the precision approach capabilities for Cases VIII, X, and XII.

Case Horizontal Horizontal Vertical Vertical
Number (Based on True (Based on Filter (Based on True (Based on Filter

Error) Predicted Error) Error) Predicted Error)

VIII, X, Cat III Cat III Cat III Cat I
and XII

Table 4 - 33. Precision Landing Category Predicted To Achieve

4.4.5 Example of 0.4 nm/hr, 2.0 nm/hr, and 4.0 nm/hr INS Drift during a Loss of
GPS Measurement for 1/8 Schuler Period

Section 4.3 presents a detailed discussion for the reasoning behind the loss of range

measurements from the 4 satellites. With the flight profile of the single engine aircraft

used in place of the tanker profile, we see the increase in errors when the DGPS

measurements are lost and the subsequent error improvements when the measurements are

returned. The plots in Figure G.1 can be compared to the plots in Figure G.2 and Figure

G.3 to see the increase in errors for the different INSs. Table 4 - 34 summarizes the

precision approach performance for these last cases. As with the tanker profile scenarios,

the horizontal errors meet a Category III precision approach while the vertical errors still
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V Conclusions and Recommendations

This chapter presents recommendations and conclusions based on the results which

were presented in Chapter 4. This includes a basic introduction on the focus of the thesis,

the conclusions which were drawn from the research, and recommendations for future

work which may provide a solution to fully implementing a Category I precision

approach.

5.1 Introduction

This thesis focused on the integration of information from several different stand-alone

devices located on an aircraft to provide a more accurate answer about the location of an

aircraft. The information was integrated using an extended Kalman filter to meet the FAA

Category I, II, and 1II precision approach accuracy requirements. The stand-alone devices

integrated included an INS, differentially corrected GPS, barometric altimeter, radar

altimeter, and a ground-based pseudolite.

This thesis focused on the investigation of using differentially corrected GPS data to

improve the accuracy of the integrated system. It also developed a generic precision

approach flight profile (using PROFGEN [52]) for a small single engine aircraft. This

would extend the research of Gray [27] to a new class of aircraft. The use of a single

ground-based pseudolite to improve accuracy was also investigated. MSOFE [53] was

utilized to perform extended Kalman Filter integration analysis.

5.2 Conclusions

The first conclusion which can be drawn is that the use of DGPS measurements is a

giant step forward from standard GPS measurements towards realizing a Category I1

precision approach landing. Category I requirements were met under all scenarios. A
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Category II precision approach was met with the true errors when a radar altimeter was

also used to aid the inertial navigation system, and for the single engine aircraft, a

Category III precision approach with the true errors was met when the radar altimeter was

used as well as DGPS for INS aiding. This points out the necessity of performing

additional filter tuning to have the performance of the filter-predicted errors match the

performance of the true errors in order to meet a Category II and Category III precision

approach landing.

The use of the single pseudolite provided negligible improvements in the latitude and

altitude errors when a radar altimeter is used, but when a radar altimeter was not available,

the altitude errors decreased by over 10%. The latitude errors increased by a small margin

when the single pseudolite was used. This may be partially explained by changes in PDOP

and HDOP caused by pseudolite placement. The longitude errors decreased by a

substantial margin when the pseudolite was used, both with and without the use of a radar

altimeter. However, a more substantial improvement is required in the vertical errors to

meet a Category III approach. The radar altimeter, or some other device which accurately

measures the height above ground level, is necessary to achieve the goal of a Category III

precision approach landing. A 54% decrease in altitude errors was seen when a radar

altimeter was used with the pseudolite, compared to when the radar altimeter was not

used. Accurate height above ground information is required to meet higher precision

landing requirements. The DGPS measurements removed most of the errors that the

single pseudolite was helping to correct; therefore, the usefulness of that pseudolite was

not as evident as when basic GPS measurements were used. The weakness of DGPS in

the vertical channel still exists, and a device which provides improved vertical
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measurements over the radar altimeter model used will close the gap for a Category IlI

approach.

The use of DGPS on smaller instrument-rated aircraft is a viable option based on the

results of the analysis done. Even a very inaccurate (4 nm/hr) INS, when coupled with

DGPS measurements and a barometric altimeter, is capable of meeting a Category I

precision approach. When a radar altimeter is used to aid the vertical channel, a Category

II precision approach is capable of being met when the true errors are considered. The

filter-predicted errors seen in this research would seem to limit the system to a Category I

precision approach, but filter tuning should be able to remove enough of this error to

reach a Category II approach at a minimum.

The loss of DGPS measurement information is a major concern, especially during final

approach. The information provided for Cases XIII - XV show how quickly errors begin

to grow when a DGPS outage occurs. The use of ground-based pseudolites would help in

this area because each ground-based pseudolite could replace a lost satellite during final

approach. However, if there are problems with receiving the data at the aircraft, this

would not be a viable solution. The use of a Multiple Model Adaptive Estimator

(MMAE) [56] which has the capability to adapt to changes in noise levels would be a

great asset in minimizing the effects of such problems.

5.3 Recommendations

This thesis has taken the work begun by Gray [27] and increased the capabilities of the

integrated system by introducing more precise equipment to improve the overall accuracy.

To meet a Category II precision approach landing, several recommendations are

presented to improve the accuracy of the system further.
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1. Utilize carrier-phase GPS signals to increase the accuracy of the GPS measurements to

the centimeter level. A viable carrier-phase model was not available for the MSOFE

package during this effort. By developing and utilizing such an accurate measurement

system, one will be able to reduce the vertical errors even further and hopefully be able to

make the final step to meet a Category III precision approach.

2. The use of a second pseudolite should be investigated. Even though the improvements

brought on by using a single pseudolite was minimal, the integrated system is close enough

to a Category III approach that a second pseudolite may provide the necessary

improvements.

3. Investigate varying the locations of the two pseudolites to determine the optimal

geometry for pseudolite placement. It should be noted that the geometry will be different

for every runway location.

4. Investigate the use of a MMAE structure to adapt to varying noise levels from the

DGPS measurements, and to jamming. This will help assure the proper tuning of the

filters based on the changing quality of the measurements actually received.

5. Explore new methods to compensate for the vertical errors in the integrated system.

The radar altimeter is useful, but more accuracy is required.

5-4



Appendix A. Error State Definitions for the DLSM Truth and Filter
Models

Tabular listings of the truth and filter models are presented. Tables A. 1 and A.2 show the
39 INS states for the truth model, with the SNU 84-1 [41] and NRS [50,55] state

numbers given for cross-reference. Table A.3 list the GPS states respectively, and Table
A.4 lists the states in the reduced-ordered DLSM filter model.

Note: In Table A.1, the DLSM states 12 and 13 are not included; these are found in Table
A.3.
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DLSM State Definition SNU 84-1 NRS
State S __mbol State State

1 80x X-component of vector angle from true to computer frame 1 1
2 80v Y-component of vector angle from true to computer frame 2 2
3 80z Z-component of vector angle from true to computer frame 3 3
4 x X- component of vector angle from true to platform frame 4 4
5 Y- component of vector angle from true to platform frame 5 5
6 k Z- component of vector angle from true to platform frame 6 6
7 8Vx X-component of error in computed velocity 7 7
8 8Vv  Y-component of error in computed velocity 8 8
9 8Vz Z-component of error in computed velocity 9 9
10 8h Error in vehicle altitude above reference ellipsoid 10 10
11 8hB Total baro-altimeter correclated error 23 11
14 8hL Error in lagged inertial 11 16
15 6S3 Error in vertical channel aiding state 12 17
16 8S4 Error in vertical channel aiding state 13 18
17 Axc X-component of accelerometer and velocity quantizer 17 19

correlated noise
18 Ayc Y-component of accelerometer and velocity quantizer 18 20

correlated noise
19 Azc Z-component of accelerometer and velocity quantizer 19 21

1 correlated noise
20 8gx X-component of gravity vector errors 20 22
21 8g¥ Y-component of gravity vector errors 21 23
22 8gz Z-component of gravity vector errors 22 24

Table A. 1 39-State INS System Model: First 20 States

Note: DLSM state 12 and state 13 are located in Table A - 3
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State State Definition SNU 84-1 NRS
Number Symbol State State

23 bx X-component of gyro drift rate repeatability 30 25
24 bv  Y-component of gyro drift rate repeatability 31 26
25 bz Z-component of gyro drift rate repeatability 32 27
26 Sgx X-component of gyro scale factor error 33 28
27 Sv Y-component of gyro scale factor error 34 29
28 Sqz Z-component of gyro scale factor error 35 30
29 Vbx X-component of accelerometer bias repeatability 48 31
30 Vbv Y-component of accelerometer bias repeatability 49 32
31 Vbz Z-component of accelerometer bias repeatability 50 33
32 SAx X-component of accelerometer and velocity quantizer 51 34

scale factor error
33 SAy Y-component of accelerometer and velocity quantizer 52 35

scale factor error
34 SAz Z-component of accelerometer and velocity quantizer 53 36

scale factor error
35 SOAx X-component of accelerometer and velocity quantizer 54 37

scale factor asymmetry
36 SQAv Y-component of accelerometer and velocity quantizer 55 38

scale factor asymmetry
37 SOAz Z-component of accelerometer and velocity quantizer 56 39

scale factor asymmetry
38 X accelerometer misalignment about Z-axis 66 40
39 L2 Y accelerometer misalignment about Z-axis 67 41
40 g3 Z accelerometer misalignment about Y-axis 68 42
41 al X accelerometer misalignment about Y-axis 69 43

Table A.2 39-state INS System Model: Second 19 States

A-3



State State Symbol Definition NRS State
Number

12 6Rclku User clock bias 14
13 8 Dclku User clock drift 15
43 5Rtro01l SV 1 tropospheric error 69
44 8 Rioni SV 1 ionospheric error 70
46 8xsvl SV 1 x-component of position error 72
47 §ysv 1 SV 1 y-component of position error 73
48 8Zsv 1  SV 1 z-component of position error 74
50 Rtron2 SV 2 tropospheric error 76
51 8Rion2 SV 2 ionospheric error 77
53 1 Xsv 2  SV 2 x-component of position error 79
54 8Ysv2 SV 2 y-component of position error 80
55 5Zsv2 SV 2 z-component of position error 81
57 SRtroD3 SV 3 tropospheric error 83
58 8Rion3 SV 3 ionospheric error 84
60 5Xsv3 SV 3 x-component of position error 86
61 6Ysv3 SV 3 y-component of position error 87
62 8Zsv3 SV 3 z-component of position error 88
64 Rtroo4 SV 4 tropospheric error 90
65 1 Rion4 SV 4 ionospheric error 91
67 8 xvw4 SV 4 x-component of position error 93
68 6ysv4 SV 4 y-component of position error 94
69 8 zsv4 SV 4 z-component of position error 95

Table A.3 22-State DGPS System Model

A-4



State State Definition NRS State
Number Symbol

1 80x X-component of vector angle from true to computer frame 1
2 80y Y-component of vector angle from true to computer frame 2
3 80 z  Z-component of vector angle from true to computer frame 3
4 k X- component of vector angle from true to platform frame 4
5 o Y- component of vector angle from true to platform frame 5
6 k Z- component of vector angle from true to platform frame 6
7 8Vx X-component of error in computed velocity 7
8 8Vv Y-component of error in computed velocity 8
9 8Vz Z-component of error in computed velocity 9
10 8h Error in vehicle altitude above reference ellipsoid 10
11 8hB Total baro-altimeter correclated error 11
12 &lkb  User clock bias 14
13 &lk& User clock drift 15

Table A.4 13-State Reduced-Order Filter Model

A-5



Appendix B.

Plots of Case I through Case VI for Tanker Flight Profile.

Plot Legend

... true error (mean error± UOtue)

- - - filter predicted error (0 ± Ofilter)

- mean error
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B.1 Plots of Case I: Barometric Altimeter, 0.4 nm/hr INS, and DGPS Using the

Tanker Flight Profile.
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B.2 Plots of Case II: Barometric Altimeter, 0.4 nm/hr INS, Radar Altimeter, and

DGPS Using the Tanker Flight Profile.
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B.3 Plots of Case III: Barometric Altimeter, 2.0 nm/hr INS, and DGPS Using the

Tanker Flight Profile.
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B.4 Plots of Case IV: Barometric Altimeter, 2.0 nm//hr INS, Radar Altimeter, and

DGPS Using the Tanker Flight Profile.
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B.5 Plots of Case V: Barometric Altimeter, 4.0 nm/hr INS, and DGPS Using the

Tanker Flight Profile.
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B.6 Plots of Case VI: Barometric Altimeter, 4.0 nm/hr INS, Radar Altimeter, and

DGPS Using the Tanker Flight Profile.
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Appendix C.

Plots of Case VII through Case XII for Tanker Flight Profile.

Plot Legend

true error (mean error + true)

- - - filter predicted error (0 ± Ufilter)

- mean error
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C.1 Plots of Case VII: Barometric Altimeter, 0.4 nm/hr INS, Single Pseudolite,

and DGPS Using the Tanker Flight Profile.
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C.2 Plots of Case VIII: Barometric Altimeter, 0.4 nm/hr INS, Radar Altimeter,

Single Pseudolite, and DGPS Using the Tanker Flight Profile.
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C.3 Plots of Case IX: Barometric Altimeter, 2.0 nm/hr INS, Radar Altimeter,

Single Pseudolite, and DGPS Using the Tanker Flight Profile.
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C.4 Plots of Case X: Barometric Altimeter, 2.0 nm/hr INS, Radar Altimeter, Sin-

gle Pseudolite, and DGPS Using the Tanker Flight Profile.
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C.5 Plots of Case XI: Barometric Altimeter, 4.0 nm/hr INS, Single Pseudolite,

and DGPS Using the Tanker Flight Profile.
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C.6 Plots of Case XII: Barometric Altimeter, 4.0 nm/hr INS, Radar Altimeter,

Single Pseudolite, and DGPS Using the Tanker Flight Profile.
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Appendix D.

Plots of Case XIII, Case XIV, and Case XV for Tanker Flight Profile. These

Cases Present DGPS Measurement Failure in Case I, Case III, and Case V.

Plot Legend

... true error (mean error + tre)

- - - filter predicted error (0 - filter)

- mean error
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D.1 Plots of Case XIII: Barometric Altimeter, 0.4 nm/hr INS, and DGPS Using

the Tanker Flight Profile.
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D.2 Plots of Case XIV: Barometric Altimeter, 2.0 nm/hr INS, and DGPS Using

the Tanker Flight Profile.
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D.3 Plots of Case XV: Barometric Altimeter, 4.0 nm/hr INS, and DGPS Using

the Tanker Flight Profile.
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Appendix E.

Plots of Case I through Case VI for Single Engine Aircraft Flight Profile.

Plot Legend

... true error (mean error ± Otrue)

- - - filter predicted error (0 ± Ofjijt,)

- mean error
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E.1 Plots of Case I: Barometric Altimeter, 0.4 nm/hr INS, and DGPS Using the

Single Engine Aircraft Flight Profile.
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E.2 Plots of Case II: Barometric Altimeter, 0.4 nm/hr INS, Radar Altimeter, and

DGPS Using the Single Engine Aircraft Flight Profile.

E-9



Latitude Error

2

-2

-3

-4
0 500 1000 1500 2000 2500 3000 3500

Longitude Error
4

-1

3-

-2

-3

-4 - -1 -1-0 500 1000 1500 2000 2500 3000 3500
Time (see)

Figure E.7 Latitude and Longitude Error

E-1O



Aircraft Altitude Error

50

4*

10

-10L

0 500 1000 1500 2000 2500 3000 3500

FigreE. AicrftAlttu ndBaro-Altimeter Error

40-1



Latitude Error
4

2-
-4- - - - - I -

- - - -, - ----- -- --

-2

-4 I I I i i

3600 3650 3700 3750 3800 3850 3900

Longitude Error

2

10

-" - -- - - - - - - -:If

3600 3650 3700 3750 3800 3850 3900

Aircraft Altitude Error
10 " "

5 ---- - - - - - - - - - - - - - - - - - - - - - -

.0

-5 . .. . . .. . . . . ,- J

-10 v4. '*j~'!;
3600 3650 3700 3750 3800 3850 3900

Time (sec)

Figure E.9 Latitude, Longitude, and Aircraft Altitude Error

E-12



North lilt Error

5 - - - - - - - - - - - - - - - - - -

-, 1. -t- -- I --

0 500 1000 1500 2000 2500 3000 3500

1Azimuth lit Error

10

0
-- -- -- -- ------------ -- -----------

-10

0 500 1000 1500 2000 2500 3000 3500

Figre .1 NothWet, ndAzimuth Ti lt Errors

1E-r



North Velocity Error

0.0 -- - -- -- - -- - - - - -- - - -

6S A

0 500 1000 1500 2000 2500 3000 3500

West Velocity Error

0.1

-0.1

0 50 100 10100 20 00 30

Vertical Velocity Error

-1

0 500 1000 1500 2000 2500 3000' 3500
lime (sec)

Figure E. 11 North, West, and Vertical Velocity Errors

E-14



GPS User Clock Bias
5

4-

31

-~~~A A...kALI.

-2

0 500 1000 1500 2000 2500 3000 3500

GPS User Clock Dnift
0.1 I

0.08

0.06:

0.04

-0.02

-0.024

-0.06

-0.081

0. 500 1000 10 200 50 300 3500
lime (sec)

Figure E.12 GPS User Clock Bias and GPS User Clock Drift

E-15



E.3 Plots of Case III: Barometric Altimeter, 2.0 nm/hr INS, and DGPS Using the

Single Engine Aircraft Flight Profile.
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E.4 Plots of Case IV: Barometric Altimeter, 2.0 nm/hr INS, Radar Altimeter, and

DGPS Using the Single Engine Aircraft Flight Profile.
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E.5 Plots of Case V: Barometric Altimeter, 4.0 nm/hr INS, and DGPS Using the

Single Engine Aircraft Flight Profile.
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E.6 Plots of Case VI: Barometric Altimeter, 4.0 nm/hr INS, Radar Altimeter, and

DGPS Using the Single Engine Aircraft Flight Profile.
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Appendix F.

Plots of Case VII through Case XII for Single Engine Aircraft Flight Profile.

Plot Legend

... true error (mean error ± Otrue)

--- filter predicted error (0 ± Ofilter)

- mean error
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F.1 Plots of Case VII: Barometric Altimeter, 0.4 nm/hr INS, Single Pseudolite,

and DGPS Using the Single Engine Aircraft Flight Profile.
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F.2 Plots of Case VIII: Barometric Altimeter, 0.4 nm/hr INS, Radar Altimeter,

Single Pseudolite, and DGPS Using the Single Engine Aircraft Flight Profile.
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F.3 Plots of Case IX: Barometric Altimeter, 2.0 nm/hr INS, Radar Altimeter,

Single Pseudolite, and DGPS Using the Single Engine Aircraft Flight Profile.
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F.4 Plots of Case X: Barometric Altimeter, 2.0 nm/hr INS, Radar Altimeter, Sin-

gle Pseudolite, and DGPS Using the Single Engine Aircraft Flight Profile.
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F.5 Plots of Case XI: Barometric Altimeter, 4.0 nm/hr INS, Single Pseudolite,

and DGPS Using the Single Engine Aircraft Flight Profile.
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F.6 Plots of Case XII: Barometric Altimeter, 4.0 nm/hr INS, Radar Altimeter,

Single Pseudolite, and DGPS Using the Single Engine Aircraft Flight Profile.
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Appendix G.

Plots of Case XIII, Case XIV, and Case XV for Single Engine Aircraft Flight

Profile. These Cases Present DGPS Measurement Failure in Case I, Case III, and

Case V.

Plot Legend

... true error (mean error atrue)

- - - filter predicted error (0 - o'.fitr)

- mean error
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G.1 Plots of Case XIII: Barometric Altimeter, 0.4 nm/hr INS, and DGPS Using

the Single Engine Aircraft Flight Profile.
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G.2 Plots of Case XIV: Barometric Altimeter, 2.0 nm/hr INS, and DGPS Using

the Single Engine Aircraft Flight Profile.
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G.3 Plots of Case XV: Barometric Altimeter, 4.0 nm/hr INS, and DGPS Using

the Single Engine Aircraft Flight Profile.
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Appendix H

FORTRAN source code ADDSV.for, Sample True ephemeris data and Almanac file

"051994A.AL3" are contained in this section. In order to interpret Figure H.2, use the

following template shown in Table H. 1. See SEM 3.6 User Manual for the template of

Figure H.3.

* 1994 5 21 4 15 0.00000000

P 6 -3808.264821 -26030.699349 -2199.205556 179.659571

* YEAR MONTH DAY SV_HOURS SV_MINUTES SVSECONDS

POSITIONINFO SV# ECEFX( in kin) ECEFY (in kin) ECEFZ (in kn) SV Clock Offset
(in microsec)

1994 = YEAR
5 = MONTH
21 = DAY
4 = SVHOURS
15 SVMINUTES
0.00000000 = SVSECONDS
P = POSITIONJNFO
6 = SV#
-3808.264821 = ECEFX( in kin)
-26030.699349 = ECEFY (in kin)
-2199.205556 = ECEF._Z (in kin)
179.659571 = SV Clock Offset (in microsec)

Table H. 1 Template for Understanding Figure H - 2.
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*DECK ADDSV

PROGRAM ADDSV
C
C This program will read in TANKER3 FLIGHT profile, and merge
C the information with real SV ephemeris data ovtained from the
C Coast Guard BBS (National Geodetic Survey Ephemeris)
C
C The output file created will be called "FLIGHTTANKER3_2 lmy94p4"
C This file will need to be re-named "FLIGHT" so MSOFE will
C read it in properly. Put the "FLIGHT" file in the "runs"
C directory with your MSOFEIJN file.
C
C Adopted from J Solomon add.for code: 9 Sep 94 R.A. Gray
C
C

INTEGER I,J,K
REAL EPHPOS(10000,12)
CHARACTER PDATE *10 , PTIME *10
CHARACTER PTITLE *80, TEMP *80
INTEGER*4 NRT, NYT
INTEGER*4 IDFLT(17), IDCHEK(29)

C
DOUBLE PRECISION TKNOT(10000), UKNOT(10000,29)

C
DATA IDCHEK / 1, 2, 3, 40, 40, 40, 43, 43, 43, 5, 7, 8, 9, 14,
& 16, 17, 18, 60, 61, 62, 60, 61, 62, 60,
& 61, 62, 60, 61, 62/
DATA NYT /29/

C
C---
C #OPEN FILES
C----
C
C

OPEN (UNIT = 20,
& FILE = 'FLIGHT',
& FORM = 'UNFORMATTED',
& STATUS = 'OLD')
OPEN (UNIT =21,
& FILE ='21my94p4',
& FORM = 'FORMATTED',
& STATUS = 'OLD')
OPEN (UNIT =22,
& FILE = 'FLIGHTTANKER3_2lmy94p4',
& FORM = UNFORMATTED', & STATUS = UNKNOWN')

C
C
C----
C #READ FLIGHT HEADER
C---
C
C

READ (20) PDATE, PTIME, PTITLE
READ (20) NRT, (IDFLT(I),I=I,NRT)

C
C

C #READ FLIGHT DATA
C----

C
DO 100 K = 1, 3920

READ (20) TKNOT(K), (UKNOT(K, J), J = 1,NRT)

Figure H. 1 FORTRAN source code "ADDSV.for"
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100 CONTINUE
C
C---
C #READ GPS DATA
C---
C

DO 200 1 = 1,3920
READ(21.*) TEND

RIEAD(21,20 1) EPHPOS(I ),EPHPOS(1.2),EPHPOS(I,3)
READ(21,201) EPHPOS(I.4),EPHiPOS(I.5),EPHPOS(I,6)

READ(2 1,201) EPHPOS(I,7),EPHPOS(I,8),EPHPOS(1,9)
READ(21,201) EPHPOS(I,10),EPHPOS(I, 11),

& EPHPOS(I,12)
C
C CONVERT FROM KM TO FEET...
C

EPHPOS(I, 1)= EPHPOS(I, 1) - 3.2801 * 1000
EPHPOS(I,2)= EPHPOS(I,2) *3.2801 * 1000
EPHPOS(I,3)= EPHPOS(I.3) * 3.2801 * 1000
EPHPOS(I,4)= EPHPOS(I,4) *3.2801 *1000

EPHPOS(I,S)= EPHPOS(I,5) *3,2801 *1000

EPHPOS(I.6)= EPHPOS(I,6) *3.2801 *1000

EPHPOS(1,7)= EPHPOS(I,7) *3.2801 *1000

EPHPOS(I,8)= EPHPOS(I,8) *3.2801 *1000

EPHPOS(I,9)-- EPHPOS(I,9) *3.2801 *1000

EPHPOS(I,I0)= EPHPOS(I,10) * 3.2801 * 1000
EPHPOS(I,11)=- EPHPOS(I,11) * 3.2801 * 1000
EPHPOS(I. 12)= EPHPOS(I, 12) * 3.2801 * 1000

200 CONTINUE

C
201 FORMAT(5X,F13.6,IX,F13.6, 1X,F13.6)
C
C----
C #ADD GPS DATA TO FLIGHT DATA
C -- ----
C

DO 300 1 = 1,3920
DO 300 J= 1,12

UKNOT(I,JI-17) = DBLE( EPHPOS(I,J))
300 CONTINUE
C
C
C ------
C #OUTPUT GPS / FLIGHT DATA
C ------
C

WRITE (22) PDATE, PTIMIE. PTITLE
WRITE (22) NYT, (IDCHEK(I),I=1,NYT)

C
DO 400 K= 1, 3920

WRITE(22) TKNOT(K), (UKNOT(K, J), JI 1,NYT)
400 CONTINUE

C
CLOSE(20), CLOSE(21), CLOSE(22)
STOP 'ADD DONE.'

C
END

Figure H. 1 (Continued). FORTRAN source code "ADDS V~or"
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* 1994 5 21 4 15 0.00000000

P 6 -3808.264821 -26030.699349 -2199.205556 179.659571
P 16 22228.030253 -2914.054829 14269.400710 -72.472353
P 17 -1978.539062 -16483.210409 20480.389383 -51.084448
P28 -14135.480147 5206.630899 21842.559082 14.685241
* 1994 521 4 15 1.0000000
P 6 -3807.902060 -26030.482798 -2202.379803 179.659588
P 16 22229.666889 -2913.256477 14267.009251 -72.472371
P 17 -1976.416118-16484.803199 20479.313405 -51.084449
P 28 -14136.128577 5203.928088 21842.759458 14.685243
* 1994 5 21 4 15 2.00000000
P 6 -3807.539205 -26030.265875 -2205.554003 179.659604
P 16 22231.303287 -2912.458317 14264.617490 -72.472389
P 17 -1974.293373 -16486.396028 20478.236982 -51.084450
P 28 -14136.777174 5201.225288 21842.959367 14.685245
* 1994 5 21 4 15 3.00000000
P 6 -3807.176256-26030.048580 -2208.728154 179.659621
P 16 22232.939448 -2911.660349 14262.225425 -72.472406
P 17 -1972.170829 -16487.988896 20477.160114 -51.084451
P 28 -14137.425939 5198.522499 21843.158810 14.685247
* 1994 5 21 4 15 4.00000000
P 6 -3806.813214-26029.830911 -2211.902258 179.659638
P 16 22234.575372 -2910.862573 14259.833058 -72.472424
P 17 -1970.048484 -16489.581803 20476.082800 -51.084452
P 28 -14138.074872 5195.819722 21843.357787 14.685249
* 1994 5 21 4 15 5.00000000
P 6 -3806.450077-26029.612871 -2215.076314 179.659654
P 16 22236.211057 -2910.064990 14257.440387 -72.472442
P 17 -1967.926339 -16491.174748 20475.005041 -51.084453
P 28 -14138.723973 5193.116956 21843.556298 14.685251
* 1994 5 21 4 15 6.00000000
P 6 -3806.086847-26029.394457 -2218.250322 179.659671
P 16 22237.846505 -2909.267599 14255.047414 -72.472460
P 17 -1965.804394 -16492.767731 20473.926836 -51.084454
P 28 -14139.373241 5190.414202 21843.754343 14.685253

Figure H.2 Sample from National Geodetic OfficeTrue Ephemeris Data
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25 051994A.AL3

750 32768

1
32
7
3.61871719360000E-0003 4.03787490677082E-0003 -2.47382546733128E-0009
5.15368505900000E+0003 -2.18499073561888E-0001 -3.81680029160470E-0001
9.34495603829844E-0001 -2.47955322270000E-0005 0.00000000000000E+0000

0
1

2
13
7
1.28645896910000E-0002 3.63542500182467E-0003 -2.64844865770802E-0009
5.15360546900000E+0003 4.34110874460587E-0001 -8.51847509087840E-0001
-2.11397536351559E-0001 -9.05990600590000E-0005 -3.63797880710000E-0012
0
1

4
34
7
3.16715240480000E-0003 6.62805331970454E-0003 -2.54658524778148E-0009
5.15349951200000E+0003 -8.88224868033215E-0001 -3.98996607241964E-0001
5.56436181933807E-0001 2.76565551760000E-0005 0.OOOOOOOOOOOOOOE+0000

0
1

5
35
7
2.04277038570000E-0003 4.40408688739476E-0003 -2.64844865770802E-0009
5.15354834000000E+0003 4.38525794771209E-0001 -7.47885202727681E-0001
-8.79619968280586E-0001 4.19616699220000E-0005 3.63797880710000E-0012
0
1

6
36

7
6.08873367310000E-0003 5.28146260959343E-0003 -2.48837742344679E-0009
5.15367529300000E+0003 7.84484770392502E-0001 -9.51250588590547E-0001
8.06142540736748E-0001 1.81198120120000E-0004 1.81898940350000E-0011

0
1

7
37
7
6.20937347410000E-0003 6.33813079470329E-0003 -2.47746345635220E-0009
5.15368798800000E+0003 7.72793384134664E-0001 -8.64231552535642E-0001

-5.47001490125076E-0001 6.96182250980000E-0004 0.OOOOOOOOOOOOOOE+0000
0
1

9
39
7
2.60972976680000E-0003 3.08419082134277E-0003 -2.61934474550884E-0009
5.15371142600000E+0003 1.10435722418997E-0001 -2.02198618779358E-0001
9.39667574686501E-0001 -1.81198120120000E-0005 0.OOOOOOOOOOOOOOE+0000

0
1

12
10
3
1.45077705380000E-0002 4.65393139879435E-0002 -2.19006317174084E-0009

Figure H.3 SEM 3.6 Almanac Data File (051994.a13) Used For: 21 May 94.
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5.15351025400000E+0003 2.20944414025568E-0001 -5.63353322948398E-0002
6.88273665924971E-0001 3.24249267580000E-0005 0.00000000000000E+0000

0
0

14
14
7
3.12614440920000E-0003 5.97191881407934E-0003 -2.55022323680240E-0009
5.15373291000000E+0003 -5.47894613209864E-0001 9.78019389301773E-0001
-6.49707535115492E-0001 4.76837158200000E-0006 0.00000000000000E+0000
0
1

15
15
7
6.81734085080000E-0003 8.10052823333991E-0003 -2.52111932463505E-0009
5.15363085900000E-0003 -8.77898912451352E-0001 5.72649608752327E-0001
1.15476012945291E-0001 8.48770141600000E-0005 3.63797880710000E-0012

0
1

16
16
7
8.64505767820000E-0004 4.97436971769650E-0003 -2.56841289921599E-0009

5.15353662100000E+0003 -5.44454702377718E-0001 -5.09196621865252E-0001
1.04387400349130E-0001 -7.24792480470000E-0005 0.OOOOOOOOOOOOOOE+0000

0
1

17
17
7
7.39622116090000E-0003 8.47055372544914E-0003 -2.51748133561413E-0009
5.15364502000000E+0003 -8.66931905668387E-0001 6.00263000159655E-0001
8.30542480168520E-0001 -5.14984130860000E-0005 0.OOOOOOOOOOOOOOE+0000

0
1

18
18
7
5.53703308110000E-0003 3.05195604672514E-0004 -2.51384334659322E-0009
5.15374414100000E+0003 -2.32049219860062E-0001 4.18790684681791E-0001
-5.89919703533139E-0001 -7.62939453120000E-0006 0.OOOOOOOOOOOOOOE+0000
0
1

19
19
7
1.25408172610000E-0004 -2.17437168560882E-0003 -2.66300061379169E-0009
5.15359960900000E+0003 1.02508064366804E-0001 -8.89521010320165E-0001
3.50051511019709E-0001 2.86102294920000E-0005 3.63797880710000E-0012

0
1

20
20
7
4.76932525630000E-0003 5.53512823900381E-0003 -2.63389670162434E-0009
5.15353125000000E+0003 4.36904307926814E-0001 4.58547696903478E-0001
-2.63615848922248E-0001 5.34057617190000E-0005 0.OOOOOOOOOOOOOOE+0000
0
1
Figure H.3 (Continued). SEM3.6 Almanac Data File (051994.a13) Used For: 21 May 94.
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21
21
7
1.10397338870000E-0002 3.97873687860613E-0003 -2.57568887725782E-0009
5.15362597700000E+0003 -5.57345393927682E-0001 8.95620672682456E-0001
9.14788257969335E-0003 -2.57492065430000E-0005 0.00000000000000E+0000

0
1

22
22
7
7.18355178830000E-0003 3.68310352426479E-0003 -2.65936262477077E-0009
5.15354003900000E+0003 4.38924791650606E-0001 -7.99311402531010E-0002
-2.24944476253860E-0001 1.23977661130000E-0004 3.63797880710000E-0012
0
1

23
23
7
8.32128524780000E-0003 5.13651081681166E-0003 -2.55749921484423E-0009
5.15359179700000E+0003 -5.46834947341484E-0001 -7.51196023020909E-0001
-1.65312885266793E-0001 5.72204589840000E-0006 0.OOOOOOOOOOOOOOE+0000
0
1

24
24
7
5.48076629640000E-0003 9.78280379726186E-0003 -2.51020535757230E-0009
5.15362744100000E+0003 -8.91399160413578E-0001 -6.87911362216682E-0001
6.78474166136823E-0001 6.27517700200000E-0004 3.27418092640000E-0011

0
1

25
25
7
5.81312179570000E-0003 8.94565027331417E-0004 -2.63753469064526E-0009
5.15355957000000E+0003 1.02575664265170E-0001 9.12953036069076E-0001
-7.64856704540744E-0001 -7.62939453120000E-0006 0.OOOOOOOOOOOOOOE+0000
0
1

26
26
7
8.31842422490000E-0003 4.95530209660800E-0003 -2.45563580494953E-0009
5.15363476600000E+0003 -2.25428584871805E-0001 -3.30814701228596E-0001
-4.97203227333835E-0001 -6.48498535160000E-0005 -3.63797880710000E-0012
0
1

27
27
7
1.09333992000000E-0002 2.11908510906553E-0003 -2.61934474550884E-0009
5.15369824200000E+0003 1.06457355526676E-0001 7.64407505673693E-0001
5.49562924837777E-0001 2.95639038090000E-0005 0.OOOOOOOOOOOOOOE+0000

0
1

28
28
7
Figure H.3 (Continued). SEM3.6 Almanac Data File (051994.a13) Used For: 21 May 94.
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5.2123O69763OOE-OOO3 8.88444419668218E-0003 -2.45199781592861E-0009
5.15362744100000E+0003 7.75170821127847E-0001 9.17673683276588E-0001
3.86364096897161E-0001 1.52587890620000B-0005 3.637978871OOE-OO12

0
1

29
29
7
5.16462326050000E-0003 3.66022239169097E-0003 -2.47382546733128E-0009
5.15363330100000E+0003 -2.32212423429801E-0001 -5.82052691976437E-0001
5.61828388466135E-0001 1.335144043000OOE-0005 0. 00000000000000E+0000

0
1

31
31
7

5.00249862670000E-0003 6.14358422218893E-0003 -2.48110144537312E-0009
5.15360058600000E+0003 7.73816318762073E-0001 2.03706971195042E-0001
9.34471242810989E-0001 1.52587890620000E-0005 3.63797880710000E-0012

0
1

Figure H.3 (Continued). SEM3.6 Almanac Data File (05 1994.a13) Used For: 21 May 94.
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Appendix I. Dynamics Matrices and Noise Values

I.1 Definition of Dynamics Matrices

In Chapter 3, the truth and filter model dynamics are defined by the submatrices,

FFilte,, FlVps, , Fs, and FDGps, of Equation (3.3). The FFilter represents the filter

dynamics matrix, which is also a submatrix of the larger truth model dynamics matrix [50].

The other three matrices represent the additional truth model non-zero portions of the F

matrix that simulate the real world [50,55]. Tables 1.2, 1.3, 1.4 and 1.5 contain the non-

zero elements of the dynamics submatrices FFitt , FhpS,,, FNS,, and FDGps , respectively.

All undeclared variables shown in the following tables are defined in the LN-93 technical

report, along with their units [41,50]. The structure of the dynamics matrices in this

chapter correspond to the truth model state definitions in Appendix A and to the AFIT

thesis (NRS model) by [50,55]. The notation used in Tables 1.2 - 1.4 in this Appendix is

defined in Table 1. 1.
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Px, Py, Pz Components of angular rate of navigation frame with
respect to the earth (craft rate), coordinatized in Litton

True frame
Qx, QCy, 0z Components of earth sideral rate vector (earth rate),

coordinatized in Litton ECEF, with respect to inertial
space

a Equatorial radius of the earth (6378388 meters)
go Equatorial gravity magnitude (32.08744 ft/sec2 )

Oitx, (0 ity, Woitz  Components of angular rate of navigation frame with
respect to inertial space (spatial rate), coordinatized in

Litton True frame
V×,Vy, Vz Components of vehicle velocity vector with respect to

earth-fixed coordinates
A,, Ay, Az Components of specific force, coordinatized in Litton

True frame

CR, CRY Components of earth spheroid inverse radii of curvature

O)ibx, (iby, (
0 ibz Components of angular rate of navigation frame with

respect to inertial space (spatial rate), coordinatized in
Litton Body frame

Ci~j Elements of the transformation matrix cboy

M.h Barometer inverse correlation time (600 seconds)

3Vxo, vo, 3Vzc Gyro inverse correlation time constants (5 minutes)

I36gx, 0 6gy, P59z Gravity vector error inverse correlation time constants
(Velocity/correlation distance)

ok Variance of barometer correlated noise

O-2vxc ' O2vy Vzc Variances of accelerometer correlated noise

, g 5gz Variances of gravity vector correlated noise
-2b "2b 2 Power spectral density value of gyro drift rate white

Y' 77 z noise

0-2, - -2 Power spectral density value of accelerometer white
noise

kl, k2, k3, k4  Vertical channel gains of vertical channel error model
(see figure 2 of[41])

Table 1. 1 Notation of Variables used in Tables 1.2 to 1.4
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Element Variable Element Variable

(1,3) -Pv (1,8) -CRY

(2,3) Px (2,7) CR

(3,1) pv (3,2) -pz
(4,2) -Qz (4,3) ffy

(4,5) O tz (4,6) -%tv
(4,8) -CRY (5,1) nz
(5,3) -nx (5,4) -qtz
(5,6) _ _ _ _(5,7) CRx
(6,1) AO (6,2) n,

(6,4) cot (6,5) -o__ , _

(7,1) -2V ,v-2Vz.z (7,2) 2Vyx
(7,3) 2Vz-Qy (7,5) -A

(7,6) A, (7,7) -VzC_
(7,8) 2nz (7,9) -p- 2 92
(8,1) 2VxK2  (8,2) 2Vxnx-2V-z
(8,3) 2VQy (8,4) Az
(8,6) -Ax (8,7) -2nz
(8,8) -VzCRY (8,9) px+20x
(9,1) 2Vxf 2  (9,2) 2Vw2z

(9,3) -2V,Qv- 2Vxn x  (9,4) -Ay
(9,5) Ax (9,7) pv-2v+VxCRx
(9,8) -px-2nx+VYCRY (9,10) 2g0/a

(11,11) -[_hc (14,15) 1 ft2/sec

Table 1.2 Elements of the Dynamics Submatrix FFilter
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Element Variable Element Variable Element Variable
(9,16) -k2  (9,17) -1 (9,18) k2

(10,9) 1 (10,16) -k, (10,18) k1-1
(16,10) 1 (16,16) -1 (17,16) k3
(17,18) -k3 (18,10) k4 (18,16) -k4
(7,19) C11  (7,20) C12  (7,21) C13

(7,22) 1 (8,19) C21  (8,20) C22

(8,21) C23  (8,23) 1 (9,19) C31

(9,20) C32  (9,21) C33  (9,24) 1
(9,11) k2 (10,11) k _ (17,11) -k3

(18,11) k4/600 (18,18) k4-1 (9,43) C3_A_ B

(4,25) C11  (4,26) C12  _ (4,27) C13
(4,28) ClO~ibx (4,29) C1203bf (4,30) C13O -bz

(5,25) C21  (5,26) C22  (5,27) C23
(5,28) C 2 O1 Dibx (5,29) C220iby (5,30) C23WiW

(6,25) C31  (6,26) C32  (6,27) C 3 3

(6,28) C310)ibx (6,29) C 3 2 0iby (6,30) C33_by

(7,31) C11  (7,32) C12  (7,33) C13
(7,34) C11AB (7,35) C12A9 (7,36) AB'
(7,37) C lll x (7,38) C12 Aft (7,39) J3A B'

(7,40) ClAYB (7,41) - A B (7,42) C1AyB

(7,43) C 13 AB (8,31) C21  (8,32) C22

(8,33) C23  (8,34) C2 BA (8,35) C22AB
(8,36) C23AZB' (8,37) ABI (8,38) CA YB

(8,39) C23IA B'  (8,40) C21AYB (8,41) -C22AXB

(8,42) C23AyB (8,43) C23AB (9,31) C31
xB

(9,32) C32  (9,33) C33  (9,34) C__A _

(9,35) C 32 AyB  (9,36) C 33 AzB ' (9,37) C31]ABJI

(9,38) 3 B (9,39) C33 AB'j (9,40) B31_ _ _

(9,41) -C 32A x (9,42) C33 AY ......

Table 1.3 Elements of the Dynamics Submatrix Fs,,
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Element Variable

(19,19) - 3Vxc = -3.33E-3 sec - 1

(20,20) -pVvc = -3.33E-3 sec - 1

(21,21) -pVzc = -3.33E-3 sec - 1

(22,22) _V2gx = +8.22E_6, Vx2 ± V 2 + V 2  I1

(23,23) +V= .22E6* V 2 + -I

(24,24) -gz =- 8.22E-6* Vx + V 2 + V 2 -I

Table 1.4 Elements of the Dynamics Submatrix FENS,2

Element Variable Element Variable

(43,43) -1/500 fi2 /see (44,44) -1/1500 ft 2 /sec
(50,50) -1/500 ft 2 /see (51,51) -1/1500 ft 2 /see

(57,57) -1/500 ft 2 /see -T(58,58) -1/1500 ft 2 /sec
(64,64) -1/500 ft 2 / sec (65,65) -1/1500 ft 2 / sec

Table 1.5 Elements of the Dynamics Submatrix FDGPs,
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1.2 Elements of the Process Noise and Measurement Noise Matrices

This section defines the dynamic noise strengths and measurement noise variances

for the truth and filter models. The truth model non-zero dynamics noise strengths are

defined in Tables 1.6 and 1.7. These noise strengths correspond to the driving noises

WFilter, w S and wDs in Equation (3.3). Note that the (4,4) through (9,9) a2 terms in

Table 1.6 are variable names as defined in the Litton technical report [41] and do not

represent variance terms typically associated with the notation a2 [50,55]. However, the

a2 terms in "2pi cyi2 " in (11,11) through (24,24) are real variances (of the outputs of first

order lag shaping filters). The filter dynamics driving noise terms implemented after filter

tuning for each respective INS integration (0.4 nn/hr, 2.0 nm/hr and 4.0 nrn/hr) are listed

in Tables 1.8, 1.9 and 1.10. Finally, the measurement noise variances used in the truth and

filter models are presented in Table 1. 11.
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Element Variable Element Variable Element Variable

(4,4) CT = 190.4E-15 (5,5) Cy2  = 190.4E-15 (6,6) Y2 = 190.4E-

[ft3 /sec 5 ] [ft 2 /seC 4 ] 15 [ft2 /seC4]

(7,7) y2  = 102.9E-9 (8,8) 0.2  = 102.9E-9 (9,9) a 2  = 102.9E-91
lA flAy 1

lz

[ft2
/seC4 ] [f 2 /seC 4 ] [ft 2 Ise 4 ]

(11,11) 2f36hca2hc= (19,19) 2 - (20,20) 2PVYCa7YC2 VxcaVxc = 
213VycVy33.34 [f 2 / sec] 2.75E-11 2.75E-11

[ft
2 /seC] [ft 2 /sec5 ]

(21,21) 2 (22,22) 2 (23,23) 22pVzccVz c =2pSgxcyg =9 2P85,akv
2.75E-11 3.10E-13 3.10E-13
[ft2 /see5 ] [ft3 /seC5] [ft 3 /seC5 ]

(24,24) 2 23gza gz =

3.10E-13
[ft3 / sec 5 ]

Table 1.6 Elements of Truth Model Process Noise Submatrix for the INS Truth Model

Element Variable Element Variable

(43,43) 0.001 ft 2 /see (44,44) 0.0004 ft 2 /see
(50,50) 0.001 ft 2 /see (51,51) 0.0004 ft 2 /see

(57,57) 0.001 f 2 /see (58,58) 0.0004 ft 2 /see

(64,64) 0.001 ft 2 /see (65,65) 0.0004 ft 2 /see

Table 1.7 Elements of Truth Model Process Noise for DGPS States
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Element Variable Element Variable

(1,1) 1.2E-16 rad 2/sec (2,2) 1.5E-16 rad 2/sec
2 2(3,3) 0.0 rad2/sec (4,4) 20.0 rad /sec

(5,5) 28.0 rad 2/sec (6,6) 85.0 rad2 /sec

(7,7) 0.1 ft 2/sec3 (8,8) 0.1 E-6 ft 2/see3

(9,9) 33,000.0 ft 2/sec3 (10,10) 16.0 ft 2/sec

(11,11) 2.0 ft 2/sec (12,12) 0.5 2/sec
(13,13) 5.OE-15 ft2/sec3

Table 1.8 Filter Process Noise Q Values for Case Using the 0.4 nm/hr INS

Element Variable Element Variable

(1,1) 1.2E-22 rad 2/sec (2,2) 1.5E-22 rad 2/see

(3,3) 0.0 rad 2/sec (4,4) 3575.0 rad 2/sec

(5,5) 3575.0 rad 2/sec (6,6) 180.0 rad 2/sec

(7,7) 1000.0 ft 2/sec 3  (8,8) 1000.0 ft 2/sec3

(9,9) 50,000.0 ft 2/sec3  (10,10) 2.0 ft 2/sec
2- t01f 2 /e

(11,11) 2.0 ft /sec (12,12) 0.1 ft2/see

(13,13) 5E-15 ft2 /sec3

Table 1.9 Filter Process Noise Q Values for Cases Using the 2.0 nm/hr INS

Element Variable Element Variable

(1,1) 1.2E-23 rad 2/sec (2,2) 1.5E-23 rad 2/sec

(3,3) 0.0 rad 2/sec (4,4) 14,500.0 rad 2/sec

(5,5) 14,500.0 rad 2/sec (6,6) 520.0 rad 2/sec

(7,7) 500.0 ft 2/see3  (8,8) 500.0 ft 2/sec 3

(9,9) 43,000.0 ft 2/sec3 (10,10) 18.0 ft 2/sec
(11,11) 10.0 ft2 /sec (12,12) 0.1 ft2/sec

(13,13) 5E-16 ft 2/sec 3

Table 1. 10 Filter Process Noise Q Values for Cases Using the 4.0 nm/hr INS

1-8



Measurement Truth Noise Filter Noise

Baro Altimeter 2500 ft2  3500 ft2

Satellite Vehicles 9 ft2  30 ft2

Radar Altimeter (See function, Chapter 3) (See function, Chapter 3)
Table 1. 11 Truth and Filter Measurement Noise R Values for Cases
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