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ABSTRACT

A concept that uses the azimuth signal from a microwave landing
system (MLS) combined with onboard airspeed and heading data to
estimate the horizontal range to the runway threshold is
investigated. The absolute range error is evaluated for
trajectories typical of general aviation (GA) and commercial airline
operations (CAO). These include constant intercept angles for GA
and CAO, and complex curved trajectories for CAO. It is found that
range errors of 4000-6000 feet at the entry of MLS coverage which
then reduce to 1000-foot errors at runway centerline intercept are
possible for general aviation operations. For commercial airline
operation, errors at entry Iinto MLS coverage of 2000 feet which

reduce to 350 feet at runway centerline interception are possible.
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1.0 INTRODUCTION

The FAA, as part of its modernization of the Air Traffic
Control System, is replacing the Instrument Landing Systems (ILS)
with the Microwave Landing System (MLS). The MLS consists of an
angle receiver that gives the vehicle's azimuth and elevation angles
relative to the runway centerline, and a precision distance
measuring equipment receiver that reads the slant range to the
runway centerline. The MLS has several advantages over the ILS,
including increased volumetric coverage, e.g. +30° in azimuth as
opposed to +£2.5° for ILS; less susceptibility to interference or
multipath problems; and full three-dimensional navigation as opposed
to angular deviation from the centerline and fixed glide slope. One
advantage of the three-dimensional navigation capability of the MLS
is that it permits the implementation, when combined with a CRT
display, of a pictorial horizontal situation display.

Although the MLS will provide all the above advantages, its use

will require the re~equipping of the nation's fleet of aircraft.

One segment for which this will have a particularly severe impact is
general aviation (GA) aircraft. The cost of a full set of MLS
airborne equipment is estimated to be approximately $4;700.

Although this is only about two times the cost of a new ILS
receiver, it must be remembered that a significant number of the
present GA fleet of approximately 200,000 already have the ILS

equipment. Any technique that can reduce the financial impact of



this re-equipping of the GA fleet while providing a system with at
least the capability of the current ILS would be welcomed.

This report presents a feasibility study to determine the
performance of a system that uses only the MLS angle receiver to
estimate the horizontal position of the alrcraft relative to the
runway threshold. Measurements of the vehicle's azimuth, airspeed,
and heading are combined with a derived azimuth rate to estimate the
vehicle's horizontal range to the runway threshold. This provides
an estimate of the vehicle's horizontal position.

The advantage of this technique, if feasible for a GA aircraft,
would be that it would not be necessary to purchase a PDME receiver,
which would represent an approximate saving of 50%. In addition,
the angle-only MLS algorithm could have an important use as a backup
mode for aircraft equipped with the full MLS in the case of a PDME
failure. Although, if the PDME failed, 1t would always be possible
to revert to the constant heading centerline intercept technique
currently used with the ILS, this would require larger airspace and
would reduce the landing efficiency as measured by landing per hour.

The remainder of this report presents the angle-only MLS

algorithm, a linear error analysis, and a simulation study.



2.0 ANGLE-ONLY MLS CONCEPT

The MLS angle receiver provides measures of aircraft azimuth
and elevation relative to the runway. The concept investigated
makes use of the rate of change of the azimuth angle to estimate the
aircraft's horizontal position. The basic MLS geometry is shown in
Figure 1. The aircraft has ground speed given by VG and a ground
track angle relative to the runway heading given by Yo+ There are
two coordinate frames of interest, the X-Y frame which is aligned
parallel and perpendicular to the runway centerline, and the X'-Y'
frame which is perpendicular to the radius vector and along the
radial vector.

It is possible to express the aircraft velocity in the X-Y axes
using measured y;:

Vx = Vs Sin g

v, = Vg Cos g - (1)
Then using A, measured by the MLS angle receiver, the

tangential and radial components are given by

Vx' Cos Az - Sin Az Vx

v 8in A, Cos A, v . (2)

yl
Finally it 1is recognized that

Vx' = AzR (3)

Therefore the horizontal range, R, can be written

[Sin ¢G Cos Az -~ Cos wb Sin Az]

>n|0<



Figure 1l: Definition of Problem Geometry



or, using a trigonometric identity, this reduces to

A
R =—5in (¥, - A) (%)

R z

z
If Az can be derived from A,, the aircraft's position in the
horizontal plane is determined by R and Az. This information can

then be used as an input to a 3-D guidance system, to drive a

horizontal map display, or as part of a landing guidance system.



3.0 LINEAR ERROR ANALYSIS

The angle—only MLS concept is complicated by the fact that
alrspeed rather than ground speed is normally measured; thus winds
will introduce errors. Also, the measurements of airspeed and
heading will be corrupted by sensor errors, and the azimuth signal
will have errors. Finally, the process of deriving Az from the time
history of A, will introduce errors.

To gain insight into how the error sources and the path
geometry impact the horizontal range estimate, a linear error model
is formed for Equation 4. The range error AR is given by
R

dR aR

R == | Nom & * 3V lnom 8% * 32 | Nom 24,
G G Z
3R .
+ = | AA (5)
oA Nom z
Z
where: —2—5——=%——
G G
3R _ _
W = R COt('q)G A)
) _
Tele R cot:(q)G A)
z
and 2 -2
9A A
zZ z

A second form of the linear analysis is to look at the percent

error in the horizontal range estimate AR/R which is given by



G

AR _ 1
X av

|Nom AVG + COt(wb - Az)lNom

- cot(Yg = A,)|yom Mg - i—- lnom 24, (6)
z

This shows that a percent error in ground speed and azimuth
rate relates directly in a percent change in range estimate. Again
the influence of Ay, and AA, are related through the trigonometric
term cot(yg = A,)-

This would lead to the following conclusion. If the error
levels were fixed, the algorithm would operate better as the
airspeed increased and as the azimuth rate increased. Also the
influence of heading and azimuth errors would decrease if paths were

selected that kept Y5 - A, close to 90°. This would correspond to

constant radius or circular paths about the MLS transmitter.



4.0 SYSTEM SIMULATION

4.1 Introduction

To evaluate the accuracy of the horizontal range predicted by
Equation (4) for both general aviation and airliner operation, a
batch simulation was developed (Figure 2). The simulation uses a
trajectory generator which has a prespecified ground track that the
vehicle 1s constrained to follow. Also the velocity along the path
is defined in this routine. This approach does not permit the
evaluation of any interaction of nominal trajectory and piloting
technique or pilot performance. The output of the trajectory
generator is a history of the true vehicle position gn at t = t,.
Using the current true position and the runway and MLS geometry, it
is possible to calculate the true horizontal range at time t_, R,
and the true azimuth A,.

The true measures of velocity, ﬁeading, and azimuth are
corrupted by sensor errors and errors in the wind magnitude and
direction to form the measured values Vb, ﬁh, and Kz' The estimate

of azimuth rate, A , 1s calculated using the current and past values

of the measured azimuth as

(7)

with DT being the algorithm update rate. The approximate values are
operated on by the range equation to form the estimated horizontal

range Rn as
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<3

~ — n ~ - ~
R = — sin(wG Az ) (8)
A n n
Z
n

ﬁn is compared with Rn to form the absolute range
error, |Aﬁ|. The time 1s incremented, and the vehicle is moved to
the next point on the nominal trajectory. This continues until the
prescribed path is completed. A listing of the simulation program
is included in Appendix A.

A detailed discussion of the sensor and wind error models and
the nominal trajectories used in the evaluation are discussed in the

next section.

4.2 Error Models

The error sources evaluated for general aviation operation
included azimuth errors, airspeed sensor errors, heading gyro
errors, azimuth receiver errors, and wind direction and magnitude
errors. For airliner operation, the errors include azimuth errors,
ground speed errors, and ground track errors.

To determine the effect of wind errors for GA cases, it is
assumed that at the start of the approach an estimate of the runway
winds would be provided. This would most likely be sent to the
vehicle from the ground. This wind data (speed and heading) would
be input into the range algorithm and would also be used to set up a
crab angle so that the vehicle could fly the desired ground track.

If either or both the speed and heading were in error, there would

10



be an effective error in the speed and the heading used in the range
calculation. The effect of these errors will depend on the nominal
wind direction and the flight path. For this study, nominal winds
of 20 fps from +45 degrees from the centerline were chosen as
representative. Wind errors of 5 fps in speed and 5 degrees in
direction were then introduced into the calculations.

The analysis assumed all errors were deterministic and of an

additive nature. The ground speed model was

VG = VG + €, + sz 9)

where
\Y is the estimated ground speed
VG is the true ground speed
€ is the alrspeed sensor error

€ is the wind velocity error

The vehicle heading model was

~

¢b = wG + EW + S¢ (10)

w

where

wG is the estimated ground track

wG is the true ground track

EW is the error in heading gyro
€¢ is the error in heading due to an error in wind.
w

The azimuth model was

11




A =A -¢ (11)

T z
where
K; 1s the measured azimuth
zg is the true azimuth
€y is the MLS azimuth system error (transmitter and receiver)

With a constant bias model assumed in this study for €y there
z
will be no effective error in the azimuth rate, since

A -Xi A, ~ A,
E - n Zn-1 - Tn Tn—l (12)
z DT DT

~

The only error introduced in Az is due to the discrete
approximation of the derivative. This error was found to be very
small (i.e., less than 80 ft) when compared with the other sensor
and wind errors.

Table 1 presents the detailed values used for the error
sources. This consists of two cases: the first covers a range of
values representative of general aviation instruments, and the
second uses error magnitudes representative of the sensors available

on commercial ailiners.

12



4.3 Nominal Trajectories

Two classes of nominal trajectories were evaluated. The first
class, Figure 3, is similar to current ILS practices in that
constant intercept legs are flown to near the runway centerline. 1In
this study, four nominal trajectories were evaluated with
combination of two intercept angles, 30° ‘and 45°, and two intercept
ranges, 12,500 feet and 25,000 feet. The second class of
trajectories was selected as representative of future complex
trajectories, Figures 4a and 4b, that would be used to improve
runway efficiency. In the research discussed in References 1 and 2,
these trajectories were flown using the full MLS angle and Precision
Distance Measuring Equipment range measurements.

Table 2 identifies the velocities and nominal trajectories

evaluated.
Table 1: Sensor Errors

Error General Aviation Airliner
Values Instruments Instruments
Airspeed 1, 5, and 10 fps *
Heading 1, 2, 5 deg .5 deg
Ground Speed Not available 1.5 fps
MLS Azimuth .32 deg +32 deg

*Airspeed not used if groundspeed available.

13
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2020 ft

Figure 4a:

Complex Trajectory 1
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1.6 n.mi.

3.2 n.mi.

o>

Figure 4b:

Complex Trajectory 2
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Table 2: Nominal Test Trajectories

Class 1 Trajectories:

Airspeed Intercept Angle Intercept Range

160 fps 30° and 45° 12,500 and
25,000 ft

236 fps 30° and 45° 12,500 and
25,000 ft

Class 2 Trajectories:

Alrspeed Trajectory
236 fps 1 and 2

17




5.0 SIMULATION RESULTS

The results of the simulation will be divided into the two
classes, GA and commercial airline operations. For each class,
representative plots of absolute estimated range error versus range
are presented for both individual error sources and combinations of
errors. Care should be exercised in interpreting the results for
simultaneous error sources. The errors, as calculated, are not
additive, and some multiple error cases may show values for
estimated range error smaller than those shown for individual
errors. A complete set of simulation runs 1is included in Appendix

B.

5.1 Performance Typical of General Aviation Operation

The general aviation cases are flown at 160 fps. Plots of
absolute range error, |A§|, versus range for the case of a 45°
intercept at 12,500 feet are given in Figures 5a and 5f. These
curves are representative of all the cases investigated. The
estimated range error Ai due to the estimate of Az is not shown
because of its relative small value. For all GA cases the error was
always less than 40 feet. From Figure 5 it can be seen
that IAﬁI have their maximum values at the start of the run and
decrease as the runway centerline is approached. Figure 5S¢ shows
that an error in heading is the dominant error source. (Figure 5a

shows that while of small value, airspeed errors are also

18
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significant. MLS azimuth errors are relatively insignificant.) An
interesting behavior is shown in Figures 5e and 5f which present the
effects of errors in the knowledge of the winds. It is seen

that |ZR| depends on the nominal wind direction.

|A§| is approximately twice as large if the nominal wind is
from 225° (crosswind) as opposed to from 135° (headwind). This
could be due to the fact that with a headwind, Az will be slower
than predicted while AV, will be higher. These errors will tend to
cancel as shown by Equation (6). When the wind error is a crosswind
error, these effects do not cancel.

Tables 3a and 3b summarize the total simulation runs by
presenting the initial and final value of |Aﬁ|. They show the same
dominance of heading errors. Also shown in Tables 3a and 3b are the
effects of intercept angle and intercept range. For a fixed
intercept range you get larger values of AR throughout the mission
using a 30° intercept angle rather tham a 45° intercept angle. This
is true for both 12,500 and 25,000 feet intercept range.

The better intercept range 1is not as clear, since no overall
consistent pattern is seen. It can be seen, however, that the value
of |A§| at centerline intercept is smaller for the 12,500 ft
intercept than for the 25,000 ft intercept. Both of these effects,
i.e. the small errors for 45° and 12,500 ft intercept, are believed

due to the higher range of Az.

22



Table 3a: Range Error Summary for General Aviation;

V = 160 fps, Intercept at 25,000 ft

Error Case 45° Intercept 30° Intercept

€ €y €¢ €y €¢ Initial Error at Initial Error at

z w w  Error Intercept Error Intercept

(deg) (fps) (deg) (fps) (deg) (ft) (ft) (ft) (ft)

.32 0 0 0 0 648 163 1031 272
0 1 0 0 0 318 180 332 185
0 5 0 0 0 1470 807 1536 813
0 10 0 0 0 2909 1591 3042 1598
0 0 1 0 0 1911 422 3103 739
0 0 2 0 0 3866 874 6251 1513
0 0 5 0 0 9804 2273 15,768 3878
0 1 1 0 0 1636 268 2822 587
0 5 2 0 0 2548 117 4942 776
0 10 5 0 0 7539 848 13,745 2552
0 0 0 5 0 177 90 584 293
0 0 0 0 5 4;4 252 473 235
0 0 0 5 5 805 432 1205 617
0 0 0 5 0 1620 876 1644 846
0 0 0 0 5 48 32 185 107
0 0 0 5 5 1594 862 1453 747

Note: * Nominal wind 20 ft/sec from 135 deg

**% Nominal wind 20 ft/sec from 225 deg
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Table 3b: Range Error Summary for General Aviation;

V = 160 ft/sec, Intercept at 12,500 ft

Error Case 45° Intercept 30° Intercept
€4 €, €¢ €, e¢ Initial Error at Imitial Error at
z w w  Error Intercept Error Intercept
(deg) (fps) (deg) (fps) (deg) (ft) (ft) (ft) (ft)
.32 0 0 0 0 772 94 1186 151
0 1 0 0 0 248 102 258 107 ,
c 5 0 0 0 1120 417 1164 422
0 10 0 O 0 2209 810 2297 817
0 0 1 0 0 2292 202 3283 359
0 0 2 0 0 4625 430 _ 7208 750
0 0 5 0 0 11,675 1136 18,130 1943
0 1 1 0 0 2089 124 3379 283
0 5 2 0 0 3681 50 6302 380
0 10 5 0 0 10,229 421 17,001 1278
0 0 0 5 0 ] 126 34 431 134
0 0 0 0 5 350 115 347 105
0 0 0 5 5 601 206 899 297
0 0 0 5 0 1219 430 1230 413 )
0 0 0 0 5 43 26 147 66
0 0 0 5 5 1199 B 423 1086 363

Note: * Nominal wind 20 ft/sec from 135 deg.

**% Nominal wind 20 ft/sec from 225 deg.

24



5.2 Performance Typical for Commercial Airline Operations

The error in estimate range, |A§|, was evaluated for commercial
airline operations at a velocity of 236 ft/sec. Two types of
nominal trajectory were flown: (1) the same constant intercept
angles trajectories used in the GA rums and (2) two special complex
trajectories designed to better utilize the large azimuth coverage

offered by the MLS system.

5.2.1 Constant Intercept Angle Trajectories

A plot of the estimated range error, |A£|, versus range is
shown in Figure 6 for the case of 45° intercept angle at 25,000 feet
intercept range. As with the GA runs, the range error decreases as
the runway centerline is approached. The error throughout the
trajectory is significantly better than the GA runs due primarily to
the improved instrumentation. As predicted from the linear error
analysis, the increase in speed, 236 ft/sec as opposed to 160
ft/sec, will also help in achieving a small error. There are no
wind errors evaluated, since the commercial airliner has an inertial
navigation system among its sensor complements and can calculate
ground speed and ground track angle T directly. The dominant single
error is the 0.5° error in track angle. The MLS azimuth error is

also significant. Table 4 summarizes the four runs made for various

25
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Figure 6f: Range Estimation Error Due to Uncertainties in Wind

Information. Nominal Wind: 20 fps from 225 deg.
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Table 4:

Range Error Summary for Commercial Airliner;

V = 236 fps
Error 45° Intercept 30° Intercept 45° Intercept 30° Intercept
Cases at 12,500 ft at 12,500 ft at 25,000 ft at 25,000 ft
€ g, er Initial| Error at | Initial|Error at | Initial| Error at |Initial|Error at
z G Error Intercept| Error Intercept| Error Intercept|Error Intercept
(deg)| (fps) | (deg)| (ft) (fr) (ft) (fr) (ft) (ft) (ft) (ft)
.32 0 0 783 106 1197 166 660 175 1043 286
0 1.5 0 175 47 183 40 249 126 260 119
0 0 .5 1110 79 1753 154 922 189 1515 344
0 1.5 o5 1324 159 1971 233 1209 348 1811 501
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intercept angles and ranges. It can be seen that for a fixed
intercept range the 45° intercept angle gives smaller error. This

again is due to the higher Az.

5.2.2 Complex Curved Trajectories

Path 1 (Figure 4a) is a constant radius turn intercepting the
runway centerline at 2020 ft. Figure 7 presents the estimated range
error. The behavior of the error is different from the constant
intercept angle case in that |A§| remains approximately constant
from the initial point to a range of approximately 5000 ft. At this
point the range error grows rapidly. This rapid growth 1s due to
the fact that the trajectory is tangential to the centerline and
thus near the end of the trajectory. Az becomes very small. For
ranges greater than 5000 ft the magnitude of the error is relatively
small with track angle again being the dominant error.

Path 2 (Figure 4a) exhibits a unique error behavior also
(Figure 8) on the initial portion (points A-B). The errors decrease
as the centerline is approached with error magnitudes of only a few
hundred feet. This good performance is due to the fact that along
this portion of the trajectory the aircraft is flying perpendicular
to the runway centerline so that Az is almost the maximum
possible. From point B to point C, however, the aircraft performs a
turn so that its path becomes tangential to the runway centerline.
As with path 1, this type of maneuver will lead to small Az and a

growing estimate range error.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

Based upon the preliminary simulation runs conducted in this

study, the following general conclusions can be drawn:

1.

To be useful for standard general aviation operation,
initial range errors of 4000-6000 ft and errors at runway
centerline intercept of 1000 feet must be tolerable. If
this were true, a system with a heading error of 2° and an
airspeed of 5 ft/sec could achieve this level of
performance using the 45° intercept trajectory.

To be useful for commercial operation, 2000-foot initial
errors and 350-foot errors at the runway centerline
intercept must be tolerable. This also could be achieved
using the 45° intercept trajectory. Although this may no
be acceptable for standard operation, it certainly would
be useful as an emergency backup made in case the range
signal was lost, or at smaller airports which only have
the MLS angle signals. Improved performance is possible
by carefully shaping the trajectory. In this case, errors

of less than 500 feet are feasible.

In addition to these conclusions, a set of recommendations for

future work can be made:

1.

It would be useful to investigate the acceptability of
this range information by conducting a piloted simulation
study. It would also be useful in this study to evaluate

methods of providing the pilot with estimates of the
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accuracy of the position data: e.g., the estimated
position could be shown as the center of a circle that
indicates the 50%Z probability of position.

Investigate the combination of the MLS data with other
navigation data: e.g., VOR data, to improve the estimates
of position. This would be particularly valuable in
bounding errors near the centerline when Az approaches

ZEero.
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APPENDIX A

This appendix contains the computer program listings used in

the simulation studies. The programs are written in Fortran 77 and

are organized in the following sections:

A.l

A.2

A.3

AJh

A.5

Page
Executive File for Simulation ProgrameccceceecececcecasAi2
Subroutines for Simulation Program....ceecccececcccscssAS
Path and DPath Functions for General Polynomial

Ground Path Including Straight LineS.c..cceceececee «s.A.15
Path and DPath Functions for Path #1

(Large Circular ArC)eceeccvececscececcoccsscccscscassssAol?
Path and DPath Functions for Path #2

(90° Straight Segment Followed by Circular Arc).......A.18

Section A.6 presents an example input file (pg. A.19), and

Section A.7 presents an example output file (pg. A.20).
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Executive File for Simulation Program

PROGRAM MLSTEST
INTEGER Is PITERs FITER1

CHARACTER RESF%1, FILENAMNEX14

REAL S0» GAMMA» T» VAIR» VWIND. DWIND, TSAMPLE,

% TPRINT, UVAIRs UVWIND, URDWIND, UGAMMA, UAZs UTSAMPLE
REAL S» VUGNDs PSI» Rs» RESTs UVGNDs RALy FI» INTANGs

3 SIGMARs AZ,» AZOLD» AZDOTs RTOVGs RTOGAM» RTOAZ,

2 RTOAZDOT, DELTARs X» Ys XOLDI» YOLDs» VGESTs GAMEST

& Ar E» Ks Py YO» XOFFSET,» YOFFSET, INITGAMs AZEST

LOGICAL FTIME, SCREEMs SFATH

COMMON /DATA/ S0» GAMMA» T, VAIR, VUWIND, DWIND, TSAMFLES
b4 TPRINT» UVAIR, UVWINDs UDWIND, UGAHMAS

4 UAZy UTSAMFPLE

COMMON /ANALYSIS/ RTOVG» RTDGAMs RTOAZs RTOAZDIOT, SIGMAR
COMMON /COURSE/ A(6)s E(4)s Ky F» YO

WRITE(%»10)

10 FORMAT(/»‘ Enter the name of the inrut data file 1’

READ(%»20) FILENAME
0 FORMAT(A14)

OFEN(15FILE=FILENANE)

OPEN(16sFILE="HLSOUTL1.DAT")
OPEN{(17,FILE="MLSOUT2.DAT")
OFEN(18,yFILE="MLSOUT3.DAT")

RAR = 57.,29578
PI = 3.14159265
SFATH = .FALSE,

READ IN TH FIXED DIATA

CALL READIN (XOFFSETs YOFFSETs SPATH)
INITGAM = GAMMA

CONTINUE
CORRECT THE INFUT DATA

CALL CORRECT(INITGAM)

WRITE(%»43)
WRITE(X»40)
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e

CIO0

40 FORMAT(’ Do wou want 3 Screen print out? <N> %)
READ (%x,45) RESF
45 FORMAT (AL
SCREEN = ,FALSE.
IF ((RESP .EQ@. ‘Y’) ,OR., (RESP ,EQ. ‘Y’)) SCREEN = ,TRUE,

INITIALIZE POSITION DATA

§ = §0

SOKSINCINITGAM) + XOFFSET
SOXCOS(INITGAM) + YOFFSET

un

X
Y
R
AZ

SAGRT( S*S + THT - 2XSXTHCOS(FI - INITGAM))
ASIN (S/R % SINCINITGAM))

nn

FITER
PITERL
FTINME
I1=1

NINTC(TFRINT/TSAMFLE)
FITER/S
+TRUE,

TOP OF SIMULATION LOOF

100 CONTINUE

XoLn = X
YoLD =Y
AZOLD = AZ

CALCULATE NEW POSITION
CALL WIND (VGNEs UVGNDs PSI)
CALL FOSITION (VGNLs GAMMAs TSAMPLEs XOLDs YOLDs X» Y)
§ = SART( (X-XOFFSET)%%2 + (Y-YOFFSET)Xx2)
INTANG = ATAN((X-XOFFSET)/(Y-YOFFSET))

SART( SkS + TXT - 2%SKTECOS(FI - INTANG))
ASINC( S5/KR ¥ SIN(PI - INTANG))

R
AZ

CALCULATE ESTIMATED FOSITION WHEN NEEDED FOR FRINTOUT

IF ((MODCISPITERL) JE@. 0) .OR.

& (S LE. (AXTSAMPLEXVUGND))) THEN
AZDOT = (AZOLD - AZ)/TSAMFLE
VGEST = VGNDl - UVGND
GAMEST = GAMMA - UGAMMA
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175

AZEST = AZ - UAZ
REST = (VGEST / AZDOT ¥ SIN (GAMEST - AZEST))
DELTAR = (R - REST)

CALL ERRORANALYSIS (AZ» AZDDT» AZOLDs VGNI)

IF (AZ¥RAD ,G6T. 0,1) THEN
WRITE(185175) AZXRADs Rs REST, R+SIGMARs R-SIGMAR

FORMAT(F7.2, 4F10.1)
END IF

PRINT OUT IF REQUESTEDy DR IF NEAR COMPLETION

200
&

IF ((MOD(I,PITER) .E@., 0) .OR,
(5 LE. (4AXTSAMPLEXVGNIN)) THEN

CALL PRNT(R, REST,» DELTAR,» S» AZs INITGAMs FTIME,

SCREENs Is VGNDs FSIs SFATH)
FTIME = .FALSE,
END IF
END IF
I = 1I+41

IF ((S ,GT. (4AXTSAMFLEXVGNID) .OR. (Y .LT. YOFFSET)) GO TO 100
WRITE(185175) 9999.9%9s T

WRITE (%+453)

WRITE (%,200)

FORMAT(’ Do uwou want to calculate for ‘s
‘different error values? <Y>')

READ (%s45) RESF

IF (RESP NE. ‘N’) GO TO 1

CLOSE (135)
CLOSE (16)
CLOSE (17)
CLOSE (18)

STOF
END

A.4



A.2 Subroutines for Simulation Program

€ THIS SURROUTINE READS IN ALL OF THE DATA FROM THE INPUT DATA FILE
C R
SUBRROUTINE READIN (XOFFSET» YOFFSETs SFATH)
c
REAL SO0, GAMMA» T» VAIRs VWIND, DWINDs TSAMPLE, TFRINT,
2 XOFFSETs YOFFSET,
3 UVAIRs UVWIND, UDWINDs UAZ» UGAMMAy» UTSAMFLE
c
CHARACTER COMMENTX4
c
COMMON /DATA/ S0s GAMMAs Ty VAIRy VUWIND, DWINDy TSAMFLE,
£ TPRINTs UVAIRy UVWINDs UDWIND, UGAMMA,
3 UAZs UTSAWMPLE
c
REAL Ay Ey Ky Fy YO
c
COMMON /COURSE/ A(6)y E(6)y Ky Py YO
c
INTEGER I
c
LOGICAL SPATH
C
RAD = 57.29578
C
c READ IN THE COEFFICIENTS OF THE GROUND FATH
c
READ (15+10) COMHENT
READ (15+20) (ACI)sI=1,64)
C
C CHECK IF PATH EXISTS
C
NS I=1yé
IF (A(I) .NE, 0.0) SFATH = ,TRUE.
5 CONTINUE
(e
c READ IN THE EXPONENTS FOR THE GROUND FATH
c
READ (15+10) COMMENT
READ (15+20) (E(I)y» I=1,46)
c .
C READ IN THE CONSTANT MULTIPLIER FOR THE GROUND FATH
c
READ (15510) COMMENT
READ (15,20) K
c
c READ IN THE TOTAL EXPONENT FOR THE GROUND FPATH
c
READ (15+10) COMMENT
READ (15:20) P
C
C READI IN THE Y OFFSET FOR THE GROUND FATH
€
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READ (15,10) COMMENT
READ (15.20) YO

READ IN THE X AND Y OFFSETS OF THE RUNWAY

READ (15,10) COMMENT
READ (15,20) XOFFSET,» YOFFSET

READ IN THE DISTANCE FROM MARKER TO AIRCRAFT

READ(15,10) COMMENT
READ(135,20) S0

READ IN THE ANGLE BETWEEN RUNWAY CENTER LINE AND AIRCRAFT COURSE

READ(15,10) COMMENT
READ(15520) GAMMA
GAMMA = GAMMA / RAD
READ IN THE DISTANCE FROM RUNWAY TD MARKER

READ(15510) COMMENT
REARN(15,20) T

READ IN THE AIRSFEED

READ(15,10) COMMENT
REAR(15,20) VAIR

READ IN WIND VELOCITY

READ(15,10) COMMENT
READ(15,20) VWIND

REAR IN WIND DIRECTIONM
REALI(15,10) COMMENT
REALDC1S,20) DWIND
DUIND = DWINDI / RAD

READ IN SAMPLE TIME

REAN(15,10) COMHENT
READ(15,20) TSAMFLE

READ IN TIME RBETWEEN FRINTOUTS
READ(15,10) COMMENT
READ(15,20) TPRINT
IF (TPRINT .LT. TSAMPLE) TPRINT = TSAMFLE

READ IN UNCERTAINTY IN AIRSFEED

A.6



[ My

[y B N o] OO0 O nm

[ Bl o B o

OO0 OO0 E

READ(15,10) COMMENT
READ(15,20) UVAIR

READR IN UNCERTAINTY IN WIND SFEED

READ(15+10) COMMENT
READ(15+20) UVWIND

READ IN UNCERTAINTY IN WIND DIRECTION
REANC15,10) COMMENT
READ(15+20) UDWIND
UDWIND = URWIND / RAD

READ IN UNCERTAINTY IN GAMMA

READ(15,10) COMMENT
READ(15,20) UGAMMA

UGAMMA = UGAMHA / RAD

READ IN UNCERTAINTY IN AZIMUTH ANGLE

READN(15s10) COMMENT
READC(15520) UAZ
UAZ = UAZ / RAD

READ IN UNCERTAINTY IN SAMFLE TIME

READ(15,10) COMMENT
READ(15,20) UTSAMFLE

10 FORMAT(A4)
20 FORMAT(6F13.4)

RETURN
END

THIS SURROUTINE FRINTS OUT THE INPUT DATA AND ALLOWS ANY OF IT

TG BE CORRECTED IF IT IS NOT ALREADY CORRECT

SUBROUTINE CORRECT(INITGAM)
REAL C(14)

INTEGER RESF

REAL S0, GAMMA» T» VAIR, VUWIND, DWIND, TSAMPLEs INITGAM,

b4 TPRINTs UVAIRs UVWIND, UDWIND,

A.7
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COMMON /DATA/ S50 GAMMA» T» VAIK, VWIND, DUIND,
% TPRINT» UVAIR, UVWINDs UDUWIND, UGAMMA»
3 UAZy» UTSAMPLE
c
RAD = 57.29578
c
€(1) = S0
€C(2) = INITGAMXRAD
C(3) = T
€(4) = VAIR
C(S) = VWIND
C(6) = DUWINDXRAD
C(7) = TSAMFLE
C(8) = TPRINT
C(?) = UVAIR
C(10) = UVWIND
C(11) = UDWINDXRAD
C(12) = UGAMMAXRAD
€(13) = UAZXRAD
C{14) = UTSAMPLE
c
WRITE (%»10) C(1)y C(8)r» C(2)y C(F)y C(3)y
1 CC{10)s C(4)y CC11)y C(S)y C(12)y
2 Cléd)y CUI3)y C(7)y C(14)
c
10 FORMAT(//»’ 1, Intercert 179F10,0+4Xy’8, FPrint
& F10.24/»
g ! 2, Bamma 1/9F10.2+4Xy’9, Error V air
% ! 3. Marker Dist.!’sF10,094X%X»710. Error Wind
2 ’ 4, Airsreed V/9F10.,294%s’11, Error W dir
g ’ S Wind sreed $1/sF10.,2+4Xs’12, Error Gamma
3 ‘ 6 Wind direct,!’yF10.2+4X+713, Error Azmth
g ’ 7. Samrle Time $’¢F10,3:4Xs’14, Error Time
3 /)
c
100 WRITE(¥,20)
20 FORMAT(’ Ture in the number to chande. (<CR>=done}’)
READ(X»30y ERR=100) RESP
30 FORMAT(I2)
IF (RESP .NE., 0) THEN
WRITE(%+40) C(RESF)
40 FORMAT(’ Current value is {7sF12.3y"
READC(Xs50) C(RESF)
50 FORMAT(F12.0)
GO 70 100
END IF
c
50 = C(1)
INITGAM = C(2)/RADl
T = C()
VAIR = C(4)

A.8

TSANFLE Y

Time 7>

179F10.2+/>
1 2F10.24/
19F10.,24/
1/ 9F10429/
17F10.25 />
V/FL10.39/

New value is 77)



s NoNrNeRelelel

VWIND = C(35)
DWIND = C(&)/RAD

TSAMPLE = C(7)
TFRINT = C(8)

UWWAIR = C(9)
UVWIND = C(10)
UDWIND = C(11)/RAD
UGAMMA = C(12)/RAD

UAZ = C(13)/RAD
UTSAMPLE = C(14)

RETURN
END

THIS SURRDUTINE FRINTS DUT THE DATA AT EACH FOINT.
IT ALSO PRINTS OUT THE HEADER FOR THE DATA

SUBRDUTINE FRNT(Rs RESTs DELTARs Sy AZs INITGAM,
% FTIME, SCREEN, Is VGNDy PSI, SFATH)

INTEGER Iy J
REAL Rs RESTs DELTARs RTOVGy RTOGAM» RTOAZ» RTOAZDOT

REAL UAZ» UGAMMAs RADy S50, INITGAM»

& UVAIRy UVWIND, UDWINDs UTSAMFLE,
3 TPRINTy VWINDs DWINDS
b Ss Ts VAIRsy VUGND, GAMMAs PSIs TSAMPLE

LOGICAL FTIMEs SCREEN» SPATH

COMMON /DATA/ SO, GAMMAY Ts VAIRs VWIND, DWINDy TSAMFLES
& TPRINTs UVAIR, UVUWIND, UDWIND, UGAMMA,

2 UAZ» UTSAMFLE

COMMON /ANALYSIS/ RTOVG» RTOGAMs RTOAZs RTOAZDOT, SIGHAR
COMMON /COURSE/ A(4)y E(6)y Ky Py YO

REAL Ay Es Ky Py YO

RAD = 57.29378

IF (FTIME) THEN

IF (SCREEN) THEN
WRITE(X»S)'R (ft)’s’R est (ft)’y'Delta R (ft)’',

4 ‘Interts (ft)/ s ’Azimuth(ded)’
3 ‘R to G (sec)’y»'R to Gam(ft)'s'R to Az (ft)’,
% ‘R to Azdot’
3 FORMAT(DA13)
END IF
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WRITE(16,1000) VAIR, PSIXRAD, VUGND, INITGAMXRADS

¢
’

7
?

UWIND, DWINDXRAD,
S0y T» TSAMPLE
IF (SPATH) THEN
WRITE(16+1005) (A(J)sJ=136)3(E(J)rJ=1+8)sKsFsY0
ELSE
WRITE(16+1004)
ENIt IF
WRITE(146,1010) UVAIR, UGAMMAXRAD, UVWIND, UDWINDXRAD,
UAZXRAD, UTSAMPLE
WRITE(17,1000) VAIRy PSIXRAD,» VGND, INITGAMXRAD,
VWINDs DUWINDXRAD,
S0y Vs TSANFLE
IF (SPATH) THEN
WRITE(1751005) (ACI)sd=1+8)s(E(J)rJ=1+6)sKsFsYO
ELSE
WRITE(17+1006)
END IF
WRITE(17,1010) UVAIR, UGAMMAXRAD, UVWIND, UDWINDXRAD
UAZ¥RAD, UTSAMFLE
WRITE(16+10) ‘ Time ‘»'R "9'R est ‘y'Delta R
‘Intercert ‘s’Azimuth ’
WRITE(16910) 7 (sec)’s’(ft) Ty {fL) Y (fL)
(L) y(ded) ‘
WRITE(17+10) ¢ Time ‘s‘'dR / dVd ‘s'dR / dGamma’s
‘dR / dAz “+’dR / dAzdot ‘s’Sidgme R !
WRITE(17210) * (sec)’s’(ft/ft/sec)’y’'(ft/ded) ‘s’ (ft/deg) '
‘(ft/ded/s) "y (1) ‘

END IF

10 FORMAT(A616A13)
1000 FORMAT(//s ‘ Microwave Landind Sustem Simulation ‘»//»

0% go B0 po B QO RO o RO po

’ Ind., Airsreed t ‘1F10.24’ ft/sec '
* Initial Headind 1§ ‘»F10,2y’ ded v/
’ Ground Sreed t '9F10.29’ ft/sec
 Intcrt, Andgle t “9F10.2y° ded s/
‘ Wind Sreed ' ‘9F10.2y° ft/sec '
* Wind Direction ' '3F10.29’ ded "3/
’ Dist, to 0.M. $ ‘9F10.,047 Pt ‘y
‘ 0.M+ to Runwaw Y 9F10,00 £ "9/
’ Samrle Time t "9F10.3s7 sec “

/1)

A.10
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1005 FORMAT(’ The dround path eauation ! Y = K(AXXXXE+...,)%¥F + Y0 ',

% ’ is defined by 1'+¢//y

3 CA(L) = 9F10.257 AC2) = ‘9F10.2° A(3) = ‘sF10.24/y

i ‘ALY = HF10.2¢7 ACA) = ‘9F10.247  ACE) = "HF10424/

3 fEQ1) = ‘5F10.497 E(2) = ‘9F10.4y7 E(3) = '3F10.45/y

& ‘ EC(4) = ‘9F10.457 E(4) = "sF10.4s’ E(6) = HF10,44/y

i " K = ‘9F10.4,' F = ‘3F10.45" YO = ‘yF10.2+//)
/

1006 FORMAT(’ A user defined dround course uwas used.’»/
1010 FORMAT(’ Airsreed Errvor 179F10.257 ft/sec ‘»

)

% ’ Heading Error t/yF10.2+/ ded v/
g ‘ Wind speed Error {/sF10.,2s’ ft/sec /»
& ’ Wind Dir, Error 171F10429/ ded 9/
] ‘ Azimuth Error 1/sF10.2y’ desd ‘y
2 * Sample Time Errvor $/9sF10.3s’ sec v/}

THIS IS PRINTED EVERY TIME

IF (SCREEN) THEN
WRITE (¥,15) Rs RESTs DELTARs Ss AZXRAD
& RTOVGs» RTOGAMs RTOAZ» RTOAZDOT
END IF
WRITE (16520) IXTSAMFLEs R» REST, DELTARs S» AZ¥RAD
WRITE (17,25) IXTSAMFLEs RTOVG, RTOGAM/RADS
] RTOAZ/RAlls RTOAZIOT/RADS
4 SIGMAR
15 FORMAT(/s 4F13.0s F13.25 /» F13.2, 3F13.0)

20 FORMAT(F6.2, 4F13.0,» F13.2)
25 FORMAT(F6.2y F13.2» 4F13.0)

RETURN
END

THIS SUBROUTINE CALCULATES THE GROUND VELOCITYs THE UNCERTAINTY IN THE
GROUND VELOCITY» AND THE GROUND TRACK ANGLE BASED ON THE CURRENT VELOCITY
AND THE WIND VELOCITY '

SURROUTINE WIND ( VGNIs UUGND, PSI)

REAL GAMMAs VAIR, VUINDy DUWINDs VGNLs FSIs UVGHND

REAL S0s T» TSAMPLEs TPRINT, UVAIRs UVWIND, UDWIND,
4 UGAMMA, UAZs UTSAMFPLE

COMMON /DATA/ SO» GAMMAs Ts VAIRs VWIND, DWINDs TSAMFLE,

% TPRINT» UVAIR, UVWIND, UDWINDs UGAMMA,
3 UAZy UTSAMPLE

A1l
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VGND = VWIND % COS(DWIND - GAMMA)

& + SART( VAIRXVAIR - VUINDXVUINDXSINC(DWIND-GAMMA)X

L

%
3

THI
WIT
FOR

SIN(DWIND-GAHMA))
PSI = ASINC{(VONDXSIN(GAMMA) - VWINDXSIN(DWIND)) / VAIR)
V1l = (VHIND+UVWINDDXCOSC(DWIND+UDWIND) - (GAMMATUGANMA)Y)

+ SORT( (VAIRHUVAIR) ¥¥2 - ((VUWINDHUVWIND)%¥2 %
(SINC(DWIND4UDWIND) - (GANMA+UGANMAY ) IXX2))

UVGND = VUGND - V1

RETURN
END

S SURROUTINE CALCULATES THE DERIVATIVES OF THE RANGE
H RESFECT TO THE GROUND VELOCITY, GAMMA, AZ» AND AZDOT
STATISTICAL ERROR ANALYSIS

SUBRDUTINE ERRORANALYSIS (AZs AZDDTs AZOLD» VGNI)
REAL AZ» AZROT, AZOLDs VGND
COMMON /ANALYSIS/ RTOVGs RTOGAMs RTOAZ» RTOAZDOTs SIGMAR

COMMON /DATA/ S0» GAMMAs Ts VAIRy VWINDy DWINDs TSAMFLE,

g TPRINTs UVAIRs UVKWIND, UDWIND, UGAMMA

L

UAZs UTSAHMFLE

REAL RTOVGs RTOGAMs RTOAZ, RTOAZDOTs SIGMAR:»

% RTDTSs RTOAZOLD: RTOVAIR, RTOVWIND: RTODWIND,

2

UVAIR, UVWIND, UDWIND, UAZ.» UGAMMAs» UTSAMPLE

REAL VGTOVAIRs VGTOVWIND, VGTOGAMMA,» VGTODWINID,

% S0+ GAMMAs Ty VAIRs VUWINDs DWINDs TSAMPLW,» TPRINT,

3

%

DENOHM

THIS DENOMINATOR IS USED OFTEN IN THE DERIVATIVES

SART(VAIR¥VAIR - VWINDXVWINDKXSIN(DWIND-GAMMA)X
SIN(IWIND-GANMA))

DENON

RTOVG = SIN(GAMMA - AZ) / AZDOT

(-VGNI' x SIN(GAMMA - AZ)) / (AZDDT % AZIOT)

RTYDAZDOT

VGTOVAIR = VAIR / DENOM

A.12
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e

VGTOVWIND
%

VGTOGAN =
%

= COS(DWIND-GANMA) - VWINDKSIN(DWIND-GAMMA)X

SINC(DWIND-GAMMA) / DENOM

VWINDXSIN(DWIND-GAMMA) ~ VWINDXVWINDXSIN(DWIND-GAMMA)

XCOS(DWIND-GANMA) / DENOM

VGTODWIND = -VGTOGAM

RTOAZ = -UGNDXCOS(GANMA-AZ) / AZDOT

% ~VUGNDXSIN(GAMMA-AZ) / AZDOT / TSAMFPLE

RTOGAM = RTOVGXVGTOGAMXSIN(GAMHA-AZ)/AIDOT +
% VGNDXCOS(GAMMA - AZ)/AZDOT

RTOTS =

RTOVAIR = RTOVG % VGTOVAIR

RTOVWIND = RTOVG ¥ VGTOVUWIND

RTODWIND = RTOVG % VGTODWIND

L]

SIGMAR = RTOVAIR % RTOVAIR ¥ UVAIR % UVAIR
RTOVWIND % RTOVUWIND % UVWIND % UVUIND
RTODWIND % RTODWIND % UDWIND % UDWIND
RTOAZ % RTOAZ % UAZ X% UAZ

RTOGAM % RTOGAM ¥ UGAMMA X UGAMMA

RTOTS % RTOTS ¥ UTSAMFLE XUTSAMFLE

Re 26 po D¢ go
+ N

SIGMAR = SQRT(SIGHAR)

RETURN
END

(DENOM + VWINDRICOS(DUWIND-GAMMA) IXSIN(GAMMA-AZ)/{AZOLD-AZ)

THIS SURROUTINE CALCUL
INTEGRATION TECHNIQUE.
AND THE DERIVATIVE ALO

SUBROUTINE FOSITION

REAL VGNDs DELTAT»
g UXy VYy PIs» SI
PI = 3,14159265
SIGN = ~-1.,0

IF ({GAMMA .GE. FI)
VX = SORT{(VUGNDXVYGND
UX = SIGN % VX

X = UXXRELTAT + X0

ATES THE NEW FOSITION (XsY) USING A SIMFLE
THE FUNCTIONS PATH AND DFATH GIVE THE FOSITION
NG THE GROUND PATH FOLLOWED.

( VGNDIs GAMMAs DELTAT, XOLD» YOLLs X» Y)
AOLIry YOLD» Xs Ys GAMMAS
GN

+OR+ (GAMMA LT, 0.0)) SIGN = 1.0
/(DPATH(XOLD) XDPATH(XOLIN) 1))

LD

A.13



Y
vy

PATH(X)
SQRT (VGNDXVGND - UXXVX)

GAMMA = PI/2.0 - ATAN(DFATH(X))

RETURN
END
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A.3

OO0 OO0 n

[ar]

Lyp I8 90 2 w 8 o |

xRy Nel

Path and DPath Functions for General Polynomial Ground Path
Including Straight Lines

REAL FUNCTION PATH(X)

THIS FUNCTION IS THE EQUATION OF THE GROUND FATH RASED ON
THE EQUATION

Y = ACLIRXEXEC(L) + A(2)XXXXE(2) + 44
REAL X» Ky Py Ay E» YO
INTEGER 1
COMMON /COURSE/ A(&)y E(&)y Ky Py YO
FATH = ¢
D0 10 I=1+6
IF ((E(I) .LT. 0,000001),AND,(EC(I) GT. -0.000001)) THEN
PATH PATH + A(D)
ELSE
PATH

END IF
10 CONTINUE

PATH + ACI)IX(XXXE(D))

H

IF ((F ,LT. 0.000001) .AND. (P .GT., -0.000001)) THEN

PATH = K
ELSE

FATH = K % (PATH %% F)
END IF

FATH = FATH + YO

RETURN
END

REAL FUNCTION DFATHCX)

THIS IS THE DERIVATIVE OF THE FUNCTION DECLARED IN PATH
REAL Xy Ks» Py As E» DTEMFy YO

INTEGER I

COMMON /COURSE/ A(6)s E(6)y Ky Fy» YO

IPATH = 0

0o 10 I=1,6
IF C((E(I) LT+ 0.,000001),AND.C(EC(I) .GT. -0.,000001)) THEN

A.15



o

s ErErEeErEsRrEoRrlr eyl

OPATH
ELSE

DPATH
END IF

10 CONTINUE

DPATH + ACI)

DPATH + ACT)R(XXXE(I))

IF ((F .LT. 1,000001) ,AND,

DPATH = 1
ELSE

DFATH = DPATHX&(P-1,0)

END IF

DTEMF = 0

ng 20 I=1,6
IF ((E(I)
DTEMF

ELSE

LT+ 1.000001)

(F 6T,

+ANDY,

DTENF + ACID)XE(I)

(E(I)

+BT,

0.999999)) THEN

0.999999)) THEN

DTENMF = DTEWP + ACIIXE(I)R(XXX(E(I)}-1.0))

END IF
20 CONTINUE

OFATH = K X P ¥ DPATH % DTENF

THIS IS THE EQUATION
DPATH = K X P % (

@e B¢ o A° go MO go B0

RETURN
END

el i o I

A.16

THAT THIS FUNCTION IS SOLVING
ACLIXXRRECL) + AC2)XXRERE(2)
ACTIEXRXE(3) + A(4IXXKXE(4)
ACSIXXKRE(D) + ACOIRXEKXE(S) D Xkk(F-1.0)
ACDYXREC(L) XXX (E(1)~-1.,0)
AC2IXE(2)XXX(E(2)-1.0)
ACTIXE(I)IXXR(E(3)-1.0)
ACHXE(A) XXX (E(4)-1.0)
A(S)RE(SYRXK(E(D)-1.0)
ACAIXE(SIXXX(E(S8)-1.0))



A.4 Path and DPath Functions for Path #1 (Large Circular Arc)

[y B o B o 3 o]

o

[or B or B o I

[l o I o]

REAL FUNCTION PATH(X)

THIS FUNCTION IS THE EQUATION OF THE GROUND FATH FOR
PATH #1, A LARGE CIRCLE

REAL X
PATH = SART((14796.,0)%%2 ~ (X-14796,0)%%2)

RETURN
END

REAL FUNCTION DFATH(X)
THIS IS THE DERIVATIVE DF THE FUNCTION DECLARED IN PATH

REAL X

BPATH = (147%96,0-X)/FATH(X)

RETURN
END
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A.5 Path and DPath Functions for Path #2 (90° Straight Segment Followed
by Circular Arc)

REAL FUNCTION PATH(X)

c
C  THIS FUNCTION IS THE EQUATION OF GROUND FATH #1
C IT IS A STRAIGHT SEGMENT FOLLOWED BY A CIRCULAR ARC
C
REAL X
c
IF (X +BE., 6576.) THEN
FATH = 6576.0
ELSE
PATH = SART((4576,0)%X2 - (X-6576.0)%%2)
END IF
C
RETURN
END
C
c
C
C
' REAL FUNCTION DFATH(X)
C
€  THIS IS THE DERIVATIVE OF THE FUNCTION DECLARED IN PATH
C
REAL X
C
IF (X .GE. 6576.) THEN
DFATH = 0.0
ELSE
RFATH = (6576.,0-X)/PATH(X)
END IF
C
RETURN
END
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A.6 Example Input File

¥x¥x COEFFICIENTS OF THE GROUND PATH EQUATION
1.73205

Xkkx EXPONENTS OF THE GROUND FATH EQUATION

1.0

¥Xkx CONSTANT MULTIPLIER FOR GROUNDN FATH EQUATION
1.0

¥xXk¥ TOTAL EXPONENT FOR THE GROUND FATH EQUATION
1.0

XxkX YO THE Y OFFSET FOR THE GROUND PATH EQGUATION
0.0

¥kkk  XOFFSET AND YOFFSET OF THE ENDN OF THE RUNWAY

0.0 0.0
Kkkk S0 DISTANCE FROM AIRCRAFT TO MARKER
25000,

¥kkx  GAMMA ANGLE BETWEEN RUMWAY CENTER LIMNE AND' AIRCRAFT COURSE
30.0
¥kk¥ T  DISTANCE FROM RUNWAY TO MARKER

12500,

¥kkx VA AIRSFEED

160,

kX%  VUWIND WIND SPEELD

:;f* DWIND WIND DIRECTION

:i:t TSANPLE SAMFLE TIME

2;i* TPRINT TIME BETWEEN PRINT OUTS
:;:* UVAIR  UNCERTAINTY IN AIR SFEED
:i:# UVWIND UNCERTAINTY IN WIND SFPEED
:;gt UDWIND UNCERTAINTY IN WIND DIRECTION
23;3?* UGAMMA UNCERTAINTY IN GROUND COURSE
2;:* UAZ UNCERTAINTY IN AZIMUTH ANGLE
gig# UTSAMFLE UNCERTAINTY IN SAMPLE TIME
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A.7 Example Output File

Microuwave Landind Sustem Simulation

Ind. Airsreed

Ground Sree
Wind Sreed

hist, to 0.
Samrle Time

d

L

4
+
L3
»
+
*
+
14
1
*

160,00 ft/sec
160,00 ft/sec

0.00 ft/sec

25000, ft

0.200 sec

Initial Headind

Intcrt, Andle
Wind Direction

0.4+ to Runuay

P e T Lo

The dround rpath eaquation ¢t Y = K(AXXXKXE+. . )%%F + YO is

A(L)
A(4)
E(1)
E(4)
K

Airsrpeed Er
Wind sreed
Azimuth Err

Time
(sec) {
5,00
10.00
15.00
20,00
25.00
30,00
35.00
40,00
45,00
50,00
55.00
60,00
65,00
70.00
75,00
80.00
83.00
20.00
95,00
100,00
105.00
110.00
115,00
120,00
125.00
130.00
135,00

1.73
0.00
1.0000
0.0000
1.0000

ror
Error
or

R
ft)
47524,
46753,
45982,
45213,
44445,
43678,
42912,
42147,
41384.
40622,
39861,
39102,
38345,
37590,
36836,
346085,
35335,
34588,
33844,
33102,
32362,
31626,
30893,
30163,
29436,
28714,
27996,

Al2)
AC4)
E(2)
E(4)
Fn

0.00
0.00
0.0000
0.0000
1.,0000

5.00 ft/sec
0.00 ft/sec

A(3) = 0.00
AlS) = 0.00
E(3) = 0.0000
E(6) = 0.0000
Yo = 0,00

Heading Error 3
Wind Dir. Evrror e
4
*

0.00 ded Samrle Time Error

R est Ilelta K Intercert

{(ft) (ft) (ft)
49041, -1517, 24200,
4824%, -1493., 23400,
47451, ~1469, 22600,
46657, -1444, 21800,
458635, -1420, 21000,
45074, -1396, 20200,
44284, -1372. 19400,
43495, -1348., 18600,
42708, -1324., 17800,
41922, -1301, 17000,
41138, -1277., 16200,
40355, -1253, 15400,
395735, -1229., 144600,
38793, -1206. 13800,
38018, -1182, 13000,
37243, -1158., 12200,
36470, -1135, 11400,
35700, -1112, 10400,
34932, -1088, 9800,
341660 ‘10650 90000
334040 —10420 82000
32644, -1019, 7400,
31888, -994, 6600,
31135, -973., 5800.
30386, -950. 3000,
29641, -927., 4200,
28901, -904, 3400,

A.20

30,00 ded

30.00 ded
0,00 deg

25000, ft

..

defined bw

0.00 desg
0.00 ded
0.000 sec

Azimuth
(ded)
14,73
14,49
14.23
13,95
13.67
13.37
13.06
12,75
12.42
12,08
11.72
11.36
10,97
10.58
10,16
9,73
9.28
8.81
8,32
7.81
7.28
6.72
6.13
5,52
4,87
4,19
3,48



140,00
145,00

150,00
155,00

155.60

27283,
26574,
25871,
25173,
25090,

281635,
27434,

26708,
25989,

25903,

A.21

-882,
‘8600
-837.
-815.
‘8130

2600,
1800,
1000,
200,
104,

2,73
1.94

1,11
0.23

0.12



APPENDIX B

This appendix contains the plots of estimated range error

versus range for all the cases studied.

follows:

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

B.1 (a-f)

B.2 (a~-f)

B.3 (a-f)

B.4 (a-f)

B.5

B.6

B.7

B.10

These are organized as

GA 160 ft/sec 30° intercept at 12,500

ft

GA 160 ft/sec 45° intercept at 12,500

ft

GA 160 ft/sec 30° intercept at 25,000

ft

GA 160 ft/sec 45° intercept at 25,000

ft

Commercial airline 236
intercept at 12,500 ft
Commercial airline 236
intercept at 12,500 ft
Commercial airline 236
intercept at 25,000 ft
Commercial airline 236
intercept at 25,000 ft
Commercial airline 236
Trajectory 1
Commercial airline 236

Trajectory 2

ft/sec 30°

ft/sec 45°

ft/sec 30°

ft/sec 45°

ft/sec

ft/sec
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s Azimuth Angle Error
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Figure B.la: Range Estimation Error Due to Azimuth Angle Error
for Constant Intercept Trajectory

2500
[ Velocity Error 10/ fps
+ V = 160 fps
2000 | 30 Degree Intercept
- 12500 ft.
— 5
= 5
g
L 1500
S s
IE L
5 5 fps
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Z 1000 -
S5 5
14 L
500 -
- 1 fps
O ' 1 'l - l L 'l L L I L A L 'l
10000 20000 30000 40000

Slant Range to Runway (ft)
Figure B.lb: Range Estimation Error Due to Airspeed Sensor Errors
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20000

- Heading Error 5 deg
V = 160 fps /
30 Degree Intercept
15000 - 12500 ft.
- I
el L
S
- s
o s
t
uj 10000
) I
o 5
c
Q L
m b=
5000 |-
0 - :
10000 20000 30000

Slant Range to Runway (ft)

Figure B.lc: Range Estimation Error Due to Heading Sensor Error

20000
[ Velocity and Heading Error
[ v = 160 fps
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15000 | 12500 ft. 10 fps
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_ i
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10000 20000 30000

Slant Range to Runway (ft)

Figure B.ld: Range Estimation Error Due to Airspeed and Heading

Sensor Errors
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1500

s Wind Error
. V = 160 f
ps 5 fps
30 Degree Intercept
12500 ft.
-
//

E 1000 + - 5 deg
~ K 5 fps
| .
o
™
m o
)
o s
G
. 500 -

i 5 deg

0 NS N N | R " L R | N N N N
10000 20000 30000 40000

Slant Range to Runway (ft)

Figure B.le: Range Estimation Error Due to Uncertainties in Wind
Information. Nominal Wind: 20 fps from 135 deg.

1000

Wind Error
[V = 160 fps 75 fps
800 L 30 Degree intercept ,/ 5 deg

12500 ft. e

600 — //

400

Range Error (ft)

200 |

10000 20000 30000 40000
Slant Range to Runway (ft)

Figure B.1lf: Range Estimation Error Due to Uncertainties in Wind
Information.  Nominal Wind: 20 fps from 225 deg.
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1000
Azimuth Angle Error
[ vV = 160 fps v
800 - 45 Degree Intercept 0.32 deg.
12500 ft.
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) " - N \ ] . N 2 s | s " : :
10000 20000 ' 30000 40000

Slant Range to Runway (ft)

Figure B.2a: Range Estimation Error Due to Azimuth Angle Error
for Constant Intercept Trajectory
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Figure B.2b: Range Estimation Error Due to Airspeed Sensor Errors
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Figure B.2c: Range Estimation Error Due to Heading Sensor Error
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Figure B.2d: Range Estimation Error Due to Airspeed and Heading
Sensor Errors
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Range Error (ft)
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10000 20000 30000 40000
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Figure B.2e: Range Estimation Error Due to Uncertainties in Wind
Information. Nominal Wind: 20 fps from 135 deg.
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Figure B.2f: Range Estimation Error Due to Uncertainties in Wind
Information. Nominal Wind: 20 fps from 225 deg.
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30 Degree Intercept
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Figure B.3a:

30000 35000 40000 45000 50000
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Range Estimation Error Due to Azimuth Angle Error
for Constant Intercept Trajectory
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Range Estimation Error Due to Airspeed Sensor Errors
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Range Estimation Error Due to Uncertainties in Wind

Information. Nominal Wind: 20 fps from 135 deg.

2000
[ Wind Error
i V = 160 fps 5 fps
| 30 Degree Intercept -
1500 |- 25000 ft.
= i
N
- 5
[o) L
=
w 1000 - -
3 -
) -
o Z
500 -
: 5 deg
O i s L. ' l A i 1 1 I L 1 A A l I 1 1 'l l L 1 'l L
25000 30000 35000 40000 45000 50000

Figure B.3f:

“Slant Range to Runway (ft)

Range Estimation Error Due to Uncertalnties in Wind

Information. Nominal Wind: 20 fps from 225 deg.
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Azimuth Angle Error
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Figure B.4a: Range Estimation Error Due to Azimuth Angle Error

for Constant Intercept Trajectory
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Figure B.4b: Range Estimation Error Due to Airspeed Sensor Errors
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Figure B.4c: Range Estimation Error Due to Heading Sensor Error
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Figure B.4d: Range Estimation Error Due to Airspeed and Heading

Sensor Errors
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Figure B.4e: Range Estimation Error Due to Uncertainties in Wind
Information. Nominal Wind: 20 fps from 135 deg.
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Figure B.4f: Range Estimation Error Due to Uncertainties in Wind
Information. Nominal Wind: 20 fps from 225 deg.

B. 13



Range Error (ft)

Range Error (ft)

2000

| 4
[V = 236 fps 3
30 Degree Intercept
1500 |- 12500 ft.
| Errors
1. Az = 0,32 deg 1
2. Vg = 1.5 fps
3. Gamma = 0.5 deg
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Gomma = 0.5 deg
500 -
- = 2
0 b 1 | " ) 2 L | ) 3 —
20000 30000

Slant Range to Runway (ft)

Figure B.5: Summary of Range Estimation Error

for Commercial

Airline Operation Using Constant 30° Intercept at 12,500 Feet
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Figure B.6: Summary of Range Estimation Error for Commercial

Airline Operation Using Constant 45° Intercept at 12,500 Feet
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Range Error (ft)

Range Error (ft)
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Figure B.7: Summary of Range Estimation Error for Commercial
Airline Operation Using Constant 30° Intercept at 25,000 Feet
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Figure B.8: Summary of Range Estimation Error for Commercial
Airline Operation Using Constant 45° Intercept at 25,000 Feet
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