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1. Abstract 

Currently, the Department of Defense (DOD) and the 
commercial airline industry are utilizing the Instrument Landing 
System (ILS) during aircraft landings for precision approaches. The 
replacement system for the aging ILS was thought to be the 
Microwave Landing System (MILS). Instead, use of the Global 
Positioning System (GPS) is now thought to be a viable replacement 
fur ILS precision approaches. The majority of current precision 
landing research has exploited “stand-alone” GPS receiver 
techniques. This paper instead explores the possibilities of using an 
extended Kalman filter (EKF) that integrates an Inertial Navigation 
System (INS), GPS, Barometric Altimeter, Pseudolitc and Radar 
Altimeter for aircraft precision approaches. This paper shows that 
integrating the INS, GPS, Barometric Altimeter and Radar Altimeter 
meets Federal Aviation Administration (FAA) requirements for a 
Category I precision approach, and additionally integrating a single 
Pseudolite meets FAA requirements for a Category I1 precision 
approach. 

2. Introduction 

This paper concentrates on sistting up reliable models for a high 
(0.4 nm/hr CEP), mcdium (2 nm,’hr CEP) and low accuracy INS (4 
n d h r  CEP) to cover the range of accuracies from DoD and airline 
systems to cheaper systems for civil aviation, GPS (5 channel 
receiver, 5m vertical and 4m horizontal precision, lo), Baro 
Altimeter (50 - 150ft, lo), and R#sdar altimeter (1% of altitude +l f t ,  
lo). This research also develops a generic precision approach flight 
profile (using PROFGEN [30]) that encompasses a majority of 
aircraft types. Lastly, this paper utilizes a single ground-based SV 
(pseudolite) and available true post-processed ephemeris data [6], 
instead of computer-simulated orbit functions [2,16.29,32,36]. Once 
all the above elements arc in place, the Multimode Simulation for 
Optimal Filter Evaluation (MSOFE) (311 is utilized to percorm 
extended Kalman Filter integration analysis. 

3. Assumptions 

This section outlines the assumptions that have becn made in 
this paper. 
1. All work has been conducted through computer simulation. The 
“real” world in thc simulation is modeled as a full-order truth error- 
state mode!. The full-order truth and filter models are presented in 
Section 6. 
2. The INS platform is assumcdl to be stabilized with a baromctric 
(baro) altimeter. An INS platform is unstable without an outside 
measurement source in the vertical channel 141. While a baro 

altimeter is not the only way to stabilize a platform, it is a 
commonly used method. The use of the baro altimeter is included 
in the modeling of the system. The majority of commercial and 
military aircraft utilize a radar altimeter in a stand-alone mode for 
terminal approaches to a runway. This paper will instead exploit the 
radar altimeter as an independent measurement device fecding an 
extended Kalman filter. The radar altimeter measurements will be 
utilized at altitudes below 3000 feet above ground level (AGL). In 
summary, this paper will use both the barometric and radar altimeter 
measurements. 
3. A sample pcriod of onc sccond has becn 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. Past AFIT research has used a variety of sample 
periods, varying from two to ten seconds 129,321. The decision to 
use one second sample period is based primarily on the typical 
availability of the GPS measurement in the real world. Though the 
author is aware of a few GPS receivers which output meiisurenients 
at a rate of ten times a second (10 Hz), a one second sample period 
is chosen as a good, representative design choice. 
4. The computer simulations have been developed using a program 
called Multi-mode Sirnulation for Optimal Filter Evaluation 
(MSOFE) [31]. MSOFE is well-established Air Force software to 
develop and test Kalman filter algorithms. 
5. The computer-simulated flight profile has been generated by the 
program PROFGEN [30].  PROFGEN is designed to work with 
MSOFE to provide the necessary data files to simulate dynamic 
flight profiles. 
6. Thc plotted outputs are generated by the commercial software 
package MATLAB 1381. 
7. The SV ephemeris data using System Effectiveness Model 
(SEM) [lo) software was obtained from the Coast Guard BBS. The 
ephcmet-is data I S  post-processed by the U.S. Department of 
Coinmcrcc. National Geodetic Inlormation Branch 161. 
8. The [our SVs choseti to range during opcration of MSOFE and 
the FLIGHT profile arc chosen based on the indicated results of the 
System Effectiveness Model (SEM3.6) software from [ I O ]  based on 
position dilution of posilion (PDOP). 
9. 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 utilues a U-D 
factorization algorithm to increase the numerical stability in the 
Kalman filter mcasurement update equations [26,3 I ] .  
I O .  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 valuc has becn choscn to keep the 
computational burden within reasonable bounds, while maintaining 
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adequate confidence that the resulting sample statistics properly 
reflect the true underlying statistics. 
11. It will be assumed for this paper that. when radar ;iltime:er 
measurements are available, the earth’s surface will he modeled 21s 
flat and referenced approximately to the INS-indicated altitide 
(referenced to WGS-84 ellipsoid). This assumption will definitelb 
have to be “upgraded” to a more realistic radar altimeter scenai-io at 
a later time by possibly using a database that contains “hciFht 01 
terrain” for specific locations on the earth. 
12. The INS will have had a “normal” X-minute alignmcni and 
nominal flight of sixty (60) minute duration prior t 3  the terminal 
approach phase under investigation. 
13. Four SV are always available. with an averape PDOP of 2 
14. The transport aircraft flight profile will: 

a. Always be at less than 0.95 during entire flight. 
b. Have a takeoff speed of l SO knots. 
c. Have a landing speed of 133 knots at a 3 degree 
glideslope. 
d. Maintain airspeed greater than 250 knots above 10.000 f t  
altitude. 
e. Change altitude at a rate 4000 ftimin (maximum). 
f. Follow ttie approach plate ot  [7] 

4. Key Terms and Definitions 

Ring Laser Gyro (KLG) Strapdown INS: By definition [21j .  LIP 

irzerriul riuvigator is a self-contained, dead-reckoning na\,igation aid 
using inertial sensors, a reference direction. and initial or 
subsequent Cixes to determine direction. distance. and speed: single 
integration of acceleration provides speed information and ii douhlc 
integration provides distance information. 

The strapdown system is incchanired hy  mountir:? three g r o s  
and three accelerometers directly to the vehicles I b r  tiich the 
navigation function is to  he provided. Ai? onhoard digital coinputer 
keeps track of the vehicle’s attitude with respect to sonie i-cici-ericc 
frame based on information from the  gyros. The coinpuicr i \  t l i i i >  

able to provide the coordinate ti-aiisformition nccesai-1 to 
coordinatize the accelcroincter outputs i n  a computational r c i r t n ? ?  
frame. 

RLG construction typica!iy consists primarily of an optic;il 
cavity, a laser device, three or four mirrors. a prism. a n d  a pair of 
photo detectors (34,361. The RLG operates as fo i lom [I 8.34.35]. 
the laser gyro detects and measures angular rates by measuring the 
frequency difference between two contra-rotating (laser) beams. 
The two laser beams circulate in the “ring” cavity simultaneously. It 
the cavity is rotating in  an inertial sense. the propaption times 01‘ 
the two light hearns arc different. The delay manifests itscli‘ in  til2 

form o f  a phase shift between the two beams. and the phase hhift is 
detected Sy a pair of photo detectors [34,36]. Devices of t h i s  t)pc 
arc extremely reliable due to the absence of mo\ ing pai-is 134.361 

common acceler-ometers to date have been deliccb i\ hich aic 
sophisticated variations of the simple pendulum 14.361. To  obtain 
the correct ineasurc of inertial acceleration. :hc cffecrs cf local 
gravity must be removed f-rom the measured specific force [.1.32 1 

Barometric AZtimeter: A shortcoming of any IYS is the instabil ity 
presenl in the vertical channel which (in the absence o f  aiding 
information) rcsults in unbounded crror growth in vertical position 
and velocity [2.4,14,33]. This iniierciit instability is controlled t y  
vertical channel aiding. Such aiding is frequently accomplished i n  
vertical position information provided from a baroinztric altiinekr. 
This extemal altitude information has the effect of stabilizing tlie 

Specific force is incasurcd hy iiccelei-om 

Lert ical  channel 141. Barometric altimeters arc most inxcui-;iic 
i t  hen ascending or descending at rapid rates (especially noted with 
fighter aircraft) but are relatively low cost. 

Global Po.titiortirtg System (GPS): GPS navigation presents 
opportunit) for standardized worldwide civil aviation oper;itions 
uiiiig a corninon nabigation receiver [ 121. GPS is ;I sr~acc--i7ascd 
positionin?. \elocity a n d  t i m e  system thr t  has thrcc maijoi- sepic i i tk. .  
Sgiicc. Control ;incl I x r  

GPS Space Segnzenf: The GPS Spcic.~. Scsii ient IS coiiipo\ccl 01 24 
sa!cllitcs i n  ~ i x  orbital planes. The satellites operate in  ric;ii--circuIx 
70.200 k m  10.900 NM) orbits at an inclination angle of 55 cicgrce\ 
and \$!th =12-hour period. The spacing of satellites in oi-hi1 I \  

arranged so that a minimum of live satellites will be in  vie^ to i i x i - s  
uorld\vide. with a position dilution of precision (PDOP) of siy o r  
iess. PDOP is a measure of the error contributed hy the fcoincii-ii 
relationships of the GPS satellites as seen by the GPS receiver 191. 
PDOP is m:.thematical!y defined as’ 

PDOP = (of +o; +o;)l’z 

- .  
\i hei-e 0; ,U- and 01 ‘ire the variances 01’ the x. mil : pscudoimgc 

me~~sui-eineiit position crrors [9]. Each satclli:~ trnniinita on t\t.o 1. 
band frcqucncics. L1 ( 1  575.42 MHz) and L2 ( I  227.6 MHL).  L!  
carr ia  a precise (P) code 2nd a coarseiacquisition (CIA) codc. 1-2 
carries the P codc .4 na\  igation data m e s q e  is superimpcis~~i O I I  

these codes Tne saine navigation data mcssiige is carried on hoth 
I‘req iieni: i e s . 

162 



ux, uy, uz is the user position the GPS user equipment is 
solving numerically and recursively 

CB = the user clock bias (user equipment solves) 

Normally the user equipment needs to acquire and maintain 
lock on four satellites in order to compute a 3-D position fix (281 
and the clock bias CB. The CPS 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. Once the four pseudo-rangcs are known. a recursive 
algorithm is solved to compute the user's position [28]. Accuracy: 
Stand-alone (no-aiding) GPS is typically 16 meters (mililary) and 
100 meters (commercial) spherical error probable (SEP). See [9] 
for further references. 

Radar Altimeter: A radar iiltimeter provides measurement of 
absolute clearance over all types of terrain [17]. System operation 
is based on the precise measurement of the time required for an 
electromagnetic energy pulse to travel from the aircraft to the terrain 
below and to return. Radar altimeters are normally all-weather 

devices. Performance specifications ( 3 - 0  are typically k 13ft + 
3% of altitude range], with k 30' pitch and ? 45' roll 
maneuverability at above ground levcl (AGL) heights. which 
typically vary from 0 feet to 10.000 feet. 

Instrument Landing System ( I I S )  Precision Approach: An 
instrument approach, by definition 1211, is the process of making an 
approach to a landing by the u:je 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 [ S I .  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. 

The localizer transmitter cinits signals which provide thc pilot 
with course guidance to the runway ccnterline in thc horimntal 
plane. The ultra high frequcncy glide S / O / J C  transmitter radiates its 
signals primarily in the direction of the localizer front course, i.e.. 
so as to measure angular vertical displacement from thc desired 
glide path, as seen from the side. A marker beacon light and (or) 
aural tone may be included in the cockpit display to indicate aircraft 
position along the localizer 181. 

Aircraft Precision Landing: Formally defined by the Federal 
Aviation Administration (FAA) in [ 1  I ]  as Category I ,  I1 or 111 
precision approach. See Table 1 [23]:  

Precision Approach Parameters (in feet, i3ll 1-sigma values) -7 

+/- 6 8 +/- 1.0 

Table 1. Precision Approach Accuracy Requirements at 
Decision Heights 

Microwave Landing System (MLS): Proposed land- based 
replacement navigation aide for the ILS [23 ,27 ] .  

Kalman Filter: A recursive computer algorithm that uses samplcd- 
data measurements to produce optimal estimates of states of 21 

dynamic system, under the assumptions of linear system models and 
white Gaussian noise models [22] .  

Extended Kalman Filter (EKF): Unfortunately, not all problems 
are adequately described with linear systems driven by white 
Gaussian noise. In  many cases, the most appropriate modei i h  

nonlinear. The navigation problem at hand falls squarcly into the 
nonlinear category. The EKF allows lor relinearizing :ihout r x \ v i \  
declared nomirials at each samplc time. to enhancc the adcquacy oi 
a IineariLation process and thus the resulting !iller pcriorm;i:icc. 
The extended Kalman filter equations are summariLed bclow. Thc 
reader is referred to [26] for details regarding their derivation. 

Suppose that the nonlinear system may be described by (251. 

X(t) = f [ x ( t ) . u ( t ) , t j + G ! t ) w ( t )  

In this case. the state dynamics vector. f [ .  ....I. is a nonlinear 
function of the state vector x(,). time t ,  and the control inpur  
(assumed to be zero in this research). The white Gaussian noisc 
w!r) has st:itistics E{w(t)} = O  and E { w ( t ) w r ( t + T ) }  = Q ( t i & r ) .  

and i t  still enters the dynamic.\ model linearly. I n  addition. the 
measurement equation may also bc a nonlinear function of thi) 5t:iic 

vector and time: 

The noise vector v is again zro~mearz. white and Gaussian. cntering 
the measurement equation linearly. and its covariance is desci-ibcd 
by 

R ( t ! ) f o r t ,  = t ,  

0 fort ,  ;t I ,  
E{"( t ,  )v7  ( I ,  I} = 

Measurcnicnts arc incorporated iLito the extended Kalinan iiitcr I i L i  

the following set 01' equations 1261: 

K( t, ) = P( 2; )H [ f, ; X ( T ,  )I{ H[ t, ; X( t; ) ]P(  t,  ) H' [ t ,  ; x (i, ) J + R( f ,  )} ~ ' 
x(t,+)= i ( t ,  ) + K ( t , ) { z i  -h[i(t,);t,I} 

where 

The slate i)\tini:ite 2nd covariance are propasated from l ,  io / , ,  , hy 
integrating the tollowing cquations [261: 

where 
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and thc initial conditions are: 

i ( r ,  / t , )  = i(?,+) 

The equations shown above for the extended Kalinan filter are 
programmed into the MSOFE shell 1311 for the problem defined by 
this paper. It is the fact that the extended Kalman filter IS 

relinearized about each successive estimate of the state s(r!nhich 
"enhances the validity of the assumption that dexiations from the 
reference (nominal) trajectory are small enough to allon linear 
perturbation techniques to be employed'' [ 2 6 ] .  

5. Landing System Computer Model 

The Landing System Model (LSM) depicted in Figure 1 and 
Figure 2 illustrates the overall goal: GPS and radar altimeter 
measurement information must be fed into an extended Kalman 
filter to determine the errors, 6x, in the INS. Our extended Kalman 
filter esrinzntes the true error, 6x, of the INS with an output we note 
21s "8; ". Once the best estimates, 6.:. are determined by our 
extended Kalman filter, we then subtract them (in a feed-fornard 
approach) from the output of the simulated INS blackbox. The 
feedforward approach is utilized in this project due to current 
Federal Aviation Administration (FAA) restrictions on providing 

Feedforward correctlonq 
(Indiiect msthod) 

50 Hz INS Output ----I = Tnie Output +INS errors + 
c 

INS I-- 'i' INS con-ected 
~ output 

Bmt ewmate  of 
INS error5 

Figure 1 .  Overall Landing System Model (LSM) Description 

I NS/G PS 
Landing System 
Model (LSM) Simulation 

Figure 2. LSM Truth and Filter Model Block Diagram 

"i'eedback" tc  the INS. The computcr modeling of the LSM is 
divided into tv.o portions, the truth model and the filter model. The 
truth model represents computer-generated simulation of error 
characteristics of avionics "black-boxes" and environment, that 
\vould normally be found in the real world. Because the 
information and data presented in this project was accomplished 
entirely through computer simulation, the truth model will simulate 
the errors i r  true avionics hardware (INS. GPS, Baro. Radar 
Altimeter) hlack-boxes. The truth model generates the measurement 
updates for the LS.M filter. the true l'light profile 0 1  the aircraft and a 
state mriable baseline for evaluating filter performance [ 291. The 
truth model consists of 69 error states about their nominal valucs. 
The filter model represents the LSM in its functional form, which is 
the basis of the filter which could be hosted on-board an aircraft 
computer. The LSM filter model is a 13-state model that has been 
developed through order reduction of the truth model of 1291. Thc 
author's approach was to begin the filter state building using the 
fewest possible states that would meet precision approach landing 
requirements. The 13-state LSM was chosen as a first-cut model. 
An advantage of using only 13 states is that it is not over-burdening 
to current state-of-the-art aircraft host computers, keeping 
practicality and dollar affordability in mind. The block diagram. 
Figure 2 explains how the filter and truth models interact in  the 
YISOFE computer simulation. PROFGEN 1301 provides a 
simulated flight profile and the U.S. Coast Guard GPS Bulletin 
Board Service (BBS) 1131 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 
[2.29,36]. 'The best four SV were chosen by using System 
Effectiveness Model (SEM) software [ 101 and selecting the best 
(lowest) position dilution of precision (PDOP). With this 
information. the truth model is able to simulate a real world INS 
navigation solution, x + 6 .~ ,~ ,  and generate the real world GPS and 
radar altimeter measurements, RGps and &,,, respectively. The 
LSM filtei- i n  Figure 2 is represented by the Kalman filter block. 
The corrections from the LSM filter are subtracted from thc INS 
navigation solution to generate the best possible navigation solution 
available. I= x + 8xxINs - 6;, [29]. Thc switch in Figure 2 does 
not imply "cither/or". instead i t  implies use of radar altimeter 
measurements as well as GPS receiver outputs can be used. Now 
that the MSOFE implementation of the LSM filter has been 
expiained, the truth and filter models for the GPS, radar altinieter 
and the INS wbsystems will be described. 

6. Models 

The LSM simulation is composed 0 1  the truth model and filter. 
both i n  errot sinre lorm. The LSM truth model represents the real 
\toi-ld I t  coil\ist\ 0 1  a total o f69  el-roi- statcs. The LSM filter model 
IS  deri\cd Iroin the LSM truth inodcl through erroi- state or-der- 
reduction. Sincc the LSM truth and filter models utilize error states. 
i t  is necessary to develop difference measurement update equations 
for all the measurements. This will now be done briefly; for a inorc 
detailed explanation, sec [ 151. 

INS Truth Model: The INS truth model (39 error-states) represent 
a strapped-down wancler azimuth system that senses aircraft motion 
via gyros anti accelerometers and is used as the primary source for 
navigation [29], The INS model has bccn dcrivcd from a medium 
accuracy RLG INS 93-state model 11,241. thus the INS error state 
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truth model is a 39-state reduced-'order version of the 93-state model 
[24]. The order reduction was performed according to [29]. It was 
an objective in this project to cornpare a medium accuracy INS (0.4 
n d h r )  with a lowcr quality inertial navigation systems in the range 
of 2 to 4 nm/hr. The choice of error state modification to the 
existing NRS INS model [29,32] to create the other two models was 
based in part from personal convcrsations with [ 191. Modifications 
to the system covariance matt-ices for each respective INS arc shown 
in [15]. Only random constant shaping filter st:ites wcrc changed 
(not the 1st order Gauss-Markov drift statcs, etc.). The CEP curves 
for one hour of operation of the three inertial navigation systems 
created in this project are shown in [ 151. 

INS Filter Model: The INS filter model retains the essential states 
from the 39-state truth model. It consists of 1 1  dominant error 
states from the 39 state truth model. The final INS filter dynarnics 
submatrix, F, as well as process ,noise strength Q and measurement 
noise covariance R, can be found in [15]. 

INS Measurement Model: The two measurements other than GPS 
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. The 
radar altimeter is used during landing approaches when altitudes are 
below 3000 feet above ground level (AGL). The baromctric 
altimeter measurement equation :IS based on the difference between 
the INS-predicted altitude, All,, and the barometric altimeter- 
predicted altitude Alt,,,: 

Therefore i t  is necessary to develop the two separate measurennent 
signals that will be differenced to attain the proper measurement 
update for the error state filter 1291. The INS-predicted altitude is 
the sum ofthe true altitude, /zt. m d  the INS error in vehicle altilude 
above the reference ellipsoid, 611 , The barotnctric altimeter reading 
is modeled as the sum of the true altitude, 121, the total time- 
correlated error in the barometric altimeter, &, , and a random 
measurement noise, v. Subtracting the INS-predicted altitude from 
the barometric altimeter altitude we compute: 

6~,,, = Alt,, -- Alt,, 

= [h, + 8111 - [h, + 6h, - V I  

= Sh - 6/~,, + li 

Note that, since v is assumed zero mean, white gaussian noise, 
statistically speaking, one can choose v with either il plus 'I+" or 
minus "-" coefficient . The author chooses the coefficient carefully 
so that the end result shows a plus "+v" sign. 

As a "first-cut'' model of the radar altimeter, the measurement 
equation is based on the difference between the INS predicted 
altitude, All,,, and the radar altimeter predicted altitude, A1tRdlt: 

s7,4,t = AL1lNS - A1tBu, 

Note that the errors in the radar altimetcr are rcprcsented totally as 
white noise, with no time-correlated component at all. Though 
admittedly only a first-cut model. i t  should he sullicient 10 
demonstrate important performance trends. 

The radar altimeter measurcment noise variance, RF,lff,  or RTruu, 
is a function of aircraft altitude above ground level (AGL). The 
filter model noise variancc from [ 171: 

and the truth modcl noise variancc is the same: 

Note that RFLltur and RT,u,h are both time-varying rather than 
constanl, due to the altitude dependency. 

GPS Model: The GPS 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 125,323,361. GPS generates navigation information by 
acquiring the range to multiple satellites of known position, called 
"pseuriorunges". The navigation information passed to the LSM 
filter is the respective range and ephemeris data position to each of 
four satellites [25,29]. The GPS truth model consists of 30 error 
states and the GPS filter model consists of only the following two 
error states (user clock bias and drift): 

Various research efforts have shown that two states provide a 
sufficient model for GPS [29,32,33]. The primary argument is that 
the errors modeled by the other 28 states are small when compared 
to the two states common to all SV's. By adding dynamics driving 
noise, of strength Q, and retuning the filter, the overall performance 
of the LSM can be maintained with the significantly reduced-order 
model shown above. 

GPS Measurement Model: There are four GPS scalar measurement 
updates, one from each of the satellite range signals received by the 
LSM filter. These measurement updates are once again clIfSrence 
measurements. The GPS difference measurement is formed by 
taking the difference of the INS-calculated pseudorange, R,, and 

measured pseudorange, &,,$ 

The real pseudorange, R,,, is the sum of the truc range form the 

user to the satellite plus all the errors in the pseudorange signal 
propagation. 

where 

&,,, = GPS pseudorange measurement, from SV to user 

R, = true range, from SV to user 

6Rc ,,,,),, = range error due to code loop error 

R,,,,,, = range error due to tropospheric delay 
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&K,,>,> = range error due to ionospheric delay 

&R,(,, = range error due to SV clock error 

range error due to use clock error 

V = zero-mean white Gaussian measuremen! noise 
%'< f k  = 

The second source of a range measurcmcnt is  the INS itscll. /$,\ 
1291. is the difference between the LSWcalcul:itcil poqitic!:i. 
Xu and the satellite position from the ephemeris dat,: X, 

This difference vector is represented below in the ECEF frarnc. 

the GPS pseudorange truth model rlifererzce mcasurenient is 2i\ i'ii 
as the truncated Taylor series: 

The filter model measurement equation can therefore be \\ r i t tzn a h  

%;,.c, = K,,, - % I , ,  

The filter measurement noise variance. R. w i l l  be tuned io attain 
adequate perl'ormance despite (1 )  the reduction in order from the 
truth model and (2) the Taylor series approximation. The 
measurement noise variances for both the filtcr and the truth model 
equations are provided in [ I5 J .  

7 .  Results 

The sixteen intearation cases shown in Table 2 \\ere pcrfornied. ,111 
cases use the Tanker (KC-135) flight profile of Section 5 and the P- 
Code receiver always uses four SVs overhead. Cases i - VI sho\k 
how the additional radar altimeter measurements can aid three 
different INS's using baro altimeter and n P-Code GPS recei\w 
Cases VI1 - IX shok  how use of a single pseudolite measurement in  
close proximity to a runway can aid three different INS'S using baro 
altimeter aiid P-Cock GPS aiding. Cases X - X!I show the 
perforinance enhancements of using a single paeudnliie 
measurement and radar altimeter measurcmcnis. I r  should be 
remembered that by no means is the location of the cin@e pseudolite 
"optimal". N o  red criterion was used when sclectinp the psc i i do l i i e  

!ocation. The results of Cases X - XJI can be compared with Cases 
if. III. V) ~ no radar altimeter or pseudolite, Cases ( l i .  JV. V I )  - just  

C,,,rXI I C,8\<\ l l  /-Tzrp\< \ I!l 1 ( 4 %  IX I c.i,c x I 
I I I I 

radar altimeter. and Cases iVI I .  VJII. I X )  - just  pseudolik to  sec the 
additional benefit of each measurcment source. Case X l l l  ~ XV 
\ h o \ > . \  .;iinpi! 'I yingie GPS outapc. j r i t h  the 04/2/4 rirr,/iir INS\  
L'!c of thc  r;idCii~ til:iine:ci- occui-5 dui-ing l'inal appi-oach. ( h e  XVI  
s h w s  doiiblc CPS outase. wncrc IJSC 01 irxlLii iiltiiiictcr o i ~ u i \  

1-craft ianding. Only the 4 nm/hr INS is ecaluxed foi- 
t l i i s  special case. Also. 311 results will be compared with Table l .  
illustratine landin,o performancc 1 o requirements at rcspcctix 
decision hei;)hts. l'nbular Iistinga of the iruth a i d  I'ilicr inodcls JIC 

presented in 151. Also a top ar?d side view of  the tanker nircrr:it 
precision approach can be lound in [ 151. 

The tblioiving four tables show the time-averaged rms error\ 
In tables 3 - 5, !he I-esults fro111 three different for the variou5 cases 

ITS'S x e  a~ernged.  since they were virtually indistinguishable. 

Table 3 ,A\erngctl Ti-ue El-ror Reduction Using n Single Pseudoiirc 
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Table 5 .  Averaged True Error Reduction. Case VII-VIII-IX vs. Case 
x-XI-XI1 

C l l i i l  (leer) 

Lstitude 

Altitude 56 5% 
Clock Biilr 

Table 6. Averaged True Error % Change, Case VI vs. Case XVI 

Table 7 and 8 summarize all cases that met Table 1 precision 
approach requirements. Note that no Category 111 precision 
approach was dcemed possible by any Case number in this project. 

Table 7. Summary of Cases I - VIII: Precision Appioach Requirements Met m-1 
ye\ ..~ ... ... ... 

Table S. Summary of Cases IX - XVI: Precision Approach Requircmeiits 
Met 

8. Summary 

Very few "integrated" GPSilNS studies l i a  c been 
accomplished with respect to impleinenting precision landing 
approaches. Instead, the majority of research efforts have explored 
stand-alone GPS recciver technology. Instead oT stand-alone GPS 
techniques, this project inte,prczfed the GPS with an  INSiBaro 
altimeter system and a radar altimeter using an extended Kalman 
filter to meet FAA Category I and I1 precision approach ac.cirracy 
requirements. 

In order to accomplish project goals, this project concentrated 
on setting up reliablc models :For three different classes of ThrS (0.4. 
2.0 and 4.0 n d h r  (CEP) INS systems), GPS (4 channel receiver. 
5m vertical and 4m horizontal precision, lo). Baro Altimeter (50 - 
150 ft, lo), and Radar altimeter ( 1  76 of altitudc + "floor" valuc. 10). 
This project also developed a generic precision approach flight 
profile (using PROFGEN [30]) that encompassed a majority o l  
aircraft types. Lastly, this prqject utilized a single ground-based SV 
(pseudolite) and available itrile post-processed ephemeris data 
16,131, instead of prior sim~dciied ephemeris data used at AFIT 
[2,16,29,32,36]. Once all the above elements were in place, the 
Multimode Simulation for Optimal Filter Evaluation (MSOFE) [ 3  1 ] 
was utilized to perform extended Kalman Filter integrdion analysis. 

Use of an existing 0.4 nm/hr, 2.0 tim/hr arid lower quality 4.0 
nm/hr INS, whcn properly integrated with 24-channel P-code GPS 
receiver and radar altimeter, can meet the FAA Category I precision 
approach. Use of an existing 0.4 n d h r ,  2.0 nidhr  and lower quality 
4.0 n d h r  INS. when properly integrated with :I 5-channel P-code 

GPS receiver (one channel using a ground based pseudolite) and 
radar altimeter, can meet the FAA Category I1 precision approach. 
These conclusions are made based on mainly four main 
assumptions: 

1 .  Error models used in this simulation are realistic to the 
respective real-world black box output errors. 

2. No radar altimeter rneasurement outages occur during the 
landing a p p r o x h  

3. When radar altimeter measurements are available. the earth's 
surlace will be inodc!ed as flat anu referenced approximately tu 
the INS-indicated altitude (referenced to WGS-84 ellipsoid). 

4. When use of the single pseudolite information is used. 
ionospheric, tropospheric, pseudolite position, pseudolite clock 
and multipath errors are negligible. 

In order to meet a Category 111 approach. more precise 
measurements must be made available. Recommendations are ;IS 
follows: 

I .  

2. 

3. 

4. 

5. 

6.  

7. 

9. 

I .  

Make use of the S O  centimeter ( 1  -0) accuracy of carrier-piicisc. 
GPS signals. now readily available in commercial I-eceivers 
The carrier-phase inforination can be used for positional 
infcrmation as well as hcnding information (using inultiple 
antennas) 1391. Decide whether one's algorithm will also 
handle "integer ambiguity" techniques, or assume no cycle 
slips. See [3,16] for more information regarding carrier-phase 
integer ambiguity and cycle slips. 
IJse Differential GPS measurements at all times for North 
America (assume wide-area differential will be availablc). The 
mcldels for filter design and for performance evaluation must 
make :he distinction of representing a C/A or P-code receiver 
using differential corrections 
Maintain use of ;It least one pseudolite along the flight path. In 
l'act. current flight testing is showing that use of two 
pscuclolites optimally placed along the appro;ich p i t h  i \  
rcconinicricicci [31. 
Use. ~5 ;I niininiurn. six (6) independent SV ineawcincnts 
((hough, lor any given time, use o! ciil in-view SVs 15 

preferred) rather than the currint (archaic) military standard of 
four SVs (to miniinire geometric dilution of  precision (GDOP 
errors). (This project only used c;ises whcrc 4 SV or 5 SV 
were used a! one time). 
Obtain and use published geographic data of respective airpor! 
terrain, so as to reference the radar altimeter outputs to WGS- 
84 ellipsoid (to match the INS positional outputs). 
IJse single filter (then continue ana!ysis with small. noii- 
computer-burdening multiple filters) and perrorx i-esidual 
monitoring for use as i: fault detection and isolal ion algorithm 
lor CPS Spacc Segment system eri-ors. to compcnsntc t o r  
deliherace and nor>-deliberate jamming and spoofing of the S b  
sigiials. Fault detection must notify the pilot of a possible 
degraded navigation solution in less than 2 seconds, while 
minimizing false alarms. 
Explore utilizing dynamic filter tuning proccdures along the 
approach path when using pscudoliter (e.g., at a given rilnway. 
multipal? errors may be excessive: "R" tuning of thc rcspectiw 
measurement may be necessary). 
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