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FOREWORD

This technical report is submitted to the Georgia Institute of
Technology to comply with the report requirements of contract 1-A-2550,
which is a subcontract under United States Navy contract N-00039-80-C-

0032. This report is published in two volumes, and each volume consists

of two parts.
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REPORT SUMMARY

Auburn University, under contracts N66314-73-C-0565, N66314-74-C-1352,
N66314-74-C-1634, N00228-75-C-2080, N00228-76-C-2069, and N00228-78-C-2233
with the United States Navy, and has 1nvest1gated var1oung§pects of the

e T — IURREEEIRI S

//ﬁ5r1ne Air Traff1c Control and Land1ng System (MATCALS). This report

—— ——— .

e e

contains the results of the cont1nuat1on of theseMinvestigations under
contract 1-A-2550 with the Georgia Institute of Technology. The report

is organized into three main sections, namely Part Two, Part Three, and
Part Four. Part Tao presents a method of estimating the centroid

location of a target utilizing a scan return amplitude versus angle
information. Part Three contains the results of an investigation into
replacing thgiéEﬁ?fi]ter in the MATCAL digital controller with an observer,
in order to reduce the effects of radar noise. Part F ur gr%sents the
results of an investigation into replacing the same a-e f11ter with a

tri-state adaptive filter, in order to reduce the effects of radar noise.\
llpﬁo - cEte /\

Centkbid Estimation

Essential to the performance of any tracking radar is an effective
target centroid estimator. The purpose of the work reported in Part Two
is to examine the accuracy of several target centroid estimators in a
comparative fashion, and to introduce a non-thresholding algorithm
| developed as part of this research. This analysis was conducted using a
software simulation of a landing system radar tracking a passive target.

[ The algorithm developed in Part Two is a method of estimating the centroid
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location of a target utilizing scan return amplitude versus angle infor-
mation. The method is compared to three thresholding estimators and a
first moment estimator in a computer-simulated automatic landing system.

It was found that the method introduced was the most robust and ac-
curate of the estimators in noise, due to its unique scan rejection capa-
bility. In periods of high signal-to-noise ratio the method had less
error than the threshelding methods, and was similar in ability to the
first moment estimator. Further, the pulse transmissions required to
obtain a desired level of performance is much reduced from the thresholding

methods employed in this simulation.

Observer Design

Presently a problem exists in the closed-loop control of the MATCALS
system due to the noise generated in AN/TPN 22 radar. An «-g filter in
the flight dynamic and control module is employed to reduce the noise
effects while estimating the position and the velocity of the aircraft.

An observer may also be used to estimate the status of the aircraft. Part
Three of this report presents the results of an investigation of the
replacement of the a-g filter with an observer.

The F4J aircraft lateral control system is employed as an example
in this investigation. Several different controllers are utilized to
determine which yield the best radar-noise response and which yield the

best wind response. ‘

The proposed MATCALS system contain an a-8 filter in the controller.
Alternative controllers are constructed by replacing the a-8 filter with an

observer. ! g
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In genzral the observer control systems exhibit significantly less
radar-noise response than do the o-g systems, but exhibit somewhat more
wind response. These¢ studies indicate that the observer controllers im-
prove the MATCALS system's operation when compared to the a-8 controllers,

and that the observer systems should be considered further,

Tri-State Adpative Fi]fers

A tri-state adaptive tracking filter was designed for use in the
F4J aircraft lateral control system in an automatic landing configuration. !
The system presently uses an «-8 tracking filter to estimate the aircraft's
lateral position and velocity. The tri-state adaptive fiiter is designed
to replace the a-g filter,

Three digital tracking filters, each based upon a different air-
craft dynamic model, were combined to form the tri-state adaptive tracking
filter. The selection of the appropriate filter output was determined by
the variance of the filters' smoothed position estimates. The tri-state
adaptive filter was implemented in the simulation of the F4J lateral
control system. The results given in Part Four suggest that the performance
of the F4J lateral control system may be improved through the use of a
tri-state adaptive tracking filter. Since the F4J lTongitudinal control
system is structurally identical to the lateral control system, the tri-
state adpative filter may, in a similar manner, provide an improvement in
the performance of the longitudinal control system.

The overall performance of the tri-state adaptive tracking filter
may be enhanced by selecting the parameters of each of the three compo-

nent filters in such a manner as to achieve a more complementary filter
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response. Another modification which might improve the performance of
the tri-state adaptive filter is the adjustment of the variance thresh-
olds of the alpha and alpha-beta filters. As was shown by the results
of the F4J lateral control system simulation, the frequency response of

the tri-state adaptive filter may be altered by the selection of the ap-

propriate variance thresholds.
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A CENTROID ALGORITHM BASED UPON RETURN AMPLITUDE-
VERSUS-ANGLE SIGNATURE

R. J. Machuzak, E. R. Graf, C. L. Phillips and S. A. Starks

ABSTRACT

A method of estimating the centroid location of a target utilizing
scan return amplitude versus angle information is introduced. The method
is compared to three thresholding estimators and a first moment estimator
in a computer-simulated automatic landing system.

It was found that the method introduced was the most robust and ac-
curate of the estimators in noise, due to its unique scan rejection capa-
bility. In periods of high signal-to-noise ratio the method had less
error than the thresholding methods, and was similar in ability to the
first moment estimator. Further, the pulse transmissions required to ob-
tain a desired level of performance is much reduced from the thresholding

methods employed in this simulation.

. . A Tt

oy

-_el e




TABLE OF CONTENTS
LISTOF TABLES « v v v v v v e o o v v v o o . e e e e e e e e e vii
LISTOF FIGURES « = « o v o o o o o o e o o o o o o e oo o e o aun viii
I. INTRODUCTION © & ¢ v v v v e e v v e o e e e oo e o e oo o a 1
I1. OVERVIEW OF THE SIMULATION . . . « ¢ v v v v v e o e e e o s oo 2
III. SIGNAL PROCESSING . . . . v v v v v v v v .. e e e e e e 19
IV. THE TARGET CENTROID ESTIMATING ALGORITHM . . . . . . + + « « . . 21
Introduction
The Algorithm
V. COMPARISON OF THE TECHNIQUES . . . . . & v v v o v o o v o s o« 56
VIO SUMMARY . o oot e e e e e e 330
REFERENCES & & v v v v e e e e e e e e e e e e e e e e e e e e e e 356
APPENDIX & v v v e e e e e e e e e e e e e e e e e e e e e e 357
|
vi
s ——— A —— e i




.5 LIST OF TABLES

2-1. Radar cross section equations for the target
model scattering complexes . . . . « ¢ ¢« v ¢ ¢ v 4 e e v e .o

2-2. Parameters for the landing system simulation . . . . . . . . ..

vii




LIST OF FIGURES

2-1. Siting of the precision approach radar and final
approach glideslope used in the computer simulation . . . . .

2-2. éa) Physical orientation of the ensemble scatterers
b) Arrangement of the two-element scatterer
complexes for the coordinate systems of the
fuselage and wing scattering points . . . . . . . . . .

2-3. Radar cross section of fuselage scattering complex
in azimuth, with the azimuth angle measured from the
nose axis of the coordinate system . . . . . e e e e e e

2-4. Radar cross section of right wing scattering complex
in azimuth, with the azimuth angle measured from the
nose axis of the coordinate system . . . . . e e e e e .

2-5. Radar cross section of left wing scattering complex
in azimuth, with the azimuth angle measured from the
nose axis of the coordinate system . . . .. . ... . ...

2-6. Composite cross section in azimuth, with the azimuth
angle measured from the nose axis of the coordinate
syste!‘ . - - - ® & o 8 s 2 . . - . L] . . . . L] L ] L L] . . L

2-7. Composite cross section in elevation, with the angle
measured from the nose axis of the coordinate
system . . . . ... 00 0., e e e e e e e e s

2-8. Radar cross section of fuselage scattering complex
in azimuth, with the azimuth angle measured from the
nose axis of the coordinate system . . . . . ... .. ...

2-9. Radar cross section of fuselage scattering complex
in azimuth, with the azimuth angle measured from the
nose axis of the coordinate system . . . . . .. e e e e w e

2-10. Radar cross section of left wing scattering complex
in azimuth, with the azimuth angle measured from the
nose axis of the coordinate system . . . . . .. . .. .« .

2-11. Composfite cross section in azimuth, with the azimuth
angle measured from the nose axis of the coordinate
SYStem . . L L Lt e e e e e e e e e e e e 0. .

10

n

12

13

14

15




o ——

4-2.

4-3,

4-5.

4-6.

4-7.

4.8.

4-9.

4-10.

Composite cross section in elevation, with the eleva-
tion angle measured from the nose axis of the coordinate
SYSEAM L L L L L e e . e e e e e e e e e e e e e e e e e e e 16

Target return history for a baseline flight with 49
beam pointing locations in the scanning window, with
the target in the center of the cross track, azimuth
LY of- ¥ 1 22

Target return history for a baseline flight with noise

added, 49 beam pointing locations in the scanning

window, target in the center of the cross track, azimuth

SCAN &t v v ik et e e e e e e e e e e e e e e e e e e e e e 23

Target return history for a baseline flight with tur-

bulence added, 49 beam pointing locations in the scanning

window, target in the center of the cross track, azimuth

£ of- ¥ o 25

Target return history for a baseline flight with noise

and turbulence added, 49 beam pointing locations in the

scanning window, target in the center of the c¢ross

track, azimuth scan . . . . . . . . . L 00 e 00 e e e e 26

SNR versus range for a flight with noise and a scanning
window containing 9 beam pointing locations, plotted as
a function of scan number . . . . . . . . . . ... ... .. 27

SNR versus range for a flight with noise and a scanning
window containing 29 beam pointing locations, plotted
as a function of scannumber . . . . . . . . ... oL 0. 28

SNR versus range for a flight with noise and a scanning
window containing 49 beam pointing locations, plotted as
a function of scannumber . . . . . . . . . . ... 29

SNR versus range for a flight with noise and turbulence
and a scanning window containing 9 beam pointing loca-
tions, plotted as a function of scan number . . . . . . . .. 32

SNR versus range for a flight with noise and turbulence
and a scanning window containing 29 beam pointing loca-
tions, plotted as a function of scan number . . . . . . . .. 33

SNR versus range for a flight with noise and turbulence
and a scanning window containing 49 beam pointing loca-
tions, plotted as a function of scan number . . . . . . . .. 34

I1lustration of the method employed to determine the
target centroid location based on the shape of the scan
envelope . . . . . . . . ¢ o . . .

ix




4-16.

4-20.

4-21.

4-22.

4-23.

4-24.

I1lustration of the pulse integration technique employed
with the second derivative algorithm . . . . . . e e e e e e

Rejection/acceptance performance of the second derivative
algorithm for a granularity of 9 beam pointing locations,
averaged over 11 flights withnoise . . . . . . . .. . . ..

Rejection/acceptance performance of the second derivative
algorithm for a granularity of 9 beam pointing locations,
averaged over 11 flights with noise and turbulence . . . . . .

Cumulative number of accepted, rejected, and total scans
for a flight with noise, granularity of 9 beam pointing
Tocations . . . . L e e e e e e e e e e e e e e e e e e

Cumulative number of accepted, rejected, and total scans
for a flight with noise and turbulence, granularity of 9
beam pointing locations . . . . . . . ¢ .+ v o 4 4 e e ..

Rejection/acceptance performance of che second derivative
algorithm for a granularity of 29 beam pointing locations,
averaged over 11 flights withnoise . . . . . .. . .. . ..

Rejection/acceptance performance of the second derivative
algorithm for a granularity of 29 beam pointing locations,
averaged over 11 flights with noise and turbulence . . . . . .

Cumulative number of accepted, rejected, and totai scans
for a flight with noise, granularity of 29 beam pointing
Tocations . . . . ¢ v i v vt e e e e e e e e e e e

Cumulative number of accepted, rejected, and total scans
for a flight with noise and turbulence, granularity of
29 beam pointing locations . . . . . . . . v . . o0 .0 0.

Rejection/acceptance performance of the second derivative
algorithm for a granularity of 49 beam pointing locations,
averaged over 11 flights with noise . . . . . . . .. . . ..

Rejection/acceptance performance of the second derivative
algorithm for a granularity of 49 beam pointing locations,
averaged over 11 flights with noise and turbulence . . . . . .

Cumulative number of accepted, rejected, and total scans
for a flight with noise, granularity of 49 beam pointing
Tocations . . . v . . i e s e e e e e e e e e e e e e e s

Cumulative number of accepted, rejected, and total scans
for a flight with noise and turbulence, granularity of
49 beam pointing locations . . . . . . . . ¢« ¢ v ¢ . o o 4o

‘M L] P

D e e e




5-2.

5-3.

5-4.

5-5.

5-6.

5-7.

5-8.

5-9.

Target returns in the scanning window faor a granularity
of 41 beam pointing locations. The distance from target
to antenna is 3343 M, scan SNR=21.0dB . . . . . . . . ..

Target returns in the scanning window for a granularity
of 41 beam pointing locations. The distance from target

to antenna is 7128 M, scan SNR=12.0dB . . . . . . . . . ..

Target returns in the scanning window for a granularity
of 41 beam pointing locations.. The distance from target

to antenna is 7062 M, scan SNR=12.4 dB . . . . . . . . . . .

Target returns in the scanning window for a granularity
of 41 beam pointing locations. The distance from target

to antenna is 4538 M, scan SNR=5.3dB . . . . . . . . . ..

FIGURES FOR BASELINE FLIGHTS
ALL SCANS USED

Mean error of estimators in milliradians for a granularity

of 9 beam pointing locations . . . . . . . . . .. .. ...

Mean square error of estimators in milliradians for a

granularity of 9 beam pointing locations . . . . . . . .. ..

Standard deviation of error of estimators in milliradians

for a granularity of 9 beam pointing locations . . . . . . . .

Variance of error of estimators in milliradians for a

granularity of 9 beam pointing locations . . . . . . . . . ..

Hean error of estimators in meters for a granularity of

9 beam pointing locations . . . . . . . . . .. ... .. ..

Mean square error of estimators in meters for a granularity

of 9 beam pointing locations . . . . . . . . . . .. .. ...

Standard deviation of error of estimators in meters for a
granularity of 9 beam pointing locations . . . . . . . . .

Variance of error of estimators in meters for a granularity
of 9 beam pointing locations . . . . . . . e e e e e e e
FIGURES FOR BASELINE FLIGHTS WITH NOISE
ALL SCANS USED

Mean error of estimators in milliradians for a granularity

of 9 beam pointing locations . . . . . . e e e e e e e e e

x1

57

59

60

61

€3

64

65

66

67

68

69

70

72

o T T

. ‘e
PR RAES

g




5-21.

5-22.

5-23.

5-24.

5-25.

5-26.

5-27.

5-28.

Mean square error of estimators in milliradians for a
granularity of 9 beam pointing locations . . . . . . .

Standard deviation of error of estimators in milli-

radians for a granularity of 9 beam pointing locations . . . .

Variance of error of estimators in milliradians for a

granularity of 9 beam pointing locations . . . . . . . . ..

Mean error of estimators in meters for a granularity

of 9 beam pointing locations . . . . . . . . . . . .. ...

Mean square error of estimators in meters for a gran-

ularity of 9 beam pointing locations . . . . . . . . .. ..

Standard deviation of error of estimators in meters

for a granularity of 9 beam pointing locations . . . . . . .

Variance of error of estimators in meters for a gran-

ularity of 9 beam pointing locations . . . . . . . . . . ..

FIGURES FOR BASELINE FLIGHTS WITH TURBULENCE
ALL SCANS USED

Mean error of estimators in milliradians for a gran-

ularity of 9 beam pointing locations . . . . . . . . . . . .

Mean square error of estimators in milliradians for a

granularity of 9 beam pointing locations . . . . . . . . ..

Standard deviation of error of estimators in milliradians

for a granularity of 9 beam pointing locations . . . . . . .

Variance of error of estimators in milliradians for a

granularity of 9 beam pointing locations . . . . . . . . ..

Mean error of estimators in meters for a granularity of

9 beam pointing locations . . . . . . . . . . .. ..

Mean square error of estimators in meters for a granularity

of 9 beam pointing locations . . . . . . . . .. .. . ...

Standard deviation of error of estimators in meters for a

granularity of 9 beam pointing locations . . . . . . . . ..

Variance of error of estimators in meters for a granularity

of 9 beam pointing locations . . . . . .. . .. ... ...

xii

oo e rcam

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87




5-29.

5-30.

5-31.

5-32.

5-33.

5-34.

5-35.

5-36.

5-37.

5-38.

5-39.

5-40.

5-41.

5-42.

5-43.

FIGURES FOR FLIGHTS WITH TURBULENCE AND MOISE
ALL SCANS USED

Mean error of estimators in milliradians for a gran-
ularity of 9 beam pointing locations . . . . . . . . ..

Mean square error of estimators in milliradians for a
granularity of 9 beam pointing locations . . . . . . . . .

Standard deviation of error of estimators in milliradians
for a granularity of 9 beam pointing locations . . . . . .

Variance of error of estimators in milliradians for a
granularity of 9 beam pointing locations . . . . . . . . .

Mean error of estimators in meters for a granularity
of 9 beam pointing locations . . . . . . . . . . ... ..

Mean square error of estimators in meters for a gran-
ularity of 9 beam pointing locatjons . . . . . . . . . ..

Standard deviation of error of estimators in meters for

a granularity of 9 beam pointing locations . . . . . . e e

Variance of error of estimators in meters for a gran-
ularity of 9 beam pointing locations . . . . . . . . . ..

FIGURES FOR BASELINE FLIGHTS WITH NOISE
SCANS WITH A SNR 13 dB OR GREATER USED

Mean error of estimators in milliradians for a gran-
ularity of 9 beam pointing locations . . . . . . . . . ..

Mean square error of estimators in milliradians for a
granularity of 9 beam pointing locations . . . . . . . . .

Standard deviation of error of estimators in milliradians
for a granularity of 9 beam pointing locations . . . . . .

Variance of error of estimators in milliradians for a
granularity of 9 beam pointing locations . . . . . . . ..

Mean error of estimators in meters for a granularity of
9 beam pointing locations . . . . . . . .. . ... ...

Mean square error of estimators in meters for a gran-
ularity of 9 beam pointing locations . . . . . . . . . ..

Standard deviation of error of estimators in meters for
a granularity of 9 beam pointing locations . . . . . . . .

xiti

o L D S

88

.. 89

.. 90

.. 91

92

.93

94

. . 95

- « 97

. . 98

.. 99

. 100

. 101




5-44.

5-45.

5-46.

5-47.

5-48.

5-49.

5-50.

5-51.

5-52.

5-53.

5-54.

5-55.

5-56.

5-57.

5-58.

Variance of error of estimators in meters for a gran-
ularity of 9 beam pointing locations . . . . . . . . . . . ..

FIGURES FOR FLIGHTS WITH TURBULENCE AND NOISE
SCANS WITH A SMR 13 dB OR GREATER

Mean error of estimators in milliradians for a gran-
ularity of 9 beam pointing locations . . . . . . . . . . ..

Mean square error of estimators in milliradians for a
granularity of 9 beam pointing locations . . . . . . . . . . .

Standard deviation of error of estimators in milliradians
for a granularity of 9 beam pointing locations . . . . . . .

Yariance of error of estimators in milliradians for a
granularity of 9 beam pointing locations . . . . . . e e e e

Mean error of estimators in meters for a granularity of
9 beam pointing locatiecns . . . . . . . . . . .. 0.

Mean square error of estimators in meters for a gran-
ularity of 9 beam pointing locations . . . . . . . . . . . ..

Standard deviation of error of estimators in meters for
a granularity of 9 beam pointing locations . . . . . . . ..

Variance of error of estimators in meters for a gran-
ularity of 9 beam pointing locations . . . . . . . . . .. ..
FIGURES FOR BASELINE FLIGHTS WITH MOISE
SCAN SNR AT OR BELOW 10 dB

Mean error of estimators in miiliradians for a gran-
ularity of 9 beam pointing locations . . . . . . . . . . . ..

Mean square error of estimators in milliradians for a
granularity of 9 beam pointing locations . . . . . . . . . ..

Standard deviation of error of estimators in milliradians
for a granularity of 9 beam pointing locations . . . . . . . .

Yariance of error of estimators in milliradians for a
granularity of 9 beam pointing locations . . . . . . . . . ..

Mean error of estimators in meters for a granularity of
9 beam pointing locations . . . . . . . . . .. . ... ...

Mean square error of estimators in meters for a gran-
ularity of 9 beam pointing locations . . . . . . . . .. . ..
xiv

B




5-59.

5-60.

5-61.

5-62.

5-63.

5-64.

5-65.

5-66.

5-67.

5-68.

5-69.

5-70.

5-71.

5-72.

5-73.

Standard deviation of error of estimators in meters
for a granularity of 9 beam pointing locations . . . . . . . . 119

Variance of error of estimators in meters for a gran-
ularity of 9 beam pointing locations . . . . . . . . . . . .. 120
FIGURES FOR FLIGHTS WITH TURBULENCE AND NOISE
SCAN SNR AT OR BELOW 10 dB

Mean error of estimators in milliradians for a gran-
ularity of 9 beam pointing locations . . . . . . . . . . . .. 122

Mean square error of estimators in milliradians for a
granularity of 9 beam pointing locations . . . . . . . . . .. 123

Standard deviation of error of estimators in milliradians
for a granularity of 9 beam pointing locations . . . . . . .. 124

Variance of error of estimators in milljradians for a
granularity of 9 beam pointing locations . . . . . . . . . .. 125

Mean error of estimators in meters for a granularity of
9 beam pointing locations . . . . . . . . . .« . ... . 126

Mean square error of estimators in meters for a gran-
ularity of 9 beam pointing locations . . . . . . . .. ... . 127

Standard deviation of error of estimators in meters for
a granularity of 9 beam pointing locations . . . . . . . ... 128

Variance of error of estimators in meters for a gran-
ularity of 9 beam pointing locations . . . . . . . . . . . . . 129
FIGURES FOR BASELINE FLIGHTS
ALL SCANS USED

Mean error of estimators in milliradians for a gran-

ularity of 29 beam pointing locations . . . . . . . . . . .. 130

Mean square error of estimators in milliradians for a

granularity of 29 beam pointing locations . . . . . . . . .. 131

Standard deviation of error of estimators in milliradians

for a granularity of 29 beam pointing locations . . . . . .. 132

VYariance of error of estimators in milliradians for a

granularity of 29 beam pointing locations . . . . . . . . .. 133

Mean error of estimators in meters for a granularity of

29 beam pointing locations . . . . . . ¢ . ¢ v v 4 v v 0. . 134
Xy




5-74. Mean square error of estimators in meters for a gran- .
ularity of 29 beam pointing locations . . . . . . . . . .. 135

5-75. Standard deviation of error of estimators in meters
for a granularity of 29 beam pointing locations . . . . . . 136

5-76. Variance of error of estimators in meters for a gran-
ularity of 29 beam pointing locations . . . . . . . . .. . 137
FIGURES FOR BASELINE FLIGHTS WITH NOISE
ALL SCANS USED

5-77. Mean error of estimators in milliradians for a gran-
ularity of 29 beam pointing locations . . . . . . . . .. . 138

5-78. Mean square error of estimators in milliradians for a
granularity of 29 beam pointing locations . . . . . . . .. 139

5-79. Standard deviation of error of estimators in milliradians
for a granularity of 29 beam pointing locations . . . . . . 140

5-80. Variance of error of estimators in milliradians for a
granularity of 29 beam pointing locations . . . . . e .14

5-81. Mean error of estimators in meters for a granularity of
29 beam pointing locations . . . . . . . . . . .. .. .. 142

5-82. Mean square error of estimators in meters for a gran-
ularity of 29 beam pointing locations . . . .. . . .. . . 143

5-83. Standard deviation of error of estimatars in meters for
a granularity of 29 beam pointing locations . . . . .. . . 144

5-84. Variance of error of estimators in meters for a gran-
ularity of 29 beam pointing locations . . . . . .. .. .. 145
FIGURES FOR BASELINE FLIGHTS WITH TURBULENCE
ALL SCANS useDd

5-85. Mean error of estimators in milliradians for a granu]ar1ty

of 29 beam pointing locations . . . . . .. . . .. « . . 147
5-86. Mean square error of estimators in milliradians for a

granularity of 29 beam pointing locations . . . . . . . . 148
5-87. Standard deviation of error of estimators in milliradians

for a granularity of 29 beam pointing locations ., . . . . . 149
5-88. Vvariance of error of estimators in milliradians for a gran-

ularity of 29 beam pointing locations . . . . . . .. .. . 150

xvi




5-39.

5-90.

5-91.

5-92.

5-95.

5-96.

5-97.

5-98.

5-99.

5-100.

5-101.

5-102.

5-103.

Mean error of estimators in meters for a granularity
of 29 beam pointing locations . . . . . . . . . . .. ... 181

Mean square error of estimators in meters for a gran-
ularity of 29 beam pointing locations . . . . . . . . . .. 152

Standard deviation of error of estimators in meters
for a granularity of 29 beam pointing locations . . . . . . 153

Variance of error of estimators in meters for a gran-
ularity of 29 beam pointing locations . . . . . . .. ... 154
FIGURES FOR FLIGHTS WITH TURBULENCE AND NOISE
ALL SCAHS USED

Mean error of estimators in milliradians for a gran-
ularity of 29 beam pointing locations . . . . . . .. . . . 155

Mean square error of estimators in milliradians for
a granularity of 29 beam pointing locations . . . . . . . . 156

Standard deviation of error of estimators in milli-
radians for a granularity of 29 beam pointing locations . . 157

Variance of error of estimators in milliradians for a
granularity of 29 beam pointing locations . . . . . . . .. 158

Mean error of estimators in meters for a granularity
of 29 beam pointing locations . . . . . . . . .. .. ... 159

Mean square error of estimators in meters for a gran-
ularity of 29 beam pointing locations . . . . .. . . ... 160

Standard deviation of error of estimators in meters for
a granularity of 29 beam pointing locations . . . . . . .. 161

Variance of error of estimators in meters for a gran-

ularity of 29 beam pointing locations . . . . . . . . ... 162
FIGURES FOR BASELINE FLIGHTS WITH NOISE
SCANS WITH A SNR 13 dB8 OR GREATER USED

Mean error of estimators in milliradians for a gran-

ularing of 29 beam pointing locations . . . . . .. .. .. 163

Mean square error of estimators in milliradians for a

granutarity of 29 beam pointirjy locations . . . . . . ... 164

Standard deviation of error of estimators in milliradians

for a granularity of 29 beam pointing locations . . . . . . 165
xyii

B

1i-;------l-llIIllIllllllIlllllllllllllll..lll..i



»

5-104.

5-105.

5-106.

5-107.

5-108.

5-108.

5-110.

5-111.

5-112.

5-113.

5-114,

5-115.

5-116.

5-117.

5-118.

Variance of error of estimators in milliradians for a
granularity of 29 beam pointing locations

Mean error of estimators in meters for a granularity
of 29 beam pointing locations .

Mean square error of estimators in meters for a gran-
ularity of 29 beam pointing locations .

Standard deviation of error of estimators in meters for
a granularity of 29 beam pointing locations

Variance of error of estimators in meters for & gran-
ularity of 29 beam pointing locations
FIGURES FOR FLIGHTS WITH TURBULENCE AND NOISE
SCANS WITH A SNR 13 dB OR GREATER USED

Mean error of estimators in milliradians for a gran-
ularity of 29 beam pointing locations

Mean square error of estimators in milliradians for a
granularity of 29 beam pointing locations

Standard deviaticon of error of estimators in milliradians

for a granularity of 29 beam pointing locations

Variance of error of estimators in milliradians for a
granularity of 29 beam pointing locations

Mean error of estimators in meters for a granular1ty of
29 beam pointing locations . . e e e

Mean square error of estimators in meters for a gran-
ularity of 29 beam pointing locations ..

Standard deviation of error of estimators in meters for
a granularity of 29 beam pointing locations

Variance of error of estimators in meters for a gran-
ularity of 29 team pointing locations
FIGURES FOR BASELINE FLIGHTS WITH NOISE
SCAN SNR AT OR BELOW 10 dB

Mean error of estimators in milliradians for a gran-
ularity of 29 beam pointing locations

Mean square error of estimators in milliradians for a
granularity of 29 beam pointing locations .

xviii

P

. . 166

. 167

. 169

. 170

. 171

. 172

. 173

. 174

. 176

. 177

. 178

179

. 180




5-126.

5-127.

5-128.

5-129.

5-130.

5-131.

5-132.

5-133.

| 5-119.
5-120.
5-121.
5-122.
5-123.

N 5-124.

5-125.

Standard deviation of error of estimators in milliradians
for a granularity of 29 beam pointing locations

Variance of error of estimators in milliradians for a
granularity of 29 beam pointing locations . . . . . . . . .

Mean error of estimators in meters for a granularity of
29 beam pointing locations . . . . . . . . . . . . . ...

Mean square error of estimators in meters for a gran-
ularity of 29 beam pointing locations . . . . . . . . . ..

Standard deviation of error of estimators in meters for
a granularity of 29 beam pointing locations

Variance of error of estimators in meters for a gran-
ularity of 29 beam pointing locations ...

FIGURES FOR FLIGHTS WITH TURBULENCE AND NOISE
SCAN SNR AT OR BELOW 10 dB3

Mean error of estimators in milliradians for a gran-
ularity of 29 beam pointing locations . . . . . . . . . ..

Mean square error of estimators in milliradians for a
granularity of 29 beam pointing locations . . . . . .

Standard deviation of error of estimators in milliradians
for a granularity of 29 beam pointing locations

Variance of error of estimators in milliradians for a
granularity of 29 beam pointing locations . . . . . . . ..

Mean error of estimators in meters for a granularity of
29 beam pointing locations . . . . . . . « « o ¢« . . ...

Mean square error of estimators in meters for a gran-
ularity of 29 beam pointing locations . . . . . . . . . ..

Standard deviation of error of estimators in meters for
a granularity of 29 beam pointing locations . . . . . . ..

Variance of error of estimators in meters for a gran-
ularity of 29 beam pointing locations .

FIGURES FOR BASELINE FLIGHTS
ALL SCANS USED

Mean error of estimators in milliradians for a granularity
of 29 beam pointing locations . . . . . . . . . . . .. ..

Xix

182

183

185

186

188

189

130

191

192

193

194

195



5-134.

5-135.

5-136.

5-137.

5-138.

5-139.

5-140.

5-141.

5-142.

5-143.

5-144,

5-145.

5-146.

5-147.

5-148.

Mean square error of estimators in milliradians for a
granularity of 49 beam pointing locations

Standard deviation of error of estimators in milliradians
for a granularity of 49 beam pointing locations . . . . . .

Variance of error of estimators in milliradians for a
granularity of 49 beam pointing locations

Mean error of estimators in meters for a granularity of
49 beam pointing locations . .. e e e e e

Mean square error of estimators in meters for a gran-
ularity of 49 beam pointing locations

Standard deviation of error of estimators in meters for
a granularity of 49 beam pointing locations

Variance of error of estimators in meters for a gran-
ularity of 49 beam pointing locations .
FIGURES FOR BASELINE FLIGHTS WITH NOISE
ALL SCANS USED

Mean error of estimators in milliradians for a granularity
of 49 beam pointing locations e e e e

Mean square error of estimators in milliradians for a
granularity of 49 beam pointing locations

Standard deviation of error of estimators in milliradians
for a granularity of 49 beam pointing locations

Variance of error of estimators in milliradians for a
granularity of 49 beam pointing locations . . . . . . .

Mean error of estimators in meters for a granularity of
49 beam pointing locations . . . . . . . ..

Mean square error of estimators in meters for a granularity
of 49 beam pointing locations . . . . . . .. .. . ...

Standard deviation of error of estimators in meters for a
granularity of 49 beam pointing locations

Variance of error of estimators in meters for a granularity
of 49 beam pointing locations . . . . . . .. e e e

XX

197

198

199

200

201

202

203

205

206

207

208

209

210

211

212




5-149,

5-150.

5-151.

5-152.

5-153.

5-154.

5-155.

5-156.

5-157.

5-188.

5-159.

5-160.

5-161.

5-162.

5-163.

FIGURES FOR BASELINE FLIGHTS WITH TURBULENCE
ALL SCANS USED

Mean error of estimators in milliradians for a granularity
of 49 beam pointing locations . . . . . . ... . .. ... 213

Mean square error of estimators in milliradians for a
granularity of 49 beam pointing locations . . . . . . . .. 214

Standard deviation of error of estimators in milliradians
for a granularity of 49 beam pointing locations . . . . . . 215

Yarjance of error of estimators in milliradians for a
granularity of 49 beam pointing locations . . . . . . . .. 216

Mean error of estimators in meters for a granularity of
49 beam pointing locations . . . . . . . v . v v ... e .. 217

Mean square error of estimators in meters for a granularity
of 49 beam pointing locations . . . . . . . . . .. ... . 218

Standard deviation of error of estimators in meters for a
granularity of 49 beam pointing locations . . . . . . . .. 219

Variance of error of estimators in meters for a gran-
ularity of 49 beam pointing locations . . . . . . . .. .. 220
FIGURES FOR FLIGHTS WITH TURBULENCE AND NOISE
ALL SCANS USED

Mean error of estimators in milliradians for a granularity

of 49 beam pointing locations . . . . . . . . . . . . ... 221
Mean square error of estimators in mi11iradiaq@ for a
granularity of 49 beam pointing locations . ., . . . . . .. 222
Standard deviation of error of estimators in milliradians

for a granularity of 49 beam pointing locations . . . . . . 223
Variance of error of estimators in milliradians for a gran-
ularity of 49 beam pointing locations . . . . . . . .. .. 224
Mean error of estimators in meters for a granularity of

49 beam pointing locations . . . . . . . . . . . .. . ... 225
Mean square error of estimators in meters for a gran-

ularity of 49 beam pointing locations . . . . . . . . . .. 226
Standard deviation of error of estimators in meters for a
granularity of 49 beam pointing locations . . . . .. . .. 227

xx1




5-164.

5-165.

5-166.

5-167.

5-168.

5-169.

5-170.

5-171.

5-172.

5-173.

5-174.

5-175.

5-176.

5-177.

5-178.

Variance of error of estimators in meters for a gran-
ularity of 49 beam pointing locations . . . . . . . . . ..

FIGURES FOR BASELINE FLIGHTS WITH NOISE
SCANS WITH A SNR 13 dB OR GREATER USED

Mean error of estimators in milliradians for a gran-
ularity of 43 beam pointing locations . . . . . . . . . ..

Mean square error of estimators in milliradians for a
granularity of 49 beam pointing locations . . . . . . . ..

Standard deviation of error of estimators in milliradians
for a granularity of 49 beam pointing locations . . . . . .

Variance of error of estimators in milliradians for a
granularity of 49 beam pointing locations . . . . . . .

Mean error of estimators in meters for a granularity of
49 beam pointing locations . . . . . . . . . ... ... .,

Mean square error of estimators in meters for a gran-
ularity of 49 beam pointing locations . . . . . . . . . ..

Standard deviation of error of estimators in meters for
a granularity of 49 beam pointing locations . . . . . . ..

Variance of error of estimators in meters for a gran-
ularity of 49 beam pointing locations . . . . . . . . . ..
FIGURES FOR FLIGHTS WITH TURBULENCE AND NOISE
SCANS WITH A SNR 13 dB @GR GREATER USED

Mean error of estimators in milliradians for a gran-
ularity of 49 beam pointing locations . . . . . . . . . ..

Mean square error of estimators in milliradians for a
granularity of 49 beam pointing locations . . . . . . . ..

Standard deviation of error of estimators in milliradiars
for a granularity of 49 beam pointing locations . . . . ..

Variance of error of estimators in milliradians for a
granularity of 49 beam pointing locations . . . . . . . ..

Mean error of estimators in meters for a granularity of
49 beam pointing locations . . . . . . . . . . . . .. ...

Mean square error of estimators in meters for a gran-
ularity of 49 beam pointing locations . . . . .. . . . ..

xxii

s g e+ s

g e

G e



5-179.

5-180.

5-182.

5-183.

5-184.

5-185.

5-186.

5-187.

5-188.

5-189.

5-190.

5-191.

5-192.

5-193.

Standard deviation of error of estimators in meters
for a granularity of 49 beam pointing locations . . . . . . 244

Variance of error of estimators in meters for a gran-
ularity of 49 beam pointing locations . . . . . . .. ... 245
FIGURES FOR BASELINE FLIGHTS WITH NOISE
SCAN SNR AT OR BELOW 10 dB

Mean error of estimators in milliradians for a gran-
ularity of 49 beam pointing locations . . . . . . .. .. . 246

Mean square error of estimators in milliradians for a
granularity of 49 beam pointing locations . . . . . . ... 247

Standard deviation of error of estimators in milliradians
for a granularity of 49 beam pointing locations . . . . . . 248

Variance of error of estimators in milliradians for a
granularity of 49 beam pointing locations . . . . . . . . . 249

Mean error of estimators in meters for a granularity of
49 beam pointing locations . . . . . . . . . . . . . . . . . 250

Mean square error of estimators in meters for a gran-
ularity of 49 beam pointing locations . . . . . e ... .25

Standard deviation of error of estimators in meters for
a granularity of 49 beam pointing locations . . . . . . .. 252

Variance of error of estimators in meters for a granularity
of 49 beam pointing locations . . . . . . .. s e v ... . 253
FIGURES FOR FLIGHTS WITH TURBULENCE AND NOISE
SCAN SNR AT OR BELOW 10 dB

Mean error of estimators in milliradians for a granularity

of 49 beam pointing locations . . . . . . . . . .. ... .25

Mean square error of estimators in milliradians for a

granularity of 49 beam pointing locations . . . . . . .. 255

Standard deviation of error of estimators in milliradians

for a granularity of 49 beam pointing locations . . . . . .256

Variance of error of estimators in milliradians for a

granularity of 49 beam pointing locatfons . . . . . . . .. 257

Mean error of estimators in meters for a granularity of

49 beam pointing locatfons . . . . . . . . . . . . ... .. 258
xxifi




5-194.

5-195.

5-196.

5-197.

5-198.

3-199.

5-200.

5-201.

5-2C5.

5-207.

5-208.

Mean square error of estimators in meters for a gran-
ularity of 49 beam pointing locations ..

Standard deviation of error of estimators in meters
for a granularity of 49 beam pointing locations

Variance of error of estimators in meters for a gran-
ularity of 49 beam pointing locations C e

FIGURES FOR BASELINE FLIGHTS
ALL SCANS USED

“ean errar of estimators in milliradians with the an-
tenna located 125 M from the runway centerline

Mean square error of estimators in milliradians with
the antenna located 125 M from the runway centerline .

Standard deviation of error of estimators in milliradians
with the antenna located 125 M from the runway centerline

Variance of error of estimators in milliradians with
the antenna located 125 1 from the runway centerline .

Mean error of estimators in meters with the antenna
located 125 M from the runway centerline .

Mean square error of estimators in meters with the an-
tenna located 125 M from the runway centeriine .

Standard deviation of error of estimators in meters with
the antenna located 125 M from the runway centerline .

Jariance of error of estimators in meters with the an-
tenna located 125 M from the runway centerline .

FIGURES FOR 3ASELINE FLIGHTS WITH NOISE
ALL SCANS USED

Mean error of estimators in milliradians with the an-
tenna located 125 M from the runway centerline .

Mean sguare error of estimators in milliradians with the
antenna lccated 125 M from the runway centerline .

Stardard ceviation of error of estimators in milliradians
with the antenna located 125 M from the runway centerline

Yarifance of error of estimators in milliradians with the
antenna located 125 M from the runway centerline .

xxivy

. 259

. 260

. 261

. 263

. 264

. 265

. 266

. 267

. 268

. 269

. 270

.27

. 272

. 273

| S



2-209. Mean error of estimators in meters with the antenna
located 125 M from the runway centerline . . . . . . . . .. 275 ’

5-210. Mean square error of estimators in meters with the an-
tenna located 125 M from the runway centerline . . . . . . . 276

5-211. Standard deviation of error of estimators in meters with
the antenna located 125 M from the runway centerline . . . . 277

5-212. Variance of error of estimators in meters with the an-
tenna located 125 M from the runway centerline . . . . . . . 278
FIGURES FOR BASELINE FLIGHTS WITH TURBULENCE
ALL SCANS USED

N 5-213. Mean error of estimators in milliradians with the an-
tenna located 125 M from the runway centerline . . . . . . . 280

5-214. Mean square error of estimators in milliradians with
the antenna located 125 M from the runway centerline . . . . 281

5-215. Standard deviation of error of estimators in milliradians
with the antenna located 125 M from the runway centerline . 282

5-216. ‘Variance of error of estimators in milliradians with the
antenna located 125 M from the runway centerline . . . . . . 283

5-217. Mean error of estimators in meters with the antenna located
125 M from the runway centerline . . . . . . . . . . . . .. 284

5-218. Mean square error of estimators in meters with the antenna
located 125 M from the runway centerline . . . . . . . . .. 285

5-219. Standard deviation of error of estimators in meters with
the antenna located 125 M from the runway centerline . . . . 286

5-220. Variance of error of estimators in meters with the antenna
located 125 M from the runway centerline . . . . . . . . .. 287
FIGURES FOR FLIGHTS WITH TUPRULENCE AND NOISE
ALL SCANS USED

5-221. Mean error of estimators in milliradians with the antenna

located 125 M from the runway centerline . . . . . . . . .. 288
‘ 5-222. Mean square error of estimators in milliradians with the

antenna located 125 M from the runway centerline . . . . . . 289
' 5-223. Standard deviation of error of estimators in milliradians

with the antenna located 125 M from the runway centerline . 290
l XXV

- —p




5-224.

5-225.

5-226.

5-227.

5-228.

5-229.

5-230.

5-231.

5-232.

5-233.

5-234.

5-235.

5-236.

5-237.

5-238.

Variance of error of estimators in milliradians with the
antenna located 125 M from the runway centerline . . . . . .291

Mean error of estimators in meters with the antenna located
125 M from the runway centerline . . . . . . . . . . .. .. 292

Mean square error of estimators in meters with the antenna
located 125 M from the runway centerline . . . . . . .o . 2293

Standard deviation of error of estimators in meters with
the antenna located 125 M from the runway centerline . . . .294

Variance of error of estimators in meters with the antenna
located 125 M from the runway centerline . . . . . . . . . .295
FIGURES FOR BASELINE FLIGHTS WITH NOISE
SCANS WITH A SNR 13 dB OR GREATER USED

Mean error of estimators in milliradians with the antenna
located 125 M from the runway centerline . . . . . . . . . .296

Mean sguare error of estimators in milliradians with the
antenna located 125 M from the runway centerline . . . . . . 297

Standard deviation of error of estimators in milliradians
with the antenna located 125 M from the runway centerline .298

Variance of error of estimators in milliradians with the
antenna located 125 M from the runway centerline . . . . . . 299

Mean error of estimators in meters with the antenna located
125 M from the runway centerline . . . . . . . . . . . .. .300

Mean square error of estimators in meters with the antenna
located 125 M from the runway centerline . . . . . . . . . . 301

Standard deviation of error of estimators in meters with
the antenna located 125 M from the runway centerline . . . .302

Variance of error of estimators in meters with the antenna
located 125 M from the runway centerline . . . . . . . . .. 303

FIGURES FOR FLIGHTS WITH TURBULENCE AND NOISE
SCANS WITH A SNR 13 dB OR GREATER USED

Mean error of estimators in milliradians with the antenna

located 125 M from the runway centeriine . . . . . . . . .. 305
Mean square error of estimators in milliradians with the
antenna located 125 M from the runway centerline . . . . . . 306
Xxvi
I S

» -

A——---Q-;-lI;IlllllllllllllllIlllllIIIllllllllllllllllllllllll




5-239. Standard deviation of error of estimators in milliradians
with the antenna located 125 M from the runway centerline . 30

5-240. Variance of error of estimators in milliradians with the
antenna located 125 M from the runway centerline . . . . . . 308

5-241, Mean error of estimators in meters with the antenna located
125 M from the runway centerline . . . . . . . . . . . . .. 309

5-242. Mean sguare error of estimators in meters with the antenna
located 125 M from the runway centerline . . . . . . . . .. 310

5-243. Standard deviation of error of estimators in meters with
the antenna located 125 M from the runway centerline . . . . 311

5-244, Variance of error of estimators in meters with the antenna
Tocated 125 M from the runway centerline . . . . . . . . .. 312
FIGURES FOR BASELINE FLIGHTS WITH NOISE
SCAN SNR AT OR BELOW 10 dB

5-245. Mean error of estimators in milliradians with the antenna

125 M from the runway centerline . . . . . . . . . . . . .. 313
5-246. Mean square error of estimators in milliradians with the
antenna 125 M from the runway centerline . ., . . . . . . . . 314
5-247. Standard deviation of error of estimators in milliradians
with the antenna 125 M from the runway centerline . . . . . 315
5-248. Variance of error of estimators in milliradians with the
antenna 125 M from the runway centerline . . . . . . . . .. 316
5-249. Mean error of estimators in meters with the antenna 125 M
from the runway centerline . . . . . . . . . « v v v o « .. 317
i 5-250. Mean square error of estimators in meters with the antenna
125 M from the runway centerline . . . . . . . .. . . ... 318
7
! 5-251. Standard deviation of error of estimators in meters with
the antenna 125 M from the runway centerline . . . . . . . . 319
1 5-252. Variance of error of estimators in meters with the antenna
125 M from the runway centerline . . . . . . . . . . . ... 320
{ FIGURES FOR FLIGHTS WITH TURBULENCE AND NOISE
SCAN SNR AT OR BELOW 10 d8B
l 5-253. Mean error of estimators in miiliradians with the antenna
125 M from the runway centerline . . . . . . . . . . . . .. 321
l Xxxvii

e e e s W ——




.5-254.
5-255.
5-256.
5-257.
5-2%8.
5-259.

5-260.

6-2.

6-3.

6-5.

6-6.

Mean square error of estimators in milliradians with
the antenna 125 M from the runway centerline . .

Standard deviation of error of estimators in milliradians
with the antenna 125 M from the runway centeriine

Variance of error of estimators in milliradians with
the antenna 125 M from the runway centerline . .

Mean error of estimators in meters with the antenna 125
M from the runway centerline -

Mean square error of estimators in meters with the antenna
125 M from the runway centerline .

Standard deviation of error nf estimators in meters with
the antenna 125 M from the runway centerline .

Variance of error of estimators in meters with the antenna
125 M from the runway centerline .

Average number of pulses used per scan. Each data point
is the result of 103 scans on the target . .

Average number of pulses used per scan. Each data point
is the result of one flight, all scans with a SNR 13 dB
or greater used ... e e e e e e e e e e
Average number ¢f pulses used per scan. Each data point
is the result of one f1lght, scan SNR at or below 10 dB
used . . . e e e e e e e

Mean error in milliradians as a function of range for
flights with noise and turbulence, all scans used

Mean square error in milliradians as a function of range
for flights with noise and turbulence, all scans used

Standard deviation of error in milliradians as a function
of range for flights with noise and turbulence, all scans
used . . . ... ... oL e e e e e e e e e e

Variance of error in milliradians as a function of range
for flights with noise and turbulence, all scans used

Mean error in meters as a function of range for flights
with noise and turbulence, all scans used e .

Mean square error in meters as a function of range for
flights with noise and turbulence, all scans used

xxviii

. 322

. 324

. 325

. 326

. 327

. 328

. 329

. 334

. 336

- 337

. 340

. 341

. 342

. 343

. 344

. 345




Standard deviation of error in meters as a function of
range for flights with noise and turbulence, all scans
used . . .

Variance of error in meters as a function of range for
flights with noise and turbulence, all scans used

Angular error pulse ratio for flights with noise and
turbulence, all scans used . e e e e .

Linear error pulse ratio for flights with noise and
turbulence, all scans used . e e

Angular error pulse ratio for flights with noise and

turbulence, all scans with a SNR 13 dB or greater used . .

Linear error pulse ratio for flights with noise and tur-

bulence, all scans with a SNR 13 dB or greater used

Anqular error oulse ratio for flinhts with noise and
turbulence, all scans with a SNR at or below 10 dB

=0 T

Linear error pulse ratio for flights with noise and tur-
bulence, all scans with a SNR at or below 10 dB used . .

xxix

346

347

. 348

. 349

351

. 352

. 353

. 354




I. INTRODUCTION

Essential to the performance of any tracking radar is an effective
target centroid estimator. The rurpose of this work is to examine the ac-
curacy of several target centroid estimators in a comparative fashion,
and to introduce a non-thresholding algorithm developed as part of this
research. This analysis was conducted using a software simulation of a
landing system radar tracking a passive target. Gaiccari and Nucci [1],
Shradar [2], Mueke [3], and Gilbert [4], provide an excellant discussion
of air traffic control radars. The results of this work are most appli-

cable to sequential-lobing tracking radars.

 Or——
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II. OVERVIEW OF THE SIMULATION

The computer simulation used in this work describes a large jet
fighter aircraft in a normal ground controlled approach (GCA) with the
radar antenna located 500 meters from the runway touchdown point, as
shown in Figure 2-1. The simulation initiates the flight with the tar-
get 3.72 nmi downrange from the runway touchdown point, or 4.0 nmi down-
range from the radar antenna. The target model is allowed to approach
the runway at a gonstan? 148.6 mph on a 3.5 degree glideslope, which is
a typical approach for the jet fighter being modelled [5]. The radar is
a phased-array 3-D pencil beam radar utilizing a null-to-null cross-type
scan, which scans the target as it moves. Since the tracking mode of an
operating radar attempts to find the target within a small area of space
designated by the search mode, this simulation varies the location of
the target in the scanning window by use of a uniform random number gen-
erator before the start of each scan. The scanning window is always
wide enough to fully séan the target. _

The simulation executes a single scan on the moving target and then
increments time to allow the modelled radar to perform its other search
and track duties, and to move the target down ;he glidepath. The simula-
tion aborts when the target is within 90 meters of the runway touchdown
point.

The target model used is an ensemble of three anisotropic scatter-
ing complexes representing the left wing, right wing, and fuselage,

2
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slightly modified from the model of Loomis and Graf [6]. The location of
the scattering complexes in the target coordinate system is shown in fig-
ure 2-2(a), and the arrangement of the scattering points in a scattering
complex are shown in Figure 2-2(b). The equations describing the scatter-
ing complexes is given in Table 2-1. In this work, the angles ¢ and 3
are not the typical spherical phi and theta, but rather relative angles
measured from the nose axis of the target coordinate system. Phi de-
scribes the angle in azimuth, and theta describes the angle in elevation.
Figures 2-3, 2-4, and 2-5 are plots of the rada~ cross section (RCS) in
azimuth of the fuselage, right wing, and left wing, respectively. The
composite cross sections of the target model in azimuth, Figure 2-6, and
in elevation, Figure 2-7, are not used by the simulation, and are pre-
sented here for completeness. The radar cross sections in polar form of
the fuselage, right wing, and left wing, are shown in Figures 2-8, 2-9,
and 2-10, respectively. The built-in shadowing effect of the fuselage

on the wings is especially evident in Figures 2-9 and 2-10. The compos-
ite cross sections in azimuth, Figure 2-11, and elevation, Figure 2-12,
are again shown for completeness. A1l figures are for a wavelength of
3.3 cm.

The individual returns from each of the scattering complexes are
weighted by the antenna pattern before being summed on a power basis.
This process is repeated for every simulated transmission of a pulse from
the radar. Although only one pulse is transmitted at each beam pointing
location, time is incremented as though tiice pulses are transmitted.

When the simulation noise option is enabled, random gaussian noise is
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Table 2-1. Radar cross section equations for the
target model scattering complexes

RCS equation for all points:

5(2,9) = Als,9)[A (a) + A(8) + A (s)]  (n)

where:
kdx
Ax(a) = €os (—5— Cos a)
kd a, 6, B are assumed
A (8) = cos (—?1 cos 4) the same for each scatterer
Y and are defined in Figure 2-2.
kd
Az(s) = COs (—§£ cos B)
Fuselage (FUS) RH Wing (RW LH Win
dx = 10m dx = 6m dx = &m
d = = =
y Zm dy 4m dy 4m
dZ = Zm dZ = 2m dz = 2m

Amplitude Envelopes

2 75 2 T
(10(2-n/2)° + Rl T3
Arys(8s2) =
(10(3-7/2)% + 1)((—7—572 (-3 + 8) F<o <
/2

Agy(3:3) = (100(3-1/2)2 +1)(1 - sin(3))

AL(30) = (100(3-1/2)7 +1) (1 + sin(s))
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Figure 2-8. Radar cross section of fuselage scattering complex in azimuth

with the azimuth angle measured from the nose axis of the ’ )
coordinate system. Amplitudes are in dB down from maximum.
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Figure 2-9. Radar cross section of right wing scattering complex
in azimuth, with the azimuth angle measured from the
nose axis of the coordinate system. Amplitudes are
in dB down from maximum.,
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Figure 2-10.
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Cd

Radar cross section of left wing scattering complex in
azimuth, with the azimuth angle measured from the nose
axis of the coordinate. Amplitudes are in dB8 down from
max imum, {
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Figure 2-12.

Composite cross section in elevation, with the elevation
angle measured from the nose axis of the coordinate sys-
tem. Amplitudes are in dB down from maximum.
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added to the resultant return on a pcower basis. The magnitude of the
noise power is such that the variance of the noise is 15 dB down from a
relative maximum scan (without noise) at far range.

To simulate turbulence, the target coordinate system is allowed
roll, pitch, and yaw, with the origin of the target coordinate system
locked on the 3.5 degree glideslope. To simulate calm air, the target
model maintains a "wings level" attitude for the duration of the flight.

The target returns are calculated with the simplified form of the
radar equation [7], and are output to the centroid estimators. The basic

system parameters are listed in Table 2-2.
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Table 2-2. Parameters for landing system simulation.

Frequency

Pulse repetition frequency

Target initial elevation

Target model initial range
from touchdown

Target model speed

Turbulence rates

Signal-to-noise ratio at a
far range

Antenna beamwidth (null-to-null)
Azimuth
Elevation

Simulation duration

9.1 GHz
6 KHz
56.6 mrad

68390 meters
148.6 mph

10 deg/s roll
5 deg/s pitch
5 deg/s yaw

15 dB

1.83°
1.77°
103 scans



IIT. SIGNAL PROCESSING

The computer simulation just described creates a sequence of scan
returns from the target. In order to neglect the effects of multipath,
this work will address itself solely to that data generated by the scan
in azimuth. The target centroid is calculated from the returns as fol-
lows. A threshold determined from the scan returns is applied to the
scan. Moving in from the edges of the scan, the first occurrence of two
consecutive return voltages exceeding the threshold is located. The out-
ermost of those return voltages are tagged as the edge-points of the tar-
get. Since the angle to the returns are known, the centroid of the tar-
get is judged to be midway between the edge-points.

Three methods of setting the threshold are used in this work. Two

are the mean, and median, post-determined thresholds. That is, the tar-

Suset  suames

get is scanned and the returns are recorded. The mean of the scan returns

is calculated, and a threshold is set at that level., Likewise, the medi-

g

an scan return is found and a threshold is set at that level.

A third method 1is a pre-determined thresholding method. The an-
tenna beam is placed in the center of the scanning window to measure the
anticipated maximum return from that scan. The threshold is set 12 dB
down from that return level, which was empirically determined as optimal
with regard to certain system model parameters. When two consecutive re-

turns are above the 12 dB threshold, the edge is marked and the scanning

translates to the other side to determine the other edge-point. The
19
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requirement that the target be fully scanned no longer exists for this
method, so that fewer pulses are needed to locate the target with little
or no increase in estimating error.

A fourth method used is a non-thresholding technique called the
radar centroid (RADARCG), similar to that used by Gordon and Casowitz
[8]. This estimator weights each antenna pointing angle in the scanning
window by the return from that angle, and divides the sum of the weighted
angles by the sum of the weights (returns). The result is the angle to
the center of gravity of the body of the return. Since it requires that
the window be fully scanned, all available pulses are used.

The above methods form the basis for comparison with the centroid
algorithm based upon return amplitude-versus-angle signature introduced

next.




IV. THE TARGET CENTROID ESTIMATING ALGORITHM

Introduction

Since all target centroid estimators are based on scan returns, it
is instructive to examine the flight scan-return history of a target.
Figure 4-1 is the scan return history of the model in still air without
noise added, which shall now be referred to as a baseline flight. This
plot was made with the target in the center of the scanning window. The
first and last beam pointing locations have negligible return amplitudes
since a null-to-null cross track is employed; the first null in the an-
tenna pattern is placed on the target at those beam locations. As is to
be expected, the maximum return occurs in the center of the scan. It is
readily seen that the scan returns over the flight are modulated, spec-
ifically by the scintillation of the target model radar cross section.
In particular, note scan number 90. At this scan, the antenna is clearly
in a null of the target RCS. We can also pick out scans 78, and with
greater difficulty, scan 58, as being in nulls of the target model cross
section. It is in these scans, with poor target returns, that we would
expect the target location error of the estimators to increase.

A flight with noise is shown in Figure 4-2., The two large bodies
of return between scans 58 and 90 are still clearly seen, but the effect
of noise is pronounced on the rest of the flight. Beam pointing loca-
tions 1 and 49 are no longer at zero amplitude, but vary with noise. It

is clearly seen from observation of scans 90, 78, and 58 that an accurate
21
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determination of the presence of a target at those scans would be very

difficult and prone to error, whereas the detection of the target with
a good signal return, even in the presence of noise, is less prone to
error.

Figure 4-3 is of a baseline flight with turbulence. The many nulls
in this plot are the result of the modﬁ]ation of the target model radar
cross section on the target returns as the model rotates on its axis in
simulation of turbulent wind conditions. Again, beam locations 1 and 49
exhibit negligible returns as the null in the antenna pattern is on the

target.

Addition of noise to the flight with turbulence is shown in Figure

4-4. The many returns that were of low signal level are now filled in
! with noise. Only those scans whose signal level rises above the noise
are sujtable for target detection.

It is in this light that the work to develop a new centroid algo-
rithm was conducted. The goal was to produce an algorithm which would be
able to determine which scans are suitable for target detection and loca-
tion - and to discard all others.

Before proceeding, a determination of the expected scan signal-to-
noise ratios in a typical flight is in order. Three baseline flights

\ with noise were made with the target at the initial point 3.72 nmi from

i touchdown to the release point. Figure 4-5 is the flight with a granu-
larity of 9 beam pointing locations in the scanning window, Figure 4-6

; has a granularity of 29, and Figure 4-7 has a granularity of 49 beam
pointing locations. It is seen that the SNR amplitude over the flights

! have the same envelope for all granularities. That is, all are around 14
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dB until the vicinity of the fiftieth scan where the SNR drops a bit, due
to a relative null in the RCS of the target. From there the SNRs general-
ly increase significantly as the target draws nearer to the release point.
Note that in all three plots there are nulls at scan numbers 58, 78, and
90, which verify the observations made earlier on Figures 4-1 and 4-2.
There are also nulls at scans 94, 101,.and 103 on the plots. The fact
that the nulls appears on all three plots, that is, independent of granu-
larity, at those scans is due to a peculiarity of this simulation. In
order to reduce computer execution time, the target is not scanned 10
times a second as in the actual system, but rather the entire flight is
broken into equal time units of such a length as to provide a large num-
ber of scans for a statistical analysis while keeping the execution time
down. This was done by scanning the target, moving it down the glide-
path, scanning it again, etc., until the release point was reached,
yielding a large dead time between scans. In order to provide an equal
number of statistical data points for all flights regardless of granular-
ity (and therefore independent of the number of pulses transmitted), the
dead time between scans is variable. It is the greatest when the gran-
ularity is 9, and the least when there are 49 pulses to be transmitted.
Each scan begins at the same range from touchdown. Therefore, range and
scan number are related, and will be used syncnymously in this work. So
the fact that nulls occur at scans 58, 78, 90, 94, 101, and 103, regard-
less of granularity, is because the target is at the same point in space
at the beginning of the scan. The target position at the end of the scan
will vary according to the number of pulses that need to be transmitted

in the scanning window.

O AN NP < R
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Returning to Figures 4-5, 4-6, and 4-7, it is seen that all the

target centroid estimators must work with écan signal-to-noise ratios of
around 14 dB for at least half of the flight.

Figures 4-8, 4-9, and 4-10 are of a typical flight with noise and
turbulence for granularities of 9, 29, and 49 bLeam pointing locations,
respectively. A1l plots show a general degradation in the SNR due to
the fluctuating target model RCS in turbulence. Half the flight is now
down to between 10 and 12 dB, a loss in signal strength of half from the

flights without turbulence.

The Scan Return Amplitude-Versus-

Angle Signature Algorithm

It is observed in Figure 4-1, which graphically depicts the scan
history of a baseline flight, that all scan envelopes have a high degree
of symmetry. That is, as the antenna beam illuminates the target first
with the pattern null, then increasing the illumination as the main lobe
moves onto the target, reaching the maximum when the beam is centered on
the target, then diminishing as the target is placed in the pattern null,
the overall scan envelope takes on a bell shape due to the modulation of
the antenna beam. Since the return envelopes are of this shape, each
side of the bell shape has a unique point, the point of maximum slope.
Returning to Figure 4-2 it is observed that the maximum slope of a scan
with a Tow SNR (such as scans 58, 78, and 90) is relatively small, and
those scans with Targe SNR's have a relatively large maximum slope.

This, then, is the chosen criteria:

Find the point of maximum slope;
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Compare the slope at that point to a minimum acceptable
value based on the characteristics of the receiver;
Accept or reject the scan;

Determine target location if the scan was accepted.

The method used to find the point of maximum slope is based on the
scan shape. Referring to Figure 4-11, let us assume that we are using a
cross track with a granularity of 7 beam pointing locations. The rela-
tive amplitudes of the expected returns are marked by the lettered X's
on the drawing. Moving from left to right, the first three returns have
a positive second derivative, since the slope BC is greater than slope
AB. Points B, C, and D have a negative second derivative, since slope
CD is less than slope BC. Since the point of maximum slope is where the
second derivative is zero, that is, where the second derivative changes
sign, the maximum slope must have occurred between points B and C.
Having found the maximum slope, we check to ensure that its magnitude is
greater than the minimum acceptable slope. If it is, the target edge is
marked as being midway between points B and C, and scanning translates to
the other side of the scan. The process is then repeated for returns G,
F, E, and D. When the two target edges are found, the centroid is placed
midway between the edge'points. Since the target is located by calculat-
ing second derivatives, this method shall be referred to in this work as
the second derivative method or SDRV.

A method used to integrate the scan returns with the second deri-
vative method is as follows. The first half of the scan is broken into
four equal parts, or windows, as shown in Figure 4-12. For the remainder

of this work, scanning window is an area identified by the search mode

[r———
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Figure 4-12.
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IMustration of the pulse integration technique employed
with the second derivative algorithm.
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of the radar which contains a target. A section of the scanning window

segmented by SDRY shall be referred to as a window in this work. The
number of pulses in each window is determined by the granularity and is
easily calculated. The returns from the beam Dointing positions inside
the windows are averaged together, and the location of the averaged re-
turn is placed in the center of the window. That is, the average of the
five returns in window 1 is placed in the center of the window (in this
case, it has the same angular location as the third return) as shown by
the average return labelled A. The amplitude of A is not necessarily
equal to the center return in the window. When the four average re-
turns A, B, C, and D, are calculated, the determination of a target edge
proceeds as nas been previously described in Figure 4-11. Since the
noise is gaussian with zero mean, the effect of noise will decrease as
more returns are placed in the window and averaged together. In the
event that the averaged returns A, B, C, and D, do not satisfy the cri-
terion, the windows are shifted one beam location to the right, and A,
B, C, and D, recalculated. This process is continued until a target
edge is found, whereby the scanning then translates to the other side of
the target. Otherwise the scanning continues until the fourth window
has shifted to within two window widths of the right side of the scanning
window, in which case the scan is rejected and further pulse transmis-
sions are aborted. In the event that a target edge was found, scanning
will proceed from right to left until the last beam location in the
fourth window reaches the position calculated as the first target edge.

If this occurs, the scan is rejected and further transmissions aborted,
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but the area of the last two windows in the first target edge was re-
scanned, both using more pulses and being doubly sure that no target was
present. No centroid location decision is determined from a rejected
scan.

In this simulation, the minimum acceptable rise of the maximum
slope in the scan is related to the amount of noise introduced into the
flight by 1.5 times the standard deviation of the noise. This value was
chosen after making many runs of the simulation and observing the effect
of the minimum slope on both the number of rejected scans and on the ac-
curacy of the estimator. The accuracy of an accepted scan is affected
since, with scans of poor SNR, there may be more than one set of returns
for which the criteria are satisfied, due to the effect of noise.

A third and final criterion is implemented in the algorithm. With
no or little signal present, it is possible for return B to be below both
returns A and C, because the probability of obtaining a negative value at
any time from a zero mean gaussian process is one half. If B is a nega-
tive quantity, subtracting B from C is a large number, some?imes greater
than the minimum slope criterion. To this end, return B is'first com-
pared to a voltage reference. If it is below the reference, the windows
are shifted and B recalculated. The voltage reference is initially set
to zero at the beginning of the flight, and is then modified as follows.
Each time a set of returns is rejected, a beam pointing location drops
out of window 1 in Figure 4-12 as the windows shift to the right. The
return from that beam 1oca£ion is averaged into the existing value of
the voltage reference. That is, the return is added to a register which

contains the sum of all past returns dropped out of the first window. A

e

[
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second register is incremented by one to record the number of returns in
the sum. The average is recalculated for every shift of the windows, for
the duration of the flight. A voltage reference such as just described
can be set at a constant level according to Ward [9] for a practical
radar recziver.

In summary, the second derivativé algorithm uses three criteria.

In the order the criteria are implemented, they are

1) (Averaged) return B must be greater than a specified

voltage reference,

2) (Averaged) returns A, B, and C must have a positive

second derivative and (averaged) returns B, C, and D
must have a neggtive second derivative, and

3) the maximum slope BC must be greater than the minimum

acceptable slope. |
If the scan returns satisfy the criteria, a target edge is assigned to
be midway between B and C, and scanning translates to find the second
target edge.

The first responsibility of the algorithm is to reject scans for
which an estimate of the target position is subject to severe error.
Figure 4-13 is a plot which illustrates this capability. A flight with
noise was flown with a granularity of 9 beam locations in the scanning
window, and with the antenna on the runway centerline. The antenna was
then moved to 25 meters from the runway centerline and the target reflown.
The antenna position was moved again by 25 meters, and so on, ending with
the antenna located 250 meters from the runway centerline for a total of

11 flights. In all flights, and for all data in the remainder of this
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work, the target 1oca£ion in each scanning window was varied randomly.
Figure 4-13 is the result of those 11 flights. It clearly shows that the
average number of rejected scans closely follows the total number of
scans for low scan SNRs, and decreases as the SNR increases. There the
number of accepted scans increases and matches the total number of scans.
The crossover point is between 12 and 15 dB.

Flights with noise and turbulence were flown as before and results
plotted in Figure 4-14. There is a higher average number of scans with
both Tow and high SNRs due to the effects of turbulence. These plots
are truncated; no scan SNR less than -9 dB or greater than 50 dB were
taken into account. Figure 4-14 is flatter than Figure 4-13, and the
crossover point between the number of accepted and rejected scans is
still about 12-15 dB.

The cumulative number of accepted and rejected scans for the flight
with noise is shown in Figure 4-15. The rejected scans closely follow
the total number of scans until around 10 dB, when it begins to level
off and the number of accepted scans increases. On the average, 59 scans
are accepted and about 44 scans rejected out of a total of 103 scans,
which verify our observations of Figure 4-5 that about half the scans
were in low SNR.

Figure 4-16 depicts an average flight with noise and turbulence.
Here there are fewer than sixty scans accepted with 100 scans evaluated
(three of the scans were below -9 dB or greater than 50 dB, and do not
appear in the plot). It is again evident that there are more poor scans

with turbulence than without turbulence, as was observed in Figure 4-8.
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For a granularity of 9 beam pointing locations in a scanning win-
dow where the location of the target is varied randomly, there is only
one beam Jocation in each window. For a granularity of 29 beam pointing
locations, there are two beam iocations in each window and integration
can occur.

Figure 4-17 was generated in a sgmilar manner as was Figure 4-13,
but with 29 beam jocations. The effect of pulse integration, even for
only two pulses, is already apparent by noticing that the crossover
point is moved further down, to 8 or 9 dB. Also, the average number of
rejected and accepted scans follow the total number of scans exactly
below 2 dB and above 17 dB, respectively. The flight with noise and
turbulence, Figure 4-18, has more scans at low SNR's «s does the flight
with noise only, but the crossover remains at 8-9 dB. The advantage of
the integration is clearly seen in the cumulative number of scans ac-
cepted and rejected, Figures 4-19 and 4-20. By comparing these figures
with Figures 4-16 and 4-17 the increase in the number of accepted scans,
and decrease in the number of rejected scans, is readily apparent. But
reference to Figures 4-6 and 4-9 shows no real increase in the number of
scans with a high SNR. Therefore, the increase in the number of accepted
scans was due colely to the integration process.

A granularity of 49 beam Jccations places 4 beam pointing posi-
tions in each window, permitting 4 returns to be averaged. Figure 4-21,
an average of flights with noise, shows the crossover point moved back
to 6 dB. Virtually every scan above 12 dB is accepted, which was the
crossover point for the single return integration of Figure 4-13. Alsc

note that the crossover region becomes narrower., In Figure 4-13, a gap




47

"Patuen Ajwopues s MoputM butuuedss ayj ut 1ab
-4B3 9yl 40 uo13ed07 9S10U y3im saubLyy || J43h0 pabeuaae
‘suoljedo] Gutjuiod ueaq gz jo Ayruae{nuesd e 404 uyjLaobyie

SALIRALUIP pUOIdS By} Jo 3JUPWI0 ) aad 9Iue1dadde/uatdalay “LL-b 9unbyy

90 “YNS NHIS
S R0ge s st he00003 0 000 20 02

SNEJS 40 H3IGWNN 3944344
080k Boe

.

&L

0o

03133r34 ¢ 03143308 » 8101l ©
3SION HLIIM LH9I74

_00°01 00°01~

T
JBWNN 3954344

1]

QD

LA ]




48

*patJdeA Ajwopued SL MOpUlM Huluueds ayj ut 33abuae} 3ayj3 40 uolL}
-B307 °?duUT|NQan] pue JsLou Y3wM SybLi) || 49A0 pabedaae
‘suorjedo| butjuiod weaq gg JO Ajtdeinuedb e 404 uyjtraobie

BALICALUBP PUOIAS BY] }O Jduepumojuaad doueidarde/uoiydsfay gl-p aunbig

80 'UNS NYIS
00508 ., 00°0h  00'OE 00°'02  00°01 00°0  00°01

00" h 00°¢e
P BTSN U

MErEr PR BN PO P

SN&;% 40 HIGWNN 33HH3AB

Py

0°8
(W

0

03123r34 ¢ 03143338 v 1810l ©
J3N3TINEYNL ONB JSION HLIM 1HIOIA

A MM A ¢

Ty

T

e
00°¢

SNYJS 40 Y3IEGHNN 39BH3AY

NS

Lpan

00

00°9 00°h

00

R




49

*suoL3ed0|
butjutod weaq g2 40 Ajtaepnueab “asiou YItMm JYybLL) © U0Y
Sueds {e30] pue ‘paldafoua pajdadde jo s2qunu 3arjeinun) |- d4nbL4

80 “YNS NBIS

000S 00°0h 00°0E 0002 00°01 00°0 00°01-,
5 N 25 wmu
o [ O
o) t D
<< 0900000 00OPDOPPOVDEVOOPOVOOPHPRODOVDE [ <
m h L m
2 ] | =0
Do FSD
:mem mmwﬂ:
=z ] r =z
= ] L [y
mw.uu, UBmW
m] L Pm
o] ' O
o] o
o - o
m [ ™
wn =] [~
OS] S0
%Ww 85
s -0
b e
9 g3133r3y o 03143334 v 6101 © g

ISTON HLIM 1HIITA




50

"Suotjedo| bulrjurod weaq
62 30 A3raepnueab “aduainguny pue Istou y3tm ybLyy e 404
Sueds [ej03 pue ‘pajdafau “pajdedoe jo 43qunu 3Arje|nun) 0z-p aunbyl4

80 'UNS NY]S

Onwwpm .r»ndw.mu o rm&wwmmwrr»FMNﬁ.mﬁML o
o ﬁo
o o

- s

< [ <

m ™

o o

25 52

mo  om
o ﬁo

= - =

[ ﬁ C

x [ o=

o Fom

b o =} [ QD
o =

o @ F @

- | ™

o [

on N

nUMU ﬁmUnU

&3 185
> -3
b bt
gt 03123r3y & 03143304 v Bl ® g

JON3INGYNL ONY 3ISION HLIM JHIINS

B e TS I




51

‘patJdeA Ajwopued St MopulM bBuLuueds ayjy ul 336
-4B} 3yl JO uolledo] -astou yilm sybL[y || 49A0 pabeaaae
‘suopjeoo| butjutod wesq g jo A3taeinuesd e a0y uyjLa0bje

9ALIRALUBD pUODIIS 3Y} 4O ddueWA0 43d 8dueldadoe/uol3dalay - 12-p d4nbi4

80 *UNS NBIS

opmcm 00°0h 00°0¢€ 00°02 00°01 00°0 00°0t1
H ¢ " O -
m .ﬁ /)
wmc :-. \,.
o DS Y
me - D QO
zZ 2 .
n )
= AY
g.h A .s .:
Mo Y X
mno
(]
n
wno
3.
Hm Ve
=z
w

@

o

=}

03133r34 © 0314333 » Hi0l ©
ASION HLIM 1HOITA

L2 pa A

N

0

0
S|

00’ 00
SNEJS 40

\mAan un ans

0°8

o

BWNAN 39YH3AH

3

Py




52

of 27 dB occurs between the points where all scans are either accepted
or rejected, centered at 13 dB. In Figure 4-17, with two returns aver-
aged in a window, this gap is reduced to 12 dB, centered at 8 dB. With
four returns integrated in each window, the gap is down to 11 dB centered
on 6-7 dB. In Figure 4-22, the average of flights with turbulence, the
same observations can be made. The crossover is lower than the other
granularities, now at 6 dB, andbvirtua11y all scans above 12 dB are ac-
cepted. As is to be expected, the average cumulative number of accepted
scans for flights with noise, Figure 4-23, has increased, again due to
the integration of pulses in windows. The number of rejected scans also
is reduced. For flights with noise and turbulence, Figure 4-24, the
same is true. The number of accepted scans has increased by over 20 on
the average, and the number of rejected scans dropped by a like amount
in comparison to the implementation of the second derivative algorithm
without pulse integration.

The algorithm having been introduced and its rejection ability
verified, the comparison of the centroid estimation accuracy of the

second derivative method to the other estimators may now proceed.
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V. COMPARISON OF THE TECHNIQUES

Each of the five centroid estimators operate on the same returns
in a different fashion. It would be appropriate to examine the action
of each on scans of different signal-to-noise ratios by way of introduc-
tion to a statistical analysis of the estimating error.

A plot of the scan returns for a scan with a SNR of 21 dB is shown
in Figure 5-1 with the antenna located 125 m from the runway centerline.
The mean algorithm set the highest threshold, followed by the 12 dB and
median thresholds, all set low on the curve. The average returns inside
the windows of SDRV cause the windows to closely follow the shape of the
curve. The set of windows shown by the triangles which calculated the
first edge, shown by the small left-most arrow, are well up on the body
of the return where the least error should occur. The second target
edge calculated by SDRV occurred when the windows shifted to the posi-
tions and amplitudes shown by the diamonds. The actual target location
was calculated during the transmission from the 22nd beam location, and
is denoted by the large arrow. The target location calculated by the
radar center of gravity (RADARCG) method is shown by the large X. In
this scan, the mean, median, and RADARCG methods used all 41 pulses, 12
dB used 28, and SDRV used 38. The error ror this scan for all five es-
timators is shown on the plot.

The second derivative method used one fourth more of the scan than

did the 12 dB estimator to be sure that it was on an actual target
56
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return. Since the thresholds are all set relatively low on the scan, it
would be easy for the thresholds to be prematurely tripped by noise.
Comparison of Figures 5-2 with 5-3 show this to be the case. Both the
median and 12 dB estimators were satisfied by the noise outliers on the

left part of the scan in Figure 5-2. These were rejected by SDRY which

shifted the windows until it moved onto the main body of the return. Due
to the uniformity of the noise in Figure 5-3, the 12 dB estimator proper-
ly set the edges for the most accurate estimate of the target location.
SDRY did move well onto the return, but misjudged the location of the
target by 0.6 mrad to the left. The mean and median estimators made the
same estimate as SDRV, and the radar center of gravity estimator posi-
tioned the target as shown by the X due to the noise of the right part

of the scan.

A scan of low SNR is shown in Figure 5-4. Note the signal return
magnitudes on this plot in comparison to Figures 5-1, 5-2, and 5-3. The
thresholding methods all set the thresholds low on the scan, in the noise,
and came out well due to the uniformity in the noise. Although a main
body of return appears obvious in this plot, it is of such low amplitude
that it was dismissed as noise by SDRV and the scan rejected.

The comparison of the techniques is in two basic parts. In the
first part, the output of the estimators is plotted as a function of an-
tenna offset for three different scanning granularities. In the second
part, the output of the estimators is plotted as a function of granular-
ity for a given antenna offset. Both parts are composed of the results
of a baseline flight, flight with noise, flight with turbulence, and

flight with noise and turbulence, for each data point, in that order.
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The output of the estimators requires eight plots for each set of flights,

one plot each for the mean error, mean square error, standard deviation
of the error, and the variance of the error, in milliradians and meters.
Each data point on each plot is the result of 103 scans (one flight; on

the target. The equations used are:

X = (Estimated value - Actual value)

Mean Error = %-2 X
_ 1 2
Mean Square Error = N zX

Standard Deviation =ﬁ1—] (zX2 - ;‘— (ZX)Z)

: = 1 2 1 2
Variance = T (zx© - N»(zx) )
where N = Number of samples

The data input to the estimators in the baseline flights and flights
with noise are somewhat correlated. After the estimators used the scan
returns of the baseline flight, zero mean random gaussian noise was ad-
ded to each scan return, and the estimators were called ;gain. That
data is plotted as the flight with noise. In the same way, the data in-
put to the estimators for the flights with turbulence and noise were
made from the scan returns of the flights with turbulence.

In the next thirty two plots, all scans were used in the error
analysis irregardiess of the scan SNR. A scanning granularity of 9 beam
pointing locations was employed. The plots of the baseline flights ver-
sus antenna location, Figures 5-5 through 5-12, all show the RADARCG

estimator to have the least error, with the SDRV estimator almost as

PINPEEP TP P
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accurate. The three thresholding methods are very nearly equal, but com-
parison of the plots will show that the 12 dB estimator has the least
error, then the mean estimator, and finally the median estimator. Under
these no-noise, non-turbulent conditions, there does not appear to be

any appreciable error introduced by siting the antenna 250 meters from
the runway centerline as compared to Being on the runway itself.

The flights with noise, Figures §-13 through 5-20, begin to show
the relative merits of the estimators. Here the second derivative algo-
rithm clearly has the least error in noise alone, less than 1.5 mrad or
around. 4 meters on the average according to Figures 5-13 and 5-17. It
is also the most stable, as shown by Figures 5-15, 5-16, 5-19, and 5-20.
Whereas RADARCG was excellent without noise, the figures indicate that
it ic significantly degraded in noise. The thresholding estimators are
still very close to each other, with the same approximate order of error
as in the baseline flights. While all estimators were degraded with the
introduction of noise, there is still no apparent effect due to antenna
offset.

The flights with turbulence only, Figures 5-21 through 5-28, show
little error difference in comparison to the corresponding plots of the
baseline flights, Figures 5-5 through 5-12. This illustrates that for a
low aorder granularity, the effect of turbulence on the estimators is
small.

The flights with noise and turbulence, Figures 5-29 through 5-36,
again show the second derivative method to be the most accurate and most
robust estimator for a scan with nine beam locations in noise and turbu-

lence. The thresholding methods still appear to be about equal in

A AT BT . T —
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quality, with a slight preference to 12 dB. RADARCG has now deteriorated
to the Teast accurate and least robust estimator, due to the Tow data
rate which does not allow the algorithm to properly decouple the noise.

While the above graphs included all scans, it would be worthwile
to examine the performance of the estimators with signal-to-noise ratios
of 13 dB or greater. Only those scans were selected from the data and
plotted in the next series of figures.

The flights with noise, all scans above 13 dB, Figures 5-37 through
5-44, indicate that SDRV and RADARCG are both approximately equal in per-
formance. SDRV is slightly favored since it appears to be more robust
at the various antenna offsets. The thresholding estimators are of equal
quality.

With turbulence, Figures 5-45 through 5-52, the same is true.
While it would appear that SDRV is slightly less accurate than RADARCG
by viewing the plots with the error in milliradians, Figures 5-45 through
5-48, SDRV was more accurate in the actual meter error from the target,
Figures 5-48 through 5-52. This error occurred when the target was at
close range, when a large error in milliradians is a small error in
meters. The threshoiding techniques are comparable to each other and
are not as accurate as SDRV or RADARCG.

Scans which had signal-to-noise ratios of 10 dB or less reflect
the ability of the estimators to find the target in noise. The flights
with noise, Figures 5-53 through 5-60, show the second derivative method
to be the most accurate with the least deviation or variance in noise.
RADARCG has the greatest error of the estimators. The thresholding

methods are, again, of similar quality.

S
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The flights with turbulence and noise, Figures 5-61 through 5-68,

reflect the same observations made earlier. It is interesting to note
that with turbulence and noise, Figure 5-61, the second derivative esti-
mator is as accurate as the thresholding methods were with an infinite
SNR and no turbulence, Figure 5-5. This clearly shows the increased
ability of SDRY to track targets over ihe thresholding methods.

A granularity of 9 beam pointing locations forced the second deriv-
ative method to have only one beam location in each window. No pulse
integration was possible. With 29 beam locations in the scanning window,
each window contains two beam locations, and some noise rejection action
will occur due to the averaging of the returns in each window.

The results of a baseline flight versus antenna offset for a scan-
ning window with 29 beam locations are shown in Figures 5-69 through
5-76. The second derivative method has the least error, fo]1owed'close1y
by RADARCG, followed by the thresholding estimators. Of the thresholding
methods, the 12 dB method has the least deviation and variance, shown in
Figures 5-71, 5-72, 5-75, and 5-76, and thus distinguishes itself from
the mean and median methods. Comparison of these plots with the base-
line flight plot of 9 beam pointing locations, specifically comparing
Figures 5-69 and 5-73 with Figures 5-5 and 5-9, shows that whereas the
thresholding methods and RADARCG have no real change in their estimating
ability due to the increased amount of data, the error of the SDRV algo-
rithm was cut by approximately two-thirds.

The flights with noise, Figures 5-77 through 5-84, show the SDRY
method to be the most accurate as well as the most robust estimator.
RADARCG improved significantly with the increased rate, and the thresh-
olding algorithms are still comparable, with the 12 dB estimator leading.
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The results of the flights with turbulence, Figures 5-85 through

5-92, show results similar to the baseline flights, just as the flights
with turbulence were similar to the baseline flights with a scanning
granularity of Y beam locations. This is due to the lack of noise in
the scan returns.

The flights with noise and turbulence for all scans, shown in Fig-
ures 5-93 through 5-100, indicates a slight degradation of estimating
quality in the thresholding methods from the baseline flights. The sec-
ond derivative method was degraded, but clearly remains the most accu-
rate of the estimators. The mean error in milliradians of the radar
centroid algorithm indicates that the mean error is less than that of
the thresholding methods, but the mean square error in milliradians and
meters, Figures 5-94 and 5-98, and the mean error in meters, Figure 5-97,
are in excess of the thresholding methods.

Selecting only those scans which are equal to, or greater than 13
dB, the estimating ability of the methods was examined. Figures 5-101
through 5-108 are the results of the flights with noise, scans 13 dB

and greater only. As was to be expected, RADARCG is the best estimator

wagl N o

in periods of high SNR, and the thresholding estimators are of equal

quality. With turbulence effects, Figures 5-109 through 5-116, all esti-

mators are degraded moderately. As in the flights with noise, RADARCG

is the most accurate estimator, followed by SDRV, with the thresholding

techniques of lower quality. .
The accuracy of the estimators using scans with SNRs of 10 dB8 or

less in flights with noise are depicted in Figures 5-117 through 124, -

The second derivative appears to be the best of the estimators in noise, l
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due to the method of rejecting scans which do not satisfy the criteria.
RADARCG has a lTower mean and mean square error than the thresholding
methods, but it is not robust in noise. Comparison to Figures 5-53
through 5-60 discloses a general improvement in all estimators, due to
the increased data provided by a scan of finer granularity.

The error due to scans with signél-to-noise ratios of 10 dB or low-
er in the flights with turbulence and noise, Figures 5-125 to 5-132, is
on the order of the flights without turbulence. The thresholding esti-
mators show no additional degradation due to turbulence. However, both
RADARCG and SDRV experience an increase in error, particularly with the
antenna at a large distance from the runway. SDRV is still the most ac-
curate of the estimators, but RADARCG is greatly affected by the noise
and produces estimates of the target location with greater error than
the thresholding methods.

Having discussed the error produced by the estimators with scanning
granularities which permit the averaging of 1 and 2 beam location returns
in its windows, the discussion of a still finer scanning granularity is
in order. With 49 beam locations in the scanning window, the returns
from four beam pointing locations are averaged in each window of the sec-
ond derivative algorithms.

The baseline flights, Figures 5-133 through 5-140, show little im-
provement in the mean or mean square error for the thresholding methods
or RADARCG. The standard deviation and variance of the thresholding
methods did improve, causing their plots to closely coincide. The sec-

ond derivative method displays an improvement in estimating capability,
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and is the most robust of the estimators with regard to antenna offset

Tocation versus actual meter error,

The flights with noise, Figures 5-141 through 5-148, show an im-
provement in all estimators over the 29 beam location scans, RADARCG in
particular. The standard deviation and variance of the errors are more
stable than in the coarser granularities, due to the increase in data
points upon which a location decision can be made.

The baseline flights with turbulence, Figures 5-149 through 5-156,
show little change over those baseline flights without turbulence (Fig-
ures 5-133 to 5-140). There is a curious jump in the standard deviation
and variance of the SDRV milliradian error at antenna locations of 225
and 250 meters from the runway, Figures 5-151 and 5-152, but there is
oniy the slightest deviation from a straight line at those antenna loca-
tions in the plots of the standard deviation and variance of the error
in meters, Figures 5-155 and 5-156. The error probably occurred at close
range.

The flights with turbulence and noise, Figures 5-157 through 5-164,
indicate that SDRV is again the estimator with the least error in turbu-
lence and noise. There is an improvement in all estimators over the
coarser granularities, particularly in the case of RADARCG. The estima-
tor is much more stable .in the higher data rates, but the standard devia-
tion and variance are still in excess of those of the thresholding meth-
ods.

As before, it would be advantageaus to examinevthe performance of
the estimators at the increased data rate in both high and low scan

SNR's.,
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Figures 5-165 through 5-172 are the results of the calculation of
the mean error, mean square error, and the standard deviation and vari-
ance of the error in milliradians and meters using only the data from
those scans of a flight with a SNR of at least 13 dB. The figures show
the RADARCG estimator to be the most accurate, in contrast the SDRV was
most accurate when the scan SNR was infinite (baseline flights). The
three thresholding methods are ali comparable, with a slight edge given
to the mean estimator.

The addition of turbulence, Figures 5-173 through 5-180, shows 1lit-
tle change from the flights without turbulence. This again indicates
that little decorrelation occurs from pulse to pulse due to turbulence
for this simulation.

The scans less than or equal to a SNR of 10 dB for a flight with
noise were selected and the data plotted in Figures 5-181 through 5-188.
Most noticeable is the improvement in RADARCG. The algorithm, now having
more data points to assimilate, is working well in reducing the effects
of noise. The most accurate and robust estimator is still SDRV, although
the choise is not as obvious as it was in the coarser granularities. It
is interesting to note, by comparing Figure 5-53 with Figure 5-181 for
example, that the mean error in milliradians of SDRV for nine beam loca-
tions, scans less than 10 dB, is at least as accurate as are the thresh-
olding estimators under those same conditions, but using 49 beam loca-
tions.

The flights with turbulence and noise, scans at or below 10 dB, are
plotted in Figures 5-189 through 5-196. A1l estimators are improved over

similar conditions with the coarser granularities. Note that the second
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derivative estimator, using only those scans at or below 10 dB, is still
more accurate than the thresholding methods in baseline flights, Figures
5-133 through 5-140.

Since there was little or no effect of antenna location on the er-
ror of the estimators, we shall consider the effect of scan granularity
on error for only one antenna location.which shall be 125 meters from
the runway centerline. For the next 32 figures, all scans will be in-
¢luded in the analysis regardless of scan SNR.

The errors plotted as a function of granularity for baseline flights
are shown in Figures 5-197 through 5-204. The most surprising aspect of
these plots is that there is no decrease in error with the increase in
scanning granularity, except for SDRV which generally improves with the
finer granularities. It would then appear that, on the average, the lim-
it of accuracy for the thresholding methods, RADARCG, and SDRV is 3 mr,
0.4 mrad, and b mfad, respectively, as shown by Figure 5-197. The stan-
dard deviation and variance also show little change with the exception
of SDRV, which decreases.

Figures 5-205 through 5-212 are the results of the baseline flights
with noise. The thresholding estimators do not increase in accuracy with
an increase in granularity, but rather converge on a value of error. Both
the second derivative and RADARCG improve with finer granularities. The
second derivative has an increase in error between the granularities of
9 and 23, when there is only one beam location in each window. Two beam
locations are in each window with granularities of 23 through 29, three
beam Tocations are used from 31 to 45, and granularities of 47 and 49 use

four beam locations in each window. Note that the error is a relative

———

O e
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minimum at granularities of 9, 23,23?, and 47. This implies that the
coarsest granularity for the windows to hold a desired number of beam
locations should be used to minimize error. This result is to be expect-
ed. The second derijvative method is scan shape oriented, and works best
when the four windows just fit into half of the scan return. Shrinking
the size of the windows in angle makes i; more difficult for the algo-
rithm to detect the maximum slope, and easier to trigger on noise.
Spreading out the windows forces any major change in signal strength to
the target related, not noise related. Therefore, the coarser the gran-
ularity the better the algorithm works for a given number of beam loca-
tions in each window. The most favorable granularity is the antenna
null-to-null beamwidth divided by the number of beam pointing locations
minus one.

The flights with turbulence, Figures 5-213 through 5-220, again
show little change from the baseline flights.

The flights with turbulence and noise, Figures 5-221 through 5-228,
again show the second derivative to be the best estimator, especially
with the finer granularities. The thresholding methods are still close
to each other, but the 12 dB method appears best, followed by the mean.
RADARCG is a bit unusual, as the mean error in both milliradians and
meters, Figures 5-221 and 5-225, snhow it to be quite good, yet the devia-
tion and variance of the estimator is quite poor, especially in actual
weter error, Figures 5-227 and 5-228. The difference between the mean
error in meters, Figure 5-225, and the mean-square error, Figure 5-226,
is quite large, indicating that when RADARCG missed the target, it missed

by a sizeable amount.
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Proceeding to the scans with a SHR of at least 13 dB, Figures 5-229

through 5-236, the flight with noise only shows the RADARCG estimator to
be the most accurate and reliable with respect to granularity. The sec-
ond derivative is generally better than the thresholding methods, deci-
sively so in the finer granularities. The thresholding methods are of
equal quality in high SNRs. ‘

The flights with turbulence and noise, Figures 5-237 through 5-224,
again show RADARCG to be the best estimator in periods of high signal
strength. The second derivative is the next best method, degrading to
the level of the thresholding estimators for the granularities between
15 and 21 beam locations in the scan. The mean estimatcr appears the
best in accuracy of the thresholding methods, followed by 12 dB and the
median estimators, in that order.

The scans with SNR's of 10 dB or less for the flights with noise
are plotted in Figures 5-245 through 5-252. The degradation of all esti-
mators is evident. RADARCG and SDRV are the two best estimators particu-
larly in the higher granularities. The 12 dB thresholding method again
distinguishes itself as the best of the thresholding methods in noise,
although the mean and median methods are similar in ability.

The flights with turbulence and noise, Figures 5-253 through 5-260,
now show SCRV to be the most accurate, and RADARCZ to be the least accu-
rate. The thresholding methods do not appear to be affected by the tur-
bulence. It is shown that there is no general improvement in the ac-
curacy of the thresholding estimators with an increasing number of beam
pointing locations in the scan. If the target returns are below the

noise floor, then no amount of data will display the target without some

-

-
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sort of filtering action. The thresholding methods have none, so their
accuracy is limited by the amount of signal rising out of the noise
floor. With enough beam locations in each window, SDRV can, in theory,
be able to average out the noise in the target. When averaging is not
done, as in the granularities at and below 21 beam locations, SDRV is
only marginally better than the thresholding methods,as shown by the
standard deviation and variance in milliradians, Figures 5-255 and 5-256.
When averaging occurs in the higher granularities, the method stands by

itself.

BT ATl g o NS
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VI. SUMMARY

The subject of this work was to introduce a new non-thresholding
algorithm, and to determine the estimating ability of it with a second
non-threshoiding algorithm (radar center of gravity) and three thresh-
olding techniques, two post-determined (mean and median) and one pre-
determined (12 dB). It was observed that during periods of high signal-
to-noise ratio the radar center of gravity was superior to the other
methods, with the second derivative method a very close second. With the
same signal-to-noise ratios, the thresholding methods were of equal es-
timating ability, with a slight favoring of the 12 dB threshold. The
addition of turbulence alone into the simulation did not appreciably af-
fect the error produced by the estimators since there was no noise floor
present in the computer simulation. Therefore, the signal-to-noise ra-
tio was infinite, regardless of the actual return amplitude of the scan,
and the flights with only turbulence were really just baseline flights
revisited.

When 15 dB of zero-mean random gaussian noise was added to the
baseline flight or flight with turbulence scan returns, the second deri-
vative method emerged as the most accurate estimator, especially in pe-
riods of low signal-to-noise ratio. The radar center of grayity is de-
graded because it always makes a location estimate, regardless of whether

or not a target is present. With enough beam locations, the noise will
330




331

average out, and the estimator will improve as shown by the plots of
error versus granularity. The thresholding methods also make an estimate
of target location regardliess of the presence or absence of a target,
except in the rare instance when no two consecutive returns are above

the scan threshold. In this simulation, if there is no target, but

only noise, the mean estimator will cé]cu1ate a threshold close to zero.
Since gaussian noise is randomly positive and negative, the probability
that all returns in the scan be alternately positive and negative is low.
Therefcre, the probability that the there is at least one instance where
two consecutive returns are positive is high, and a "target" is found,
since two positive returns are above the threshold. Again in the noise
only case, the median estimator will set the threshold at the median
return amplitude, which will be approximately zero, and the above argu-
ment holds for this estimator also. In the case of the 12 dB estimator,
12 dB down from a noise voltage places the threshold in noise, and the
above argument can be reapplied. Therefore, none of the above estimators
are truely capable of target detection, since the estimators will do
their best to find a "target" regardless of whether or not one is present.
Only the second derivative method is able to make a decision as to the
absence or presence of a target by operating on the shape of the scan
return. If no target is present, the shape of the return is flat with
zero slope and a constant second derivative. If a target is present,

the slope will change and the second derivatives of each set of estimator
windows will change sign, locating the point of maximum slope and there-

fore a target edge. The plots of scan SNR versus average number ~f scans,
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Fiqures 4-13, 14, 17, 18, 21, and 22, show the second derivative method
to reject those scans of low SNR. The plots of error for low SNR, in
particular Figures 5-253 through 5-260, show that when a scan is accepted
and a decision of target location is made, that the decision is accurate,
because even in noise the basic scan shape was suitable enough to detect
and locate a target.

The figures of error versus antenna offset show no apparent in-
crease in error due to antenna offset. This is primarily due to the
high PRF which "stops" the target in the flight path during the scan.
Even with a large granularity, the target will move only on the order of
its own length during the scan. So the effect due to translation is small.
Since the target movement is small, in translation as well as in rotation

due to turbulence, the modulation of the radar cross section of the tar-

get is small, and that effect is also negligible. Therefore, the results
of this computer simulation is accurate in those regards. Yet, in actual ;
practice, error is expected when the antenna is delocated from the runway.
This error is introduced by the ranging accuracy of the radar. If the
antenna is a distance to the left of the runway, and the range estimate
is short of the actual target location, then the estimate of position
will place the target to the left of the runway independent of the error
to the target centroid in milliradians.
The plots of error versus granularity display little decrease in
error with an increase in granularity for the thresholding methods, but
dces show an increase in robustness with granularity. Both non-thresh-
olding methods improve in both average error and robustness with granula-

rity.
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Overall, The second derivative algorithm is clearly the estimator
least prone to error and most robust in estimating ability for virtually
all granularities in the presence of noise. The radar center of gravity
estimator is most accurate in periods of high SNR and with fine granular-
ities. It suffers degradation in noise, and in large noise becomes unus-
able as an estimator due to noise outliers in the scan returns. The
th-esholding methods are rather robust but less accurate than the second
derivative method and RADARCG with high SNRs.

Pulse economy is of great importance. That estimator which uses
the fewest pulse transmissions without an increase in target location will
in general be the estimator employed in practice. The 12 dB thresholding
method is especially suited to pulse economy. When a target edge is found,
scanning transiates to the other side of the scanning window, savina pulse
transmissicns by removing the requirement to fully scan the target. The
second derivative method does require that the target be scanned more
fully than the 12 dB method, as shown in Figures 5-1 to 5-4. While this
reduces the probability of false alarm, it requires the expenditure of
additional  .se transmissions in the scanning window. However, virtually
every data point on the 256 figures in the previcus chapter have shown the
mean error, mean square error, and standard deviation and variance of the
error of SDRV to be less than the 12 dB estimator. How do these methods
compare in terms of target location accuracy versus pulse budget?

A plot of average pulses used per scan v .rsus granularity is shown
in Figure 6-1. It should be pointed out that in this simulation, time was
incremented as though 3 pulses were transmitted at each beam location,

hut only one pulse was used. Since there is a one to one correspondence
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between pulses per scan and the number of beam pointing locations in the f
scan, the mean, median and RADARCG estimators use a number of pulses
equal to the scanning granularity. The 12 dB method transmits one pulse
in the direction of the target to set the threshold, and thus uses one
pulse before the start of the scan. The second derivative estimator has
the capability of rescanning part of the target twice due to the nature
of the algorithm. As such, it can use more pulses than the magnitude of
the scanning granularity. Referring tc Figure 6-1, the 12 dB estimator
is shown to use about half of the pulses budgeted for the scan. The
second derivative stays very close to the pulse budget, sometimes re-
scanning the target more frequently at certain granularities. Those are
the granularities where the number of beam locations in each window of
the estimator increases by one. The highest granularities that do not
increase the number of beam locations in the windows, namely the gran-
ularities 21, 29, and 45, have the least pulse usage but the highest
error.

In periods of high SNR, what should be expected with regards to
pulse usage? Figure 6-2 is a plot of the ayerage number of pulses used
per scan, only those scans of at least 13 dB selected. There is almost
no change in the number of pulses used by SDRV. The 12 dB method used
more pulses, because it had set the threshold higher due to the increase
in return amplitude.

In periods of low SNR, as shown by Figure 6-3, the 12 dB method
used fewer pulses, because .t was able to trigger on noise at the ends of
the scanning window, rather than triggering on the target itself. Also

as expected, there was a slight increase in the number of pulsed used by
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SDRY as it was forced to search further in the scan to locate a target,
the noise alone being unable to satisfy the algorithm.

But we have not yet addressed the posed question - what is the re-
lationship between pulses used and error induced? Returning to Figure
5-221, let us choose the granularity where the 12 dB estimator is the most
accurate. This would be a granularity of 45 beam locatjons ip the scan-
ning window. From Figure 6-1, the 12 cB method used approximately 25
pulses per scan, on the average, at that granularity. Moving directly
across the figure to the left, it is observed that the second derivative
method used about 25 pulses per scan with a granularity of 27 beam loca-
tions in the scanning window. Returning to Figure 5-221, the mean error
of the second derivative algorithm at a granularity of 27 beam locations

is approximately 1 mrad. From the same figure, using 27 pulses per scan

(granularity of 45), the 12 dB estimator had a mean error of about 2.7 l
mrad. Further, comparison of the results of SDRV at a granularity of 27,

Figures 5-197 through 5-260, with the results of the 12 dB estimator at a '
granularity of 47, shows the second derivatiye algorithm to be clearly ]

superior. Since the mean, median, and RADARCG estimators all use more
pulses than the 12 dB threshold, SDRY is also more efficient per pulse than
those methods.

It is instructive to examine the error of the estimators as a func-
tion of range. Since the 12 dB estimator is representative of the thresh-
olding estimators, only the data for it was plotted against the output of
the RADARCG and SDRV methods in the accompanying figures. The data was
obtained by using the results of the eleven flights with noise and turbu-

lence representing each antenna offset location at all 21 scanning granu-

[ 2
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larities, regardless of scan SNR. The data is plotted in Figures 6-4 to
6-11, error as a function of scan number. The first scan occurred with
the target 4.0 nmi from the antenna, and the 103rd scan occurred with the
target over the release point. Clearly shown is the consistency of the
12 dB thresholding method and the SDRV method with about half the error.
Also clearly shown is the marked lack of robustness of RADARCG. This is
most pronounced at far range, and decreases to the level of SDRV at close
range. Note that RADARCG appears to be more accurate but less robust than
SDRV at close range from the plots in milliradians, Figures 6-4 to 6-7,
but was actually approaching the quality of SDRV as seen in the plots with
error in meters, Figures 6-8 to 6-11. Finally, the plots show the error
to reduce as the target approaches, an expected result.

1t is appropriate to conclude this work with a comparison of the
estimators on a pulse-by-pulse basis. Since a typical radar system has a
limited pulse budget, it is prudent to employ the centroid estimator which
uses the pulses expended most efficiently. The following figures are
plots of the average (mean) error of an estimator per pulse as a function
of the average number of pulses used in the scan. Each data point is the
result of 11 flights of which the total error was divided by the total
number of pulses used to obtain a single data point. Figures 6-12 and
6-13, the error-pulse ratio in milliradians and meters, respectively, used
all scans regardless of SNR. The second derivative estimator is clearly
shown to use the available pulse budget most efficiently by having the
least error per pulse for any amount of pulses budgetted in that scan.

Note that the SDRV method is most efficient with pulse integration, and

RIS NGOG 51 3ol . o
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that the othgr estimators approach the quality of SDRV at low pulse usage
only with finer granularities.

For comparison, in periods of high SNR, RADARCG is of the same
quality as SDRV with pulse integration, as shown in Figures G-14 and 6-15.
The threshoiding methods are of equal quality. As is to be expected, SDRV
is the most efficient estimator in Tow SNR, Figures 6-16 and 6-17, with
RAGARCG least efficient. Here the effect of pulse integration in the SDRV
algorithm is most dramatic.

In conclusion, the second derivative algorithm is shown to have the
least error per pulse used in comparison to the other estimators employed
in this simulation. It is the most robust of those compared due tq the
unique scan rejection capability inherent in the architecture of the algo-

rithm.
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This appendix contains a complete listing of the FORTRAN program

used to compute the flight of the target and the output of the centroid
estimators. The program is extensively documented and a reading of the
comment cards reveals much about the computations that are performed.
The program requires 15 minutes to compile and execute one flight
with a granularity of 29 beam pointing:locations on an IBM 3031 computer.
The plots presented in the text are special purpose programs devel-

oped to be compatible with the plotting facilities at Auburn University.
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o L R R R L e A L R A R LA LR
< NITI:  PYIS I35 THZ YATCALS SADAE 3INCLATION AS 40D2IFIZOD Aa2x 193!
g""l.."l'....“‘Il'.‘l-"‘l.‘l‘l“‘.-ll-...t‘.l.xl.-lll‘ll."ll‘l.ll.l
C ’ T ’ o

C

C

CeEEZE SRR ENSF S L AR R SEENEI A K ASREI T ER LSS N AN SEASTENAAREENETNITRTEISSETCO T

PARANETER LIST

A
A2=DUMeY TARTA3LI, CONTAINS 79X SUM OF SANICY PLOATING POINT HUNMBIES
AZ=XAIN 230G: ASTINNA AZINOTHE TO ZIACH STATTEIRIR
SU3RQ0TINZS: Rad FIITYRNS IN AZINUTH

AZDI®= AZINUTY DIMZINSION ON THI SCAMNING 4INDOV.

AZ3=A2I4004 ANGLEI TO TARGIT AXIs

32349= 4ALT 0P TH3T AZIMUTH 3TAn4IOTR AZIN NULLS.

321S2C= AZINUTH SPATING OF 3EANS IN 410745, 1732 17 INC2EMEINT
THE ANTINMA 3ZAM POINTING 22SITION (IF ¥07 WANT THI 3ZAn 7
MOVZ TWC 203ITIONS AT A SHOT, SZIT AZS2C=2).

AZTYRS= AZINITH THAISHOLD DITSRMINZD 7204 fIAN, MIOIAN, 0P TALLVE
39 537320UTINZS.

B

C
C3LCCA,C3L0CEZ= CINTER 3ZAM LOCATION IN AZ
COORDINATIS. ZIQUAL 7O 2aZ,
C4I= YA7 ANGLZ.

IV 2A0AZ

0
DGAIN= ANTZUNA JaAIN
OZLTA= MAXINUY ANTENHA POINTING ERFOR.
E35CT= BACKASCATTZIRED Z-PIZLD.
TL=MAIN P305: ANTINNA ZLEIVATION 73 ZACY SCATTZ
THRTSHOLDIUG SUSROUTINES: RAW RITO:NS IN 2
EL34=HALF 0?2 AN ZLEVATION 3W?v.
SLOIM= ELETATION DJINZINSION ON THI SCANNING @ZINDOW.
TLO=ZLIVATION TO0 TARSIT AXIS
SL3CAN=ON/OPT TH2JT YARIAZLZ 2ONTAJL FOX ZLIVITION 3I% 2PTICN.
TLS?2T= ZLITATION SPACING OF 3IANS IN 3IAYFIOTiS.
SLT32S= ZTLZTATION TIIITSHOLD JTTITRMINEID 3¢ NTaN, 32TAN, P TWILYEZ
2B SU30ITINES.

4
FdL3= PI3ST HIT, LAST HIT T4
PLTINT= SINTLATION TINE IN Z
PREQaFRTQUINCY.
FPXASPINAL ANTINNA ( COORCINATZ LOCATION

540L0ING ?80CZIDYU=E
72333 SECONSS.

G
SAM2i= PITCI ANGLE

GLSL2=3LID2SLIOPE IN DISAE2S.

0oNONANNONHNOONAOGOAOOOONNHANNNN0ON0O0ONOaAONONNONNONONONONO
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GRANA= 2ZINUTY NULL-TO=-NULL STAN SANULARITY, DETIRMINZD 3Y AIDIN.
GBANZ= AS IN GRANA, 30T IN EL2VATION.
GRNG=PROJZCIION OP ENG ON X-Y PLANZ.

]
HZIGHT=HEISAT OP ANTZINNA C2NTZ23,

I
ICODS=C0dT ?CR CHOICE OF SCaTTZIRING MODELS IN 2CS.
INCXA=INTZ3ER 37 WHICH ANTENNM Y COORDINATZS IS5 INTPENZYTED.
IY=R1NDCY NTUNM2Z3 SINZIRPATOZ INTRANCI NUM¥BER.
IXA=INTIAL ANTENYNA X COORDINATE,
IY=INTI3ZR J0TPUT OP RANDOM NIMBZX GENZIRATOR AND USEID As TiHZ
NEW IMPJT TO THE RANDO BOUTINZ THE N2XT TIMZ 12 IS CALLZID.

J

K
K= RAVZI NUNDER.

L
LABRL= A DJINMMY VA3IA3LE USZD TO KEEZP TRACK OF THE PLC4 oF
DATA IN TH2 CINTROID CALCULATIONS
LAMBDA=WAVELENGTH.

n

MEZANA= B2EAN AZINUTH 7OLTAGE

MEBANE= MEAN ZLEVATION TOLIAGE

NEDA,NM2D2= NEDIAN VOLTAGE RETIAN IN AZINOTH AND 2ZL2747ION
DETERNINED BY MEDIAY SUBROQUTINZ ¥HICI IS PASSED
TO PHLH AS THBRZSHOLD.

8TI=%0VING TA3GEZT INDICATION.

MU= ROLL ANGLE.

L
NLOC=NUNB2F OP TRANSNISSIONS IN¥ EZACH SCANNING 7INDOV.
NU¥= XUMBZR OF SCATTIRZIRS IN EACH TARGEZYT COSPLZX.

o]
OBEZGA=2ADIAN PRZQUEINCY OF THER TARGEIT 20TIO0NS, IN 2AD/SEICOND.

?

PANGLZ2= PRESENT ANGLZ TO CROS3~-TRACK CENTZ3 A3 SEEN P3C¥ 3TNwWAY.
PCAs PYI 70O TA3GIT CEZNTROID IN AZINTTH, ODETZIRMINZD BY THRISHCLDING
PROCEDOR2S AN¥D PASSED TO ZR8D2 SU3ROUTINE FOR COIPARISON

AGAINST ACTUAL TARGZT LOCATINN.
PERIOO=PERI0OD OF TIE SEZL2CTEZD TARGEZT MOTION, 7N 3Z20WDs.
PYI=SPY2RICAL COORDINATE. (TAISET)
PRATE=PITCH ZAT2 OP THZ TARGET 3S0DEL, IN DEGREES/SEIOND.
PVRT=PEAK TRANSAIT POTZ3R,

Q

R
RCGAZ* 22048 CIV¥TZII OF SRAVITY IN AZISOTH 45 323N 23Y
: RONWAY AND DETERMINED BY RADARC.
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FCG2Ls RADAR CENTER OPF GRAVITY IN ZLEVATION A4S S2ZN 3BY
ROUNWAY ANMD DETERMINED BY RADASC,

RETVOLsINPOT OPTION TO DISPLAY SCAN REZTOUBN VOLTAGES.

RNG= RANG® TO ZACH SCATTERER IN THE TARGET CCNPLEX.

ENGT3T=RANGE TO THE TARGET, I¥ NAUTICAL HILES.

RIATE=ROIL RATE OF THE TARGZET MODEL, IN¥ DEGREES/SETOND.

S ]
SCAT= AN AGRAY DIMENSIONED (#SCA2,4). CONTAINS COORDIYATZS OF
BEACI SCATTZIER IN TARGET COORDINATES aAND THE RCS OF ZicCH.
SIGNLA,SIGNLE= THE SIGNAL AMPLITUDE WHEN THE 3EAY IS CINTEREZD ON
TARGET IN AZINOTH AND ZLEVATION, USED 70 DESTERNINE
THE S¥R POR THAT SCAN,
SNRAZ,5N3ZLs THE SIGNAL TO NOISZ (POVER) RATIO DETERNINED 3Y
(SIGNAL AMPLITODE/RNS YOISE VOLTAGE) =SQR7(2%S¥3)
SPEED= TARGZT SPEZED IN NPH.
SONd= ARGUNENT USED TO SUM VOLTAGES TOGETHER IN RADARC.
SUMRTS= AGUM2YT OSED TO SUM VYOLTAGE RETURN TIAEBS THE ANGLZ
TO THAT RETUAN AS SEEN P08 THE ANTINNA.

T

?C2s TYETA IO TARGET CZNTROID IN EBLEVATION, DETERAINED BY
THRESHOLDING P3OCEBDURYS AND PASSED T0O ERROR SUBROUTINE
POR COMPARISON AGAINST ACTUAL TARGET LOCATION AS SEEY
BY THE ANTENNA.

TAETA=SPYERICAL COORDINATE. (TARGET)

TRRESH= TARESHOLD USED IN PHLH (PIRST HIT LAST HIT) SU3ROUTINE

TINE= TINE VARIABLE USED POR DEAD TINE BETWEEN SCANS.

TINEL= INITIAL TINEZ OP SCENABIO AND TINME VARIABLE.

TISEPs PULSZ TINE

TPASPT= PHASZ SHIPTER REZS20NS2Z TINE.

g
OCERTA,UCZRI'E= THZ ANOUNT OP 3ZANM POINTING ZR30R INTR0ODUCED INTD
THE PLACEMENT OP THE ANTENNA BEAN, CONSTANT THROUGH-
OOT A SCAN, BOT RANDOALY CHANGING 7808 SCAN T0 SCAN.

v
YDIRCT= OIRECT VOLTAGE RETURN.
VLTs YOLTAGE MAT2IX DINENSIONED (J3CAN,II). JSCA¥N=1 ARE AZINOTS
YOLTAGES, JSCAN=2 ARE ELEVATION VOLTAGZS, II=SCA¥ SIZE.
V¥PnSs THE RMS NOISE VOLZITAGE POR THAT SCAN COHNPOTED BY SQUARING
EACH NOISE VOLTAGE, SUMMING THEA, AND THEN TAKING THZ SQU0As2
BOOT OP THE AVERAGE NOISEZ VOLTAGZ SQUARED.

X
XA, T3,32I58T= INITIAL COORDINATES OF THE RADAR ANTENNA.
I0,YD,20= DOUBLE PIECISION BRADAR COORDINATES OP TARGET LOCATION.
XOIP,YDI?,2DIP= SADAR COORODINATIES OF THE SCATTERERS dITd RESPECT
TO THEZ LOCATION OF THE ANTENNA.
X0,70,20= TARGZI POSTION ALONG TRAJECTORY, IN RADAR COORDINATES.

) 4

YPL= 32AL RWANOOM NUMBER BETVE2N 0 AND ) FROX OCTPUT OP THE
QUTPUT OP THZ RaNDU SUBROUTINE.

e e RSB S—————r T
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YRATE=TAW RATEZ OP THI TARGET %00EL, IN DEGREZZS/SECOND.

4

SEESRASENERESFE AN I ST RNASE LSS EIRIET T SERE SO IS ESSSEPSSSBAEESSESEEESBERSESS

DINENSION VLT (2,49),SCAT(3,8),TODAY(3) ,AZRADR(4I) ,VNOISE(2,49)
DOOBLE PRECISION ELV(49) ,A2I(89)

INTEGER OPTION (5) ,2LSCAN,PXA,RETVOL,COUNTA,COUSTE, PSP

DOUBLEZ PRECISION XDIP,YDIP,ZDIP?,XD,YD,2D

BEAL B2O0R,LAUBDA,N0,LV,LS,V3NS(2,89),K

INTEGER AZDIN,ELOIN,DIN,AGILE,RDIV,ADIV,PLTIAE,PLS12,PLS?D,PLSSD
COBMON/BPY/RRATE, PRATE,YRATE2,083GA,5P28D,5LSLP,BNGTS T,
*AZ,GRNG

COBBON/RTA/MU,GANMA,CHI, X0,10,20

COMNON/SCATH/SCAT,NUSN

COMNON/VWAYR/K,NUR, EPSR

CONNON /ALL/ZLV,AZI,BRANGR,OPTION,LABEL,ELDIN,AZDIS, ZLSCAN,DELTA
connoN ,/2a0a/P2L,PAZ, CBLCCE,CBLOCA,GRANE,GRANA,A28¥,EL37,L0CK
COSMON /PILEIT/XMEAN,INMED,XRADRC,X1208,XSDRBV,SNRAZ,PLS12,
*PLSPD,PLSSD,DNEAN,DNED,DRADRC,D12D8,DSDRY
COMNON/POURIV/COONTE,COUNTA,N0D22, X008, 8SDRY ,SHREL, YODE12,40DA 12

baTa PIL,PI2,T72I,3ADDEG,DREGRAD,SQP2,C/3.141532,1.579796,

€6.293135,57.29578,.0174533,12.56637, 3.08+08/

DATA ITABLE,JOUSTI/V,Q/

CEIS USRS RSN ESASSEREESI NSRS SN SEBE SIS EESSEREESSRESNSESUSENSERSESEE SN S

nNaonNnonnoanNnnNanNnNnOnNOHacnNNOOOONONOAOONON

DaTa IYPOT rPrOoOREAAT

COL. YARIABLE NANE OPTIONS
1 ICoDE 1 - JET30D #1 AS TARGE? %0DZL
2 - ONE POINT ISOTROPIC SCATT2RER
2 JOISE Q0 - NO GAUSSTIAN YOISE
t = ADD GAUSSIAN NOISE TO RETUEN
3 Iz2pPY 0 - ¥O ROLL,PITCH, OR YAW
1 - ROLL, PITCH AMD YAW ARE INCLOUDED
4 LOCK 0 ~ ADD ONCZ3ITAINTY OF TASKGET LOCaA-
TIOK INTO AMTENNA SCANMING.
! = LOCK ANTEYNA ON TARGET
5=7 IXa IMNITIAL INTEGER STAPTING LOCATION OF
ASTENNA X COORDINATZ, 32T3I8S.’
3-10 PIA PINAL INTSGER ANTENMA LOCATION, 3ETESRS
t1-13 I8CXA IBTEGER BY WHMICH XA IS INCIENEZNTED
PRON IXA TO PXA. IP BUN 0S®S ONLY
ONZ ANTENNA LOCATION, SET IXA=PIA,
INCIA=ANY YON-ZEZRO POSITIVE INTEGES.
14 IrPLLES 0 - NO OOTPUT TO DATA PILZS
T = QUTPUT TO DATA PILES
IR . T
¢ w.f?;'?’ .

[ "=

[ SN

I BN )

)
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** NOTZ2: PROPER JCL M0ST 382 INS2RTZD s»

15 IPRINT 0 -NO DETAILED OOIPOT OF SCLOUTION
. ! - DETAILED OOTPOT OF SOLUTION

16 ELSCAN 1 - ELEVATION SCAN ¥OT U32D.
2 - BELEVATION STAN 0SED.
17 RETVOL Q < orr
1 - DISPLAY SCAN VOLTASES, EL27ATION
AND THENY AZIN0TH
18-19 AZDIA ODD INTEGERS BETWEIN 6 AND SO
20~-21 2LDIN ODD INTEGERS JETWEEY 6 AND S0
22-24 FLIINE

O¥ THE NBXT LINZ, ENTER 0 02 1 PO& THRESHOLDING 42THOD:

1 AEAN 0 - orp
1 - CALCULATE 2541
2 SEDIAYN 0 -orer
1 - CALCULATE NEDIAM
3 BADARCG 0 - orr
! = CALCULATEZ WZIIGHTZD ANGLZS
] THELVE DB 0 - orr
1 - on
s SECOND 0 - orr
DERIVATIVE 1 - oN

FSANERBIEEERSEVNESEECS SN ISESUSEANSSETES LS ESESISEITESSISEEREPISIRENREES

CALL DATZ(TODAY)

VRITE (6, 1) (TODAY (T) ,I=1,9)

PORAAT(*Y *',3a4)

READ (5,100) ICODE,¥0IsE,IRPY,LOCK,IXA,PXA,INCXA,IPILES,IPRINT,
®ZLSCAN,BRETVOL, AZDIN, ZLDIA, PLTINE

R2AD (5,2) (OPTION(I),I=1,5)

FORNAT (6L 1)

SRITE(65,4)

PORMAT (* TEE POLLOVWING INPORSATION #AS 324D IN')
¥BITEZ(6,5) ICODE, NOISE, IRPY,LOCK

PORYAT (* ICOD2= *,IV,' NOISZ=*,It,' IRPY=',I1,* LOCK=',I1)
9RI7T®(6,6) IXA,PXA,INCXA,IP?ILES,IPRINT,ELSCAN,RETVOL

PORNMAT (* IXA=¢,I3,2X,°'PXA=‘,I3,' INCXA=',I3,' IPILESs',I1,
*' IPRINT=',I1,* ELSCAN=',I2,% RETYOL=‘,It)

9RIT2(6,7) AZDIA,ZLDIN

FORSAT (* AZ0Ia=',r2,21,°ELDIN=',I2)

FRITEZ (6,9) PLTIAL

FORAAT (21X, 'PLTINE=Y, I3)

YRITE (6, 10) (OPTION(I) ,I=1,D)

PORNMAT(* NZAN= ', I1,* AROIAN= ',I1,' RADARCs ',I 1)

e e —
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JRITZ(6,11) (OPTION(I) ,I=4,5)
11 PORBAT(* TWEZILVE 03= *',I1,' SZCOND DERIVATIVE=',IN)
YRITE2(6,10))

RANDON GEZVZRATOR SZIED

THZ POLLOYING LIST OF VARIABLIS CAN B2 CHANGED TO
03SZRYE THE INPLUENCE OF PASTICULAR PACTORS ON¥ TRACKING
PEZRPORMANC2.

IX=65543

ANTZINNA:

8TI=3
AZB¥=.316
2L37=, 335
TA==500.0
42IGAT=3.D
C=3.02+39
PRE2Q=9.12+09
PIRT=10.02+05

LayBDA=3.02+08/P38Q
K=2. 0*PI/LANBDA
A2SPC=1.0

ELS2C=1.0

ABTENNA ONCERTAINTY PACTOR -~ GIVES +/-4 8 SRROR AT PANGE=620 3

DELTA=ATANZ2(4.,620.)

IP(LOCK.EZQ. 1) DELTA=(.

GRANA= (AZBU*DEGAAD*DELTA) *2.0/ (PLOAT (AZDIN)~1.)
GRANE= (ZLBVW*D2GRAD+DELTA) #2.0/ (PLOAT (ELDIR) ~1.)

TARGE?

SPEELO=149.61636
SPEZD=SPREDS.4UTQ399
GLSL?™3. 5

BNGTGT=1.72

sc

co

PERIOD=3.0
PRATE=5.0
TAATS»S5. 0
RRATE=10.0

ANNING TIXNE:

TI421=0.0

PRP=4000

TINZP=(1.0/P22)*PLOAT (AT])

TPASPT=10E-06

TIAP=1,0=(TINEP® (ELDIN*(ELDIN=1)/2) ¢+ (AZDIBS(AZDIN=1) /2) *TPASPT)

NYERSIONS.
BASP w9, 12409

GLSLP=GLSLP*DEZGRAD
RNGTGT=2NGTGT» 1851, 2288

[ ] [ ]

[
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CNE5As2¢PI /PERIOD
PRATE=PRAJZ®DEGRAD
RRATE=IRATESDESRAD
YRAT S=YRATE*DEGRAD
SNR2L=1275
SNRAZ=1ETS

INYT=Q

TS0 0 SUSETICEISS RIS ST ASENESARSEIOS LSS SEUNFSEUSASIE SRS TENIDSBRNISRNETRSETS

[ SN

C

C

[«

c MAIN LOOP: THIS LOOP CONSTRUCTION CAUSES THE AZIXJITH (AY AND THE
c TLEVATION (E) TO CHANGE, SCANNING THE ANTENNA. NOTE TIAT T3Z
[« SIMULAZTION SCANS PIARST I¥ AZINOTH FITH =0 (BZAN ON TARGET IV
C ZLEVATION), AND THEN SCANS IN BELEVATION 4ITY A=Q0 (SZAN ON

c TARGET IN AZINUTH).

c
c

SRS OSSN SESONCREIT ISR ESESESENSELE G SSEUNNIPILISTSSEIONEREEECEEEEECURETS
DO 52 JXASIXA,FLA,INCXA
Xaz=PLOAT (JXA-1)
NSCANS=0
N SNBEL=999.99
SNRAZ=999.99
NSCANS=0
TINEI=0.0
JUST V=0
DO 13 JKs1,320IY
VLT (1,3K) =0.9
! 13 VRAS (1,JK) =0.0
DO 14 JK=1,2LDIN
i VLT (2,JK)=0.0
13 VRNS (2,3K) #0.0
WRITE(6,15)XA, 71, AEIGHT
15 PORMAT('1°',' ANTENNA POSITION WITH RESPECT IO 23D OF RUNFAT:',
¢ XA= ¢, P10.3,' YA= ',P10.3,' HEIGHT= ',P10.3)
DO 50 XPLT=),PLTINE .
IP (MPLT.2Q.1) GO 70 16 |
TINEI=TIAEI+TINE
16 CONTINOZ -

INCREIENT TINE IPF ELZVATION SCAN IS NOT CALCILATZD.

[
nonao

IP(ELSCAN.NE.2) ELSCAN™]

TP((SPLT.GT.1) o ANDL ELSCAN. 2Q. 1) TINRI=TINMEI T INEP® )
@ (Z2LDINe (ELDIN=1)/2) ¢TRPHSPTS((A201X-1)/2)

00 31 JSCAN=),BLSCAN

c
[~ GET A RANDOY YOUMBER FO2 ANTENNA POISTING TNIZRTAINTY. IP LOCKID
[ C OF, CALLING RANDU NOW WILL MAINTAIN THE SAMZ SET OPF SCAY VNOISE.
c
CALL RAMDO (IX,IY,YPL)
Ix=lY
IP(JSCAY. 2Q. 1) A== (A2D18-1) /2
IP (JSCAN.2C.2.0R.LOCK. Q. 1) GO TO 17
[
C THEZ CINTZ2 3EAY POINTING LOCATION IS GIVEN AY UNCERTAINTY OF o/-3
- [ SEZTERS AT THE BELZASZ POINT BY NOVING THZ STARTING LIOCATION OF
c THE NOLL-TO-NOUOLL SCAY RANDOABLY.
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o
UCBRTA®2.%(YPL-0.5)*DELTA/GRANA
A=sA+UCERTA
17 IP(JSCANLEQ.1)E=] ’

IP(JSCAN.EQ. 1) UCERTE=(Q.
IP (JSCAN. EQ.2) A=0Q
I? (JSCANLEQ.2) UCERTA=0.
TP {JSCAN. 2Q.2) E=~ (ELDIN-1) /2
1P (ISCANLEQ.1.08.L0CK.2Q.1)G0 TO 19
DCERTE=2. *(YPL~0.5) *DELTA/GRANE
BaBeJCERTE
13 IP(JSCANeEQe 1) DIN=AZDIN
IP(JSCANC2Q.2) DIN=ELDIN
DO 30 II=1,0IN
IP (JSCAN. 2Q. 1. AND.IT.GT. W) TIABI=TINRI+TPUSPT
IP(ISCANCEQe2e AND.II. G2 1) TINEI=TINELI+TINEP
IP (JSCANL2Q. 1) AZRADR (II) =GRANA®A
13 CONTINGE

CUESSSUSLEL SN T L L LEESEBISHSASEF TSRO LS LSS SE AT CRSESE VIS ESERNEESTEERS

c
c SUB3CUTINTZ TRAJ: THIS SOBROUTINE GENBEATES THI CIRRENT LOCATION
c OF TRE TARGEZDY ON A GIVEY TRAJECTORY. ALSO FENERATED ARE

C PERIODIC VALU2S OF ROLL, PITCH, AND YAW, CORRESPONDING

c TO LOCAL TORBOLZINC2 AND VIND SAEAR.

[

C

S SIS SRR E AN NN IS SSN NSNS ENE RIS ARISSNIRNSNSESS TSNS TUNATSE
CALL TRAJ(TIMRI,IRPY)
IP(Y0.LE.90-0) GO 70 20
Go TO
20 WRITS2(6,130) TISEI,N¥SCANS
GO T0 S
21 CONTINGE

Ces8 63 4828 SSSSERFATSSSSNENSRIPSEISTE ISR SSNTESANSSTSLET AN EAREREEENESAS

c

c PIBD THZ ANTEINNA LOCATION IN THE TARGET COORDINATE STSTEN.

< THESE ARZ ¥OT SPHERICAL PHI AND TRETA, BUT BELATIVE ANGLES

C PRO8 TARGET TO ANTENNA, THE CENTER OF THE ENTIRZ COORDINATE

c SYSTZH IS THEZ RONWAY TOUCHDOWX PQINT, NOP THE ANTINNA LOCATION.
<
c

SN NR SRS SSESURI TSNS SRS SNSNNIENARERNSRENTISENNTILLRNANANENRETRESE
CALL ROTAT2(XA,YA, HEIGHT,XI,Y7,2Z1)
PHI==ATAY2(X1,71)+21/2.0
THETASATANZ2 (SQRT (X 12824y 10e2) ,21)

COeN SIS SNSESEVUICURIESNIUN SRS SSRIST RIS SASSSTESASELNERERES RIS AREEERERS

c
c TAEZ BACKSCATTEAR CROSS SPECTION OF 2ACH SCATTERER IN THE
[ TARGET CONPLZY IS NOW DETERMINED POR A GIVEN ANTENNA

c POSITION [Y¥ TARGET COOBDINATES.

c

o

2800080020080 00T08CIININETESISSTISUSNTRRRSSELENSINRNEETSEIUIRIEUNSNES
CALL RCS(THEZTA,PHI,ICODE)
I? (IPRINT.EQ.0) GO TO 22
d#RITE(6,132)
WRIT® (6,121 TIAZD
WRITE(6,122) A,E
WRITE (6,108)
WRIT®(6,129) 20,10,20

-t

1

[

bonad et Smemd .

- PR
Epp— wn——A

-
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PYJ=RD*3ADDRG
PGANIA=GANNA®*2IADDLS
PCHI=CHI®RADDEG
SRITR(6,125) PAT,PGANNA,PCHI
FRITE (6,104)
PPePHISRADDZIG
TT=THETA®RADDEG
FRITE(6,115)
WRITE(6,116) PP, TT ¢
WRITE (6,104
SCAT?=10,02ALOG I (SCAT(Y,4))
SCATRWN=10.0®ALOG 1D (SCAT(2,4))
SCATLZ= 10, 0*ALOG10 (SCAT(3,4))
WRITE2(6,112)
d8IT2(6,113) SCATP,SCATRV,SCATLW
22 cowrTINO®
Ty T D L Y R e P YY)
c
c PIND TARGET ORIGIN IN RADAR COORDINATES
c
CeBeeeSENELAISRILSS NSNS ES I SN SARS SIS ERENSSSERBSESFSTEUSS S ETRESRSNERT RS
XDIP=DBLE (X0)-D3LE(XA)
YDIP=DBLE (Y0)-D3LE(TIA)
Z0I?=D3L2(20)-0BLE (REIGHT)
GRNG=SQRT (SNGL (XDIPF) *=2+SNGL (TDIP) **2)
GNDRNG=GRNG
RANGE=SQRP (SNGL (XD1?) »82 +SHGL (YDIP)**2+SNGL(ZOIP) »»2)
AT=SNGL (2D1Ir)
AZO=ATAN2 (SNGL (XDIZ),SNGL(YDIP))
ELO=ATAN2 (SNGL (2DIP), GRNG)
IP(II.NE. ((DIA+1)/2))GO TO 90
PAZ=AZ0
PEL=EL0
CBLOCA=AZO+GRANASUCERTA
CBLOCE=ELO+*GRANASUCZRTE

CePS S IREESNISENESNES S EPSESESEENSERT RS PES SRS SV SR LSS SR EA NSNS LA FEEERRSY
[

c CONPOTE BELEVATION AND AZINUTH ANGL2S TO ITHE BEAM POINTING
c POSITION VITHIN THE SCANKING #INDOW.
C

I IR T Ty e T T e P P PP TP T Y T Ty T
0 AZI=AZ0+GRANASA
ZLI=s2LO+GRANE®E
IF (IPRINT.EQ.Q) GO TO 23
FRIT?(6,117)
PELOSELO®RADDEG
PA20=A20%RADD2G
JRIT2(6,118) PELO,PAZO,RANGE
YRITE (6,108)
23 conTivgE
VDIRCT=0.0
e st eEEEEsE ettt sttt trsENINIesENs SRR ES SIS UNISNASERANTIESARENEESRS
c
c SUB-L00P: THIS LOOP SJaS THE BACKSCATTER PRCAZ EACH OF THP
C SCATTERERS IN THE TARGET OOAPLZX.
(o

CeBCMSINERINESAESERSSLSTSERSEENSEUISAUECUEESEBUNESBUIATRBINESIRESARERS

= e gy e — + —py
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DO 25 T=1,N0N
C...‘.."‘...‘..“‘.‘.....'..“'."'..‘...‘.‘l-".‘..“...'.-.....-‘..‘-
c
C PIND SCATTERES IN RADAR COORDINATZS
g'.-‘..."...‘.‘..‘-..-“...l.“"“-.‘l'll.‘..‘,..‘..“..I’l..“.'l‘l-.

CALL ROTAT(SCAT(I,1),SCAT{I,2),5CAT(L,),XD,1D,2D)

XDIP=XD-Ya

1DIP=YD-TA ;

2DIP=2D-HEBIGAT ‘

BNG =SQBT (SNGL (KDIP) «#2+5NGL (YDIP) **2+SNGL {ZDIP) #02)

GRNG=SQRT (SNGL (XDIP) **2+5NGL (YDIP) x%2)
C.'...-.......-..‘-.'.“‘..‘..'....‘.‘--“"“-.“".“'."‘."‘.'....I.

e )

c COMPUTEZ AZIMUTH AND ELEVATION ANGLES TO SCATTERZR IN 2iDaAR

c COOBDINATSS.
g‘-...--..‘..‘.....--‘.‘..‘."“‘-“..-“'.".“‘-"....-'.‘."‘.“"--.

AZ=ATAN2 {SNGL (XDIF) ,SNGL (YDIP))

EL=ATAN2 (SNGL(ZDIP),GANG)

IF (IPRINI.EQ.0) GO TO 28

WRITE (6, 119)

PELsZL*RADDES

PAZ=AZ*RADDEG ,

¥RITE(6,120) I,PEL,PAZ,84G

9RITZ (6, 104)

25 CONTINUE .
AZD=AZ1-AZ i
ELD=EL1~PL :
CALL ANTEZNA(AZD,ZLD,DGALN)

CEESR It ENNRURESINERUSEREESSSARFERATASEAEFEESSRERTASIUEECT USSR ENEEEUEA SRS

[ 2]

c
[of EBSCT IS THE COMPLEX E~PIZLD POR THE SCArTERER OP INTEREST
c IN THIS PARTICOLAR SCAN. NOTE THAT THIS PIZLD IS RIGHT

c 02 LEZFT CIRCULARLY POLARIZED BACKSCATTER, AND BECAUSE OP

c ANTENNA POLARIZATION SENSITIVITY, APPROXIMATELY AALP THE

c BACKSCATTER POWEZR IS AVAILABLE PCR PROCESSING.

C

C

SEARBAELALSIRTE SSRGS EISEEPASEE ST AL SR SE IR URAESEEILANE ST ESISEAT ST USS
BGT=3ING*#2%4,0sPY

EBSCTSLANBDA®SQRT ((SCAT(I,8) *PIRT*377.)/86T) Y
YDIRCT=YDIRCT+DGAIN® (EBSCT**2) 2t
25 CONTINOE
Ctt"l“l“‘tt“ll“"t“l“-tt“.l."t..tltlt“-lt‘.l-‘tlltl'.ll‘..l..l
¢ .
< 7I8S IS TYZ SUM OF THE COAPLEX BACKSCATTER JOLTAGES }
c INDOCED BY EACH OP THE TARGET CONPLEX SCATTERERS. :
c

c.‘......"..-‘..“l‘l‘.‘....“..‘.‘..‘...“.-‘.'.“.I.‘..‘l...l."‘.l.-
IP (IPRINT.20.0) GO 20 26 !
PD= (ABS (VDIRCT) #%2) #102+05
PGN=10. 04410610 (DGATIN)
9RITE(6,127) YDIRCT,PD
PELISZL1*RADDEG
PAZ1=AZ1#RADDEG
FRIT® (6,126) 2GN,PZL1,PAZ!
9RIT2 (6, 108)
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26 CONTINOE
VLT (JSCAN,II)=¥DIaCT
IP(JSCANL2Qe e ANDaIIle BQu ((AZDIN+1)/2)) SIGNLA=YDIRCT
IP(JISCANLEQ.2.AND.IZ.EQ. {(ELDTIN¢1)/2))SIGNLE=VDIRCT
IP (NOIS®.2Q.J)GO TO 28

COSES NSNS SRR USRS SERERE SR RESIE IS ST BE SR SRESELCEEESSSOSEEE SRV XTSRS ITESENERS

o rmny

ADD GAJSSIAN NOIST USING "“RAMNDO™ AND "GAUSS™

C
C
C
C 15 DB OP MOISE IS ADDED AS FOLLOWS:

o IP (SIGNAL ANPLITODZ/RMS NOISE VOLTAGE)=SQRI(2%SNR), THEN WITH
C SIGNAL ANPLITUDE=3.1 (AT A REBLATIVE MAXINUN AT RANGE),

[ 345 N¥OISE 7OLTAGE=S=). 3999

C

C

PSRN ESSSE SN SEESRTISISNCIES SIS SRL RSN LEESSESSSSEINTEANITUEARRSARNES
$=0. 3398
A3=0.0

CEES S S ERECENTUBSURSSIRPLTATSSSATAEIER S LSS ICSESSTESTUSSFCLTETUTENSSEE SIS

US2S 12 JNIZORM RANDOA NUS3ERS TO CONPUTE NORENAL RANDOYM
NUMB2RS BY CINT2AL LINIT THEOREN. THE RESULT IS THEN
ADJUSTED TO MATCH THE GIVEN NEAN AND STANDARD DEVIATION.
THE ONTPFOR4 3ANDOM YOUNBERS COMPUTED WIPHIN THE SUBROOUTINE
AREZ POUND BY THEZ POWER RESIDUZ METHOD.

C
c GAUSS
C COMPUTES A NORMALLY DISTRIBUTED RARDCM NURBER WITY A GIVEN
c MEAX AKD STANDARD DEZVIATION.
C.
c DESCRIPTION OF PARANETERS
{ C IX =-IX BUST CONTAIN AN ODD INTEGER NUNBER JITH NINE OR
C LESS DIGITS ON THE PIRST ENTRY TO GiUSS. THEREZAPTEIR
C IT WILL CONTAIN A OUNIPOEMLY DISTRIBUTZD INTESE2R 3ANDOA
c NUNBER GEZNZRATED BY THE SUBROUTINZ POR OSE ON THE NEXT
i [~ ENTRY TO THE SUBROUTINE.
: C S <-THE DESIRED STANDARD DEVIATION OF THE NORNAL
[+ DISTRIBUTION.
C A8 ~-THE DESIRED MEAN OP THE NORNAL DISTRIBUTION.
[ Vv ~THE VALGUE OF THE COMPUTED NOBUNAL 3ANDON VARIABLE.
C
i [+ REMARKS
C TYIS ROUTINE 0US2S RANDU FHICH IS STST23/360 SPECIPIC.
c
c SOUBROUTINES 3IEZQUIRED
[ RANDD
<
c 4ETH0D
[
[«
C
c
c
<
C

L L P e L Y T P P P T Y
AR=20.0
00 27 IN=t,12
CALL 2ANDO(IX,IY,IPL)
It=s1Y
27 A@=ABRCIPL
V= (AR-6,0) *S+Ant
YNOISE (IJSCAN,II) =V

c NO¥W ADD NOISE TO VOLTAGE RETORM

. m—— — e - e e i v
o1 REATR

PP
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VLT (JSCAN,II) =VLT (JSCAN,ZI) o7
IP (EPRINT.BQ.1) WAITE(6,101) YLT (JSCAN,IT)
I? (NOISZ.2Q.1)G0O TO 29

CYCLT BANDO IP NOISE IS OPF TO MAINTAIN SAME ANTINNA UNC2RTAINTY ‘

FOR ALL PLIGHTS. i

DO 29 INa1,12 )

CALL BANDO (IX,IY,fFL) : .
29 IX=11

29 I?(JSCAN.Z2Q. 1) a=d+AZSPC
IP(JSCANL2Q.2)E=2+ELSPC

1P 2LEVATION SCAN IS USED, ADVANCE TIME TO 30VE BEAM.

IP(JSCAR.EQe V. AND.ELSCAN.2Q. 2. ANDLDIN.BQ.A2ZDIN) TINRI=TINELs
¢TINEP®((2LDIN-1)/2) +TPRSPT® ((AZDOIN-1)/2)
30 CONTINUE
31 CONTINUE
NSCANS=NSCANS+ 1
IP(NOISE.EQ.0)GO T3 135

CEStERARNERSEES AL ISR EB S UESEBIEEAS VSR LS B E SRR T AN EFEE S SR AL L EFEFE LR EE LSS A RS

C
[
C
[«
[«
C

nNnao

SELEERELASEEE UL SRS UECS SRRV R A BE SR AR A S EREL ST SN ERAS ARG SIS EENETIESAS LS

CALCULATE SIGNAL TO NOISZ RATIO

A2INDTH

VNS Q=0.0
DO 33 J3J=1,AZDIN
VNOISE(1,JJJ) 2aVNOISE(1,J3J) =2
33 YNSQ=VHSQeVIOISE(1,33d)
YYRNS=SQRT (YNSQ/AZDIN)
SNRAZ®0. 5 (SIGSLA/VNRYS) #22
SNRAZ=10.0%ALOG10 (SNRA2Z)
IP(ELSCAN. EQ.1)G0 TO 35

] b [

ELEVATION

TNSQ=0.0
D0 38 JJJ=1,2LDIA
YNOISE(2,J3J) =¥%0IS2(2,JJJ)®*2
34 UNSQ=VYNSQ*TNOISE(2,JJ3J)
VERAS=SQRT (INSQ/ELDIN)
SNREL=0.5% (SIGNLZ/VTNRAS) se2
SEREL=10,0*ALOG1J (SNIEL) i
35 IP((OPTION(1).BQe1.0B.0PTION (2).20.1.03.0PTION (3)+2Q.%.030
*OPTION(4)EQ.1.0R.0PTION (5).EQ.1.)
®.AND,JUST1.EQ. 1. AND.IPRINT.EQ. Q) FRIT2 (6, 125)
DO 36 I=1,AZDIN
36 AZI(I)=DBLE (VLT (1,I)) -
DO 37 I=1,BLDIN
37 ELY(I)=D3LEB(VLT(2,1)) -
IP (RETVOL. EQ. V) WRITE(G6, 133) (ELV(II1),IXI=),ZLDIY) !
IP(RETTOL.2Q. 1) VRITE(6,108) !
TP (RETVOL.2Q. V) #RIT2(6,133) (AZI(III),I1I21,A2D1N)

-

—




38

9
4
| ¥

42

e

; .
LY

ann

15

59
51
52

120

37

I? (OPTION(1) .2Q.0.AND.OPTION(2).2Q.0.AND.OPTION(3) .20.0.AND.
*CPTION(8) «BQ.U.AND.OPTION(S).EQ.D)G0 TO 45

IP (JOST 1. BQe 1. ANDLIPRINT.EQ. 1) GO T0O 33

IP(JOSTI.EQ.1) GO TO 44

JUST 1=

WRITE(6,33)

PORMAT (//,54X,* CENTROID MEASUREMEINTS',//,

®! YOTZ: A MINOUS SIGN ON AZINUTH EZRROR MEANS THE ¢,
®'CALCULATZD TARGET POSITION IS TQ THEZ LZPT OF THEZ ACTUALY,
«' LOCATION.',/,

. A MINUS SIGY O¥ ELE7ATION ZRROE MEANS THE ',

¢ *CALCOLAT2D TARGET POSITION IS 3ELOW THE ACTUAL LOCATION.!',
%/, THE POLLOWING APPLIZS TO 120B AND SDav:',/,
*6X,"THE TWO NUMBERS PRECEDING THT METHOD NAMZ ARE 7432
$'PLAGS IN EL2VATION AND AZINOTH, RESPECTIVELY.',/,5X,
*1POR 12DB, S0DE=Q MEBANS ALL RETORNS IN THAT SCAN £33
®*12D03 THRESHOLD. 30DE=1 MEANS AT LEZAST ONE RETURN WAS
*/,6X,' THRESAOLD. POR SDRV, MODE=Q MZANS THEZ SCAN A3
®#*DUE TO NOISE OR SHAPE CRITERION. MNODE=2 MBANS THZI',/,6X,
®'CEZNTROID WAS CALCULATED BY FINDING THE MNAXINUN SLOPES CN ',
**TAZ IETTRN.',/,

“00E

,

ABO7F T
ABOVE THE',
RZJICTED ¢,

1
’

#6X,"THE TWO TWO-DIGIT NOMBERS POLLOWING THZ METHOD NAaMZ AXZ Tyz',

.l
*6X,'32SPECTITELY. ")

¥RITE(6,40)

PORMAT (/, 130 (*_*),/,48X,'4',33L,'1',/)

FRITE(6,41)

PORMAT {*+',21X, *ACTUAL',20X,*}*, 12X, *CALCTLATED!,
©11%,%,22X, 'ERROR', /, 4BX,*|*,33X, | ")

W2ITE(6,82)

FORNMAT (*+4,130('_"),/, X, RANGE IN MZT:3S
s 1X,"A2I407Y }',4X, ' 4ZTHOD ELEVATION
®7X,*1',9%, ' AZINOTH',/, X, ANTENNA EOUNWAY',SX,'ZL',3X,
*'AZ DEGREES DEGREES |',15%,'DEGREEZS DZGREIS |
#' METERS | AILLIRADIAYS 3ETERS')

43172 (6,43)

PORRAT ('+?,130(*_"))

IP (OPTION(1).2Q-1)

IP (OPTION(2).2Q.1)

IP (OPTION(3).2Q.!)

TP (OPTION (4).2Q.1)

IP (OPTION (5).2Q.1)

INIT=)

IP (LPRINT. 2Q. 1) 4RITE(6,102)

CalnL
CALL
CALL
CALL
CALL

1-32%

JEDIAN

RADARC

T1208
SDRV(INIT,NQISE)

#3IT2 TO DATASETS

IP(IPILES.E2Q.0) GO TO SO

JRITL(10,106) XA, RANGE, XBEAN, XNED,X2A0RC, L1203, XSORY, 3¥R A2,
*pLS12,PLSPD,PLSSD
WRITZ(11,106)X3,RANGE, DR EAN,ON 2D ,DRADRC,D12D08,080R7,5%PAZ,
*pLS12,PLSPD,?LSSD

coNTINOE

COyTINOE

coyTINO2

sTop

PORSAT (4I1,3I3,61),212,113,25.2,23.1)

NONBER OPF POLSZS USED IN THE EZLEVATION AND AZINOTH SCAus,',/,

MILLI2ADIANS

SNR IN D3 2ZLEVATION®,
AZINOTH |',3X, TL2TATIONY,
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191 PORMAT(SX,' S270BN YOLTAGZ WITH NOISE= *,215,3)

132 PORNAT (')

133 PORNAT (*~")

124 PORMAT(*QY)

105 FOIMAT(U8X,* )", 33X, "), 20X, %)7,/,48X, %)%, 33X,%|*,24X,'|")

136 PORMAT (9216.3,3I2)

112 203MAT('0*,10X,*RCS OP PUSILAGE,BIGHT VING,AND LEZPT WIV¥3 (D3Sy) "

113 SORBAT('0%,' POSILAGE=',P10.4,' 244TNG=' ,P13.4,' LHIING2',P13.4)

115 POBEAT (' 0',10X,  ANTENSA ASPZCT ANGLES,#IT4 PE®SPICT 0 THE ',
S ITARSIT')

116 PORNAT(® *,15X,'PHI=',P12.8,1%, ' TUETA=",P12.9)

117 PORMAT('0',10%,'IARGET CENTSR LOCATION IN FADAR COORDINATEIS')

119 PORNAT (' ', 15X, 'SLZVATION=,710.6,1X,*AZI%074=",P10.6,1X,
S1ANGE=' ,P10.4)

113 PORMAT(*'0',10X,'SCATTERER LOCATION IN RADAR ZOORDINATES')

120 PORMAT(® *,10X,"'SCAT#',22, X, *ELEVATION=?,P10.5,1X,
32T u07H=" ,P10.6,1X," BANGE=" ,P10.4)

121 FORAAT('0', 10X, 'SCANNING TIME=*,P12.5,' SILLISICONDS'

122 PORNAT{*0',10X,*AZ & EIL 3EAS CO3IRSCTION NJMBESRS PRCY BORESIGED: °*,
w1p=0 PS.2,' E=*,P5.2)

124 PORMAT('0*,5¢,'CURBENT LOCATION OP TARGET C2y¥T: : X=',?12.7,1X,
sey=v P12.7,1%,'2=',F12.7)

125 PORMAT ('0',5X,'CURRENT VALUZS POR TARGET ANGOLAR MOTION (DESAZES):*
#r 30LL=',P6.3,1%, 'BITCH=',P5.3,1%, 'TA¥=",P5,3)

126 PORMAT('0',5X,'GAIN=? ,P12.8,'08 AT EL=',F10.6,'* & AZ=',P13.6,
*2X,' (DEGREES) ')

127 PO3IMAT('0',SX,'RZTORN VOLTAGE=',P16.13,2X,'DIQECT POWER="',
®E16.3,1X,'SICROWATTS')

130 PORMAT('0*,*PRIEZE CCHMAND POINT; SIMNOULATION ENDS. GSLAPSEZD TINE',
e's 1 P12,8,1X,*SZCONDS, #SCANS=',I10)

132 FOREAT('0',100('s"))

133 PORNMAT (TF16.3)

END
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BLOCKX 2JATA

cCOxNON /ALL/ZLT,ACI,RANGE,0PTICN, LABEL,ZLOIY,AZDIY,
REAL®S ZLV (49) ,43%0,0D3/,A2L(49) /49%0,000/

INT2G22 OPTION(S),2L0I8,AZD0IN4,ZLSCAN

END ¢

.t I o RS s

<

SCayN,D2LTA
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SJBROUTINE RANDU(IX,IY,.TFL)

CESE LB LSS EREEXAESEECS XS EASERRAIEARE SR UTSEFETUIS U UEREIUESEEVITASESSSANREN

POURPCS®
COMPNTES ONIPOIMLY DISTRIBUTZD RANDCH 3ZAL NUMBE2S BETdTEN O
AND 1.Q AND XANOOM INTEGIRS 3JEZTRIEZN Z23C AWD 2+s31., EZACH ZNTHY

USBS AS INPUT AN INTEGER RANDOM NONBZ2 AND PRODUC2S A N©®i
INTEZGER AND 3IEAL RANDCH NONB2R.

DESCII?TION OF PARAMETESS

IX -POB THE PIRST EINTRY THIS ¥UST CONTAIN ANT ODD INTESER
NJ22ER diIH NINZ CB LESS JIGITS. APTER THZ PIRST ENTRY,
IX SHOULD 32 THE PR2ZYIOUS VALUZ OPF IX COMPUTZID 3Y THIS
SUBROUTINE.

I7 =X RZSULTANT INTZ2GZR RANDON NUNSZR REQUIRZD P08 THE NEXT
ENTPRY TO THE ROO0TIN2. THE RANGZ OP THIS NYUM3ES IS BET#IEN
ZERO AND 2%331.

TPL-THE RESULTANT UNIPOIMLY DISTRI3BUTZID, 2LOATING 2CINT,
RANDOM NUMBER IN THE RANGZ 0 TO 1.0.

REXASKS
THIS BOUTINZ IS SPECIPIC TO SYSTEN/360 AND WILL 2RODACE
2**29 TERNS BIFORE RBPEATING. THE BEPEREZNCE 3ELOW DISCUSSES
S22DS (65533 HERZ), RON PROSLENS, AND PROBLZMS CONCERNING
EANDOM DIGITS USING THIS GENZRATION SCHEYB. “ACLAREIN AND
MARSAGLIA, JACN 12, ?P.83-39, DISCUSS CONGRUESNTED GZNZRATION
YETY40DS AND TESTS. TH2 USE OP TWO GZNERATORS OF THE RANDU
TYPE, ONZ FILLING A TABLZ AND ONE PICXING PROM 7THEZ TA3LE,
IS OF BENEPIT IN S042 CASES. 65549 AAS 3IEEN SUSSESTED AS A
SEED WHICH HAS BETTER STATISTICAL PROPEXIIZ2S POR AIGd OFDER
3ITS OP GENZIRATED DEVIATEZ. 332EDS SHOULD 3E CHOSEN IN ACCOR-
DANCE ¥ITY THZ DISCUSSION GIVEN IN THZ RZPERENCE 3ELO4.
ALSO, IT SHOULD BZ NOTED THAT I? PLOATINS POINT RANDOM NUM32RS
ARE DESTRZD, A4S ARE AVAILABLZ PROM RANDU, TH2Z RANDOM CHARAC-
TERISTICS OF THE PLOATING POINT DEVIATES HAVE HIGH PROBABILITY
OF HAVING A TRAILING LOW ORDER ZERO 3IT IN THEIR PRACTICNAL
PARlT.

SETHOD
POVER RESIDUE SEZTHOD DISCUSS2D IN I3XM MANOUAL 9320-8011%,
ZANDOM NUNMBER GENZRATION ANDJ TESTING.

NOONNOONOOO0N0O0O0000N0NA000O0ON0NNANOO0000NO00N

LR R T T P T T T YT

IY=1X*65539
Ir(17)5,6,6

5 IYT=IY+2147833647+1

6 TPL=IY
TPL=YPL®, 46566132=-9
RETIIN
2ND

L B

b
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SO3RNUTINE R0TAT(XSCAT,YSCAT,ZSCAT,XD, YD, 2D)

THIS SUBROUTINE COMPUTES THE RADAR COORDINATES OF TH2
POINT (XSCAT,YSCAT,ZSCAT) GIVEN IN TARGET COOBDINATS

ID,YD,2D AR2Z RADAR COOBDINATES OF PQINT.

XSCAT,YSCAT,ZSCAT AEE TARGET COORDINATSS OF POINT.

10,Y0,20 ARZ TRANSLATION COORDINATES.

CHI IS YA? ANGLE - POSITIVE RQOTATION ABOUT THEZ Z-AXIS.

SA4%A IS PITCH ANGLE - POSITIVE RO0TATION ABOCT THZ Tr-aXIS.

N3 I35 R0LL ANGLE -~ POSITIYE ROTATION ABOUT THZ X-A(IS.

THZ ROTATIONS ARE ALWAYS PERPORMED IN THE ORDER - YA#-PITCH-20LL.

L E IR R E 2 2R R A A R AT SRR R SR AR E R RS R RS2 R 22 R 22 R R RS R 22 2 20 R 2 2 R 2 0 2 %)

REAL 30

D0UBLE PRECISION XD,YD,2D,D3LE
CONMON/RTA/M0,GANNA,CHI, X0,70,20

CG=COS (GA3%A)

CC=COS (CHI)

Ca1=C0OS (%7)

SG=SIN(GA3NMA)

SCa3IN(CHI)

SAsSIN(N80)

SASGaSN*SG

CaSG=CNesSG

XD=DBLE (CG*CC*XSCAT® (SUSG*CC~-CN*SC)*YSCAT
+ (CHSG*CC+S5*5C) *ZSCAT) +DELE (X0)

YD=DBLE (C3*STeYXSCATe (SNSGPSCeCH*CT) *YSCAT
+ (CISG*SC-SA*CC) *ZSCAT) +DBLE(Y0)
Z0=0BL2(~SG*XSCAT+SN*CG*YSCAT+CNSCG*=2ZSCAT) +DBL2(20)
BETURY

ZND
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SU3ROUTINE 30TAT2 (XA, YA, HZIGHT ,X1,71,2))

COCE eSS ASARREIRESEESSENSSETSSIFEIISNSESIOUINORNOEP SRRt esSsRESasHs

C
c
C
C
[of
C
C
c
C
[
C
C
C

T4ZS SUBROTTINE COMPUTES THE TARGET COCBDINATES OP THE
POINT (XA,7A,HZIGHT) DESCRIBED IN UWOAR COCRDINATES

X1,Y1,21 AFS TARGET COORBDINATES I7 POINT.

XA,YA,HEIGHT ARE 2ADA3 COORCINATES OF PCINT.

X0,Y0,20 ARZ TRANSLATION COCRDINATES.

SHI IS YAd ANGLZ = POSITIVE ROTATION A30UT T4Z Z-AXIS.

SAYMA IS PITCH ANGLE - POSITIVEZ ROTATION ABOOT TH2 Y-AXIS.

90 IS ROLL ANGLEZ - POSITIVE ROTATION AROUT THZ Y-AXIS.

THE ROTATIONS ARZ ALWAYS P2RPORNED IN THZ ORDZ} - YAW-PITCH~3OLL.

CANGS SRRV SSINPENSEESEUDEEESRNSAEFSE NS SR N NSELNSASEEEESEUSRASENNEESOSIESS

REZAL 10

COMMON/BRTA/40,5A3944,C41,10,Y0,20

I2=XA-X0

Y2=YA-T0

22=8EIGHT-20

CG=C0S (GANNA)

CC=COs (C4I)

Cu=COs (n0)

SGaSTN (GANAA)

SC=S1I¥(CAaI)

SH=SIN (80)

SGCC=sG=CC

SGSC=SG*SC

CGZ2=CGe22

X1=CGeCC*Y2+4CG*SCe12-5G*22

Tz (SN*SGCC-CY®5C) *X2+ (SA*SGSC+CUOCC)*Y2+S4®C522
21= (CyeSGTCHSN®SC)#X2+ (CNOSGSC-5Y%CC) *Y2+CNeCG22
RETIRN

END

- e}  eumsd sl

-

—
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SNBPCQUTINE TRAJ(TINE,IRPY)
TEAL WU
CONMON/BPY/R3ATI,PRATZ, YEA™Z, 085G, 5PZED,3L5L 2,3,
*12,GRNG

COMNON/3TA/NU,GANNL, CAL,X0,¥0,20
PI=3.141533

X0=0.0

Y0=COS (3LSLP) ® (R-SPEELSTINE)

20s YOSTAN(GLSLP)

I? (IRPY.£Q.J) GO TO 20

TERA=SIN (ONEGA®TINE)

MU= (R3ATE/CYBGA) * TS RY

GAMMA= (PRATE/ONEGA) *TERS

CHI= (TRATZ/0%2GA) *TERY

SETORN

%0%0.0

CHI=0.0

GANNA=). 0

R2TORN

END
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SUBRO0TINZ RCS (THETA,PHI,ICODE)

DIMENSION SCAT(3,4)

CONBON/RAVE/K, %0R,EPSR

COMBON/SCATN/SCAT, ¥0H

REZAL X

DATA PI,PI25,PI2/3.141593,2.467801,1.57079%/

C....l.‘l-t...“.lll..l..“...‘.‘....‘-.‘.‘..‘....‘l““‘.l“.““"....

8CS CONPLEZX CODE
t: JETACDS

c
C
[
C
C 2; 1 POQINT SCATTZARER 40CEL
C

C

....‘“‘......‘..‘.‘...'.‘...“..'.“‘."-"..-.‘I‘..‘. SBSSS SR ENSEERT RS
DO 2 I=1,)
2 SCAT(I,4)=12=10
G0 TO (100,200),ICODE
c‘-‘.‘.I‘.‘.“.““"...-.‘.“‘......‘-.‘......‘...‘..".“.....‘O.'..l.
c
c JETNODE! RCS TABGET 30DZL
c
C.......‘-..‘..........‘.“‘...‘...l"......‘.‘.‘.l.-.'...‘l."."......
103 wg#e}
ALPHA=ARCOS (SIN (THETA) *COS (PHI))
DELTA=ASCOS (SIN (THEZTA) *SIN (PHI))
SCAT (1,1)=0.0
SCAT(1,2) =3.0
SCAT (1,3)=0.0
SCAT (2,1) ==8.0
SCAT (2,2)=0.0
SCAT (2,3) =0.0
SCAT (3,1) =+3.0
SCAT (3,2) #0.0
SCA? (3,3)=0.0
DXPOS=2.0
DYPUS=10.0
DZPUS=3.0
DXLENG=8.0
DYLENG=6.0
DZLENG®2.0
DXIRENG=A, 0
DYBANG=6.0
DZAR NG=2.0Q
PUSI=COS { (K*DXPUS/2.0) *COS (ALPHA))
PUSY=COS ( (KeDYPUS/2.0) «COS (DELTA))
PUSZ=COS ( (KeDZPTS/2.0) SCOS (THETA))
VNGRX=COS ( (K*DXAUNG/2.0) *COS (ALPHA))
TNGRY=COS ( (X*DYRWNG/2.0) *COS (DELTA))
¥4GR2aCOS ((KSDZRYNG /2. 0) *COS (TAETA))
WRGLX=COS ( (K*DXLANG /2. 0) #COS (ALPHA))
TAGLYSCOS ( (K*DYLAUG/2.0) *COS (DELTA))
TAGLZ=COS ( (KDZLANG /2. 0) *COS (THETA))
APOSELw10. 0% (THETA-PI/2.0) *#2+1.0
DUSGELA100.08 (THITA=PI/2.0) *92+1.0
IP(A3S (PHI).LE.PI/2.0) GO TO 10
APOSAZ= (75.0/P22S)® (ABS(PHI) -P 1) *2+8,0
GO 10 19

--

p— ond [ ]



19 APCSAZ=(75.)/012S)ep4I="2e8.0
15 CONTINOE
ARWGAZ® 1, 0~51N (PHI)
AL#GAZ=21,0¢SIN (PYI)

g CONPTITE PUSZILAGE 3CS :

c SCAT(1,3) =APOSIL®APUSAZ®A3S (PUST+PUSY+ PISZ)

g COMPOT® 3R WING BCS

c SCAT(2,3) =AdNG2LeABIGAZ®ABS (4NGAX +TNGRY+dNGEZ)
§ COAPUTE L¥ ¥IV¥G 2CS

SCAT(3,4) "AFNGEZLOARUGAZ®ABS (TNGLI+INGLY* 4YGLZ)
RETTRYN
COPRESSERO NSRRI IPSCRISSEERURSPICRRIIISONTUESS 0500828 IRS0NIRNARSRuUgeERblen
c
¢ COSPUTATION OF 1 POINT SCATTERZR aCS
c
C.“ CE V0SS CEOECTFE ARSI IS NSRS ISTESCDSRNEEIIIIPESSEFEERES PESB OGS SFESENS
200 MOA=1
SCAT(1,1)%0.0
SCAT {1,2)%0.0
SCAT(1,3)=0.0
SCAT (1,4)=1.0
°ETORY
END
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SUBROOTINE ANTENA(AZ,ZL,GAIN)
REAL K

INTSGER ELA,2LA2,SLB,ELB2
CONMCN/FAVE/K,NUR, E2SR

OATA PI/3. 141583,

DATA 2LA,ELE/35,35/

DATA D1,02,5C.0L2/0.03,0.029,10.0E+05/
PHI=PI/2.-AZ
THETA=PI/2,.0-BL

B1sCOS (TAETA) *#D1X
B2=SIN(THETA)*COS (PHI) =D2%K
R1=0.

D0 100 I=1,2La

R12aR1+COS (31+PLOAT(I))
Ri=2,%R1+1.9

R2=0.

20 200 I=V\,EL3

R2=R2¢COS (B2*PLOAT(I))
22, 8R2+1.,0

B1R2aR1*R2
GAIN=R1B2*R1R2/SCALE
RETORY

END

4 ey e

’
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SU3ROUTINE MZAN

THIS SUBROUTINE CALCOULATES THZ
AZINUTY AND ELEVATION (SEPARATELY)

381

CHESFESENSSERP S S SRSV EI SRR T AESRAB U SEEE ES SASEECTI NS RESSESSISESSRENINEREERS

MEAN RETURN VOLTAGE 1IN
¥HICI IS THIN USED

AS THE THRESHOLD IN PHLA TO LOCATE THE TARGET CEINTROID.

IP(ZLSCAN.EQ.1)GO TO &
SUN=0.0

HAZANE=D.)

DO 2 I=1,2L0DIN
SUNsSUN+cL(I)
MEANT=SOA/PLCAT(ZILDIN)
SuUmn=9,0

00 5 I=1,AZDIN
SUN=SUNeAZ (1)
BEANA=SON/PLCAT (AZDIN)
LA3EL=?

CALL PALA(MEANEZ,NEZANA}
RETO3N

END

SNSRI UNNS SRS SE IR SNEN S NN ST AESANEESREINSSEIEESUEESSES
PEAL®3 2L (49),A2(a%),508 ,8EAN2, NBANA

COmNON /ALL/ EL,AZ,5ANGZ,0PTION,LABEL, ELOIN,AZOIY,ELSCAN,DELTA
INTEGZR OPTION(5),ELDIBN,AZDIN,EZLSCAN
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SU3ROQTINZ XZOIAN

Cltt‘t“"...".‘.“l“...l..‘..-.."---'..“.-“‘."l.l.‘..'-.l‘.'.--tl

(o

c TAIS STBROUTINT DETZIRNINES THE AIDIAN TALIE OF H2TURM
c VOLTAGZ, AND PASSES THIS VALUE AS THRISAOLD TO PHLH,
c

C‘....-.."...'.“.‘l".‘.‘.“‘....-"-.““‘-‘-...-‘.I.IICCII“‘I-..lll
CO¥YON s/ALL/ EL,42,RANGE,OPTION,LABEL, ELDI®, AZDIN, EL5CAN, DELTA
CONNON /RADR/ PEL,PAZ,CBLOCE,C3LOCA,GRANZ,GRANA,AZBH, ELB7,L0CK
RZAL®S 2L (83),AZ (49),8EDE,%2DA,YOLT (2, 39) /9820.000/
INTEZG2Z3 OPTION(S),ZLDIM,AZDIN,CIANGE, LINIT (2),ZLSCaN
L=2
IP(BLSCAN.EQ.1) L=t
DO 4 K=1,AZDi%

4 FOLT (1,K) =AZ (K)
20 5 £=1,ELDIN

S VOLT (2,K) *EL (K)
LINIT (1) =AZDIN-1
LIMIT (2) *ELDIA~1

1 CHANGZ=0
DO 2 I=V,L
LL=LINIT(I)
Do 3 J=1,LL
IP(YOLT (I,J)LT.VOLT(L,J+1)) G2 70 3
VAOLD=VOLT (I,J)
YOLT (I,J) sVOLT (I,J¢ 1)
VOLT (I,J¢ 1) =VHOLD
CAANGE=CIANGE®)

3 coNrINOR

2 CoNTINGE
IP (CHANGZ.N2.0)GO TO |
%IDAZ=(AZDIN 1) /2
RIDEL= (ELDINSY) /2
NZDA=VOLT (1,8I2A2)
AZDE=VOLT (2, ¥IDEL)
LABZL=2
CALL PYLF (NEDE, HZDA)
RETURY
1 31

R v
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SU3ROJITINZ T1203

Ceess RGeS SRR NERPERNESICTNRNETS NS IEQEE SN SAFEN I RS EIESENVASR IS TS ETAESHEENTER

c

c THIS SUBROUTINZ COMPOTES A THRESHOLD f2DB DOWN PROM IHZ COMPUTED
[ RETO3N VOLTAGE WHEN THE ANTINNA 3Z2M IS ON THEZ TARGET. §NOTE THAT
[« IP -12=20¢LOG(VTHR2S/VCINTER), THEN VTHPZS=0.251183634*VCENTE].

o
c

SEASSUVNPUSNIUERISEEL SN IR OFENEEAS U BECR TP SEENEPSEECASESSNERSETrSEUREsEEN
CONNON/ALL/EL,AZ,RANGE ,OPTION, LABEL, ELDIN,AZDIN,ELSCAN,DELTA
conso¥ /pADR/ PEL,PAZ,CBLOCE,CBLOCA,GRANZ,GRANA,AZBA, ELB¥,LCCK
COMMON/POU RIV/COUNTE, COUNTA,AODES, HODEA, NSDBV, SNREL, YODE12,40DA 12
INTZGER OPTION(5) ,ELDIN,AZDIN,FPHA,LHA, PR, L4E, AZS,ELS, COUNTE,

®COUNTA,BLSCAN
DOOBLE PRECISION EL (43),AZ(49) ,VCENTR,ELTHES,AZTHRS
20DZ12=1
MODA 121
NIDDLE= (AZDIN# 1) /2
YCENTR=AZ (NIDDLE)
AZTHRS=0.25) 183648 VCENTR
DO 1 I=1,A2DI3
IP (AZTARS.GZ.AZ (I)) GO TO 2
1 CONTIRU®
BODA12%0
2 MIDDLE= (BLDISe1) /2
VCENTR=EL (RIDOLE)
ELTHRS=0.25113364%yCENTR
IP (ELSCAN.EQ. 1) ELTHES=0.0
DO 3 Is1,ELDIY
IP (BLTHRS.G2.EL(I)) GO TO &
3 CONTINODE
NODE 1230
4 LABEL=8
CALL PYLH (ELTSRS, AZTHRS)
3LTORY
END

e e e mn s o
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SU3RCITINE PHLA(ELTHRS,AZTHRS)

c'.0..‘.."l“‘ll“......‘....‘...‘."‘...l-‘...l".ll.."‘l“l.‘.l‘..-‘

THIS SUBROOUTINZ USES THZ THRESHOLDS CALCILATED 3Y MEAN
dND/OR M2DIAN TO DETERAINE THE TARGET CEZNTROID. AN EDGE

OF THE TARGET IS DEPINED WHEN TWO CONSECUTIVEZ 7OLTAGZ
RETORNS EXCEZD THE CALCULATED THRESJOLD. THE CENTROID IS
THEN AIDWAY BETWEIBN THE EDGES.” A HIT IS A 70LTiGE% ZXCIEDING
THE THRESAOLD.

nnanannnn

LA R E R AR R RS R S RS R E RS2 2 R R R PR R R YRR S L R RN N R PN Y PR
DOUBLZ PRECISION VOLT(493), 5L (49) ,AZ (49) ,ELTHRS,A2THRS, TYRESH
COHNON /ALL/ EL,AZ, RANGE,OPTION,LABZEL,BLDIN,A2DIN,ELSCAN,DELTA
CONNON /RAD3/ PZL,PAZ,CBLOCE,C3LOCA,GRANZ,GRANA,AZ27,E187,L0CK
COMNON/POURIT/COUNTE, COUNTA,40DEE,40DEA, NSDYV, SNREL,1COE12,800A12
INTEGER OPTION(S) ,ELDIM,AZDIN,FdA,LHA,PHE,L42,A425,2LS,C00NT2,

¢COUNTA,ELSCAN
COONTA =)
COUNTE=1
4002A=3
NODEE=}
TCE=Q.0

CALTTLATE PIRST HIT IY A27A0TH

nnon

DO 1 a28=1,42D1In

IP((AZ(A25).GEAZTHRS) -AND. (AZ(AZS+1).GB.ALZTHRS) )30 T0 2
1 CONTIYO®

PCA=32S

MODEA=0

GO T0 S
2 PHA=AZS

COUNTA=COONTA®AZSH]

CALCILATEZ LAST HIT I¥ izIa0Th

noan

D0 3 AZS=1,A2D01IN

IZ((AZ(A2ZDIN-AZS¢1) .GE.AZTHRS) . AND. (AZ (AZDIN~AZ3).GE.AZTHRS))

*GO TO &
3 coarivge

9RIT=(6,12)

4  LHASAZDIN-AZS+!

PCA= (PLOAT (LHA*PAA) /2.-PLOAT ((AZDIN*1)/2)) s3RA¥ACCBLICA

COUNTASCOUNT A+ AZS )

CALCULATE PIRST HIT IN ZLEVATION

nan

S IP(ELSCAN.ZQ.1)30 TO 10

DO 6 2LS=1,ZLOIN

IP ((SL(ZLS).G2.2L74aS).AD. (2L (2LS+1).G2.2L798S))GI T0 7
6 CoNTINUZ

TCI=3tES

MODEE=(

GO T0 10
7 PyEaELS

COURTE=COOYT2oELSe

o— omp o—
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CALCTLATE LAST dIT7 IN ELEVATION

DO 3 2LsS=1,2LDIX

IP ((PL(ELDIN-ELS+1).GE.ELTHRS) «AND. (SL(ELDI4-2LS).G52.2ZLTERS))
*GO T0 3

CONTINOE

WRITZ2(6,14)

LHEsELDIN=ELS+1

COUNTE=COUNTZ+2L5¢ 1

CALCULATE AZ AND EL CENTROID ESTIMATIONS

TCE= (PLOAT (LHE¢PHZ) /2.-PLOAT ((ELDINe 1) /2)) *3RANZ+C3LOCE
CiALL BRBROR(TCZ,?CA)

PORMAT (' ZPRROR QCCIREED IN LOOP 3, PHLA')

PORMAT (' BERiEGR OCCJIRAED IN LIO0? 3, PHLH?)

EETURN

END

R A e e
TR e ]
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SU3S2QC0TINZ 3ADARC

CREEE S SR IR TSRS RRA SRS ZIET AL FASFACR S L LTRSS LRSS SR LIS FFEN SN INENS SEEL TR ES

c
C THIS SUB20UTINZ CALCULATES THE ANPLITODZ~-WEIGETZID PADAR
c PETORN 7O DETERMINZ THE R2ADAR CENTER OP GRAVITY (RADAZC).
C PORNULA NSED IS (SJYM GF VOLTAGES TIMES ANGLZ AT THAT

[of VOLTAGE) DJIVIDZD B8Y (SJN OF THE VOLTAGES).

<

C

CSECOSRNPSS LS LR EL SN S LR AT AN PSS RAPE IS EANAFEL NS I A RN AU RSSO ASSL SN ARURAEREENRE
COMYON /ALL/ EL, aZ,BANGZ,0PTION,LABEL,ELJIM,AZDI%,ZLS5CAY,DFLTA
COM30N /2ADR/ PEL,PAZ,C3LOCZ,CBLOCA,GRANZ,53ANA,A234¢,2L34,L2CK
DOU3LE PIBCISION EL(49),AZ(43),7OLT (43)
INTEGER ELDIY,AZDIN,QPTION(S),DIN,Z2LSCAN
RCGEL=0.0
IP(2LSCAN.TQ-1)GO T0 3
SUNITH=I. O
S04W=0,0
J=1
DIN*ZLDIY
CENTEZR=(DINe1) /2.

GRAN=GRANE
PANGLE=CBLOCE
DO 2 I=1,DIx

2 VOLT (I} =%L(I)

1 DO 10 I=),DIY
SONATH=SUSITH+ VOLT (1) * ((I~CINT 2} *GRAN+PANGLE)

10 SURE=STMU+SHSL (VOLT (L))
IP(J.E2Q.2)G0 TO 20
RCGEL=STINYTH/SUNY

3 SUNITH=0.0
SuN#=0.0
J=2
DIN=AZDIN
CENTER=(DI%e1) /2.
GRAN=GRANA
PANGL2=C3LOCA
DO 11 I=1,DIN

11 YOLT (I)=AZ (T)
GO TO 1

20 BCGAZ*SUNATH/SUSR
LABZL=)
CALL 23iR0O3(3CGZIL, ICGAZ)
RETOAN
28D
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SUB20QUTINZ Z3I0A(ICE,PCA)

AL ETEE LR R R RN R R R R R R R R R Y e R RS R PR P RS 2SS

TATS SU3ROUTINZ CALCULATES THE ZRAOR BEITJIIZN THI LCCATION
TERMINED BY ITH42 ESTIMATOP SJEBR0UTINES
TO THE ACTOAL LOCATION OP THE TARGET AS SZIN 3Y THYZ ZADAR.

C
c
C OF THE TARGEIT CEINTROID DE
o
<

(B R R R ERR SRS AR RS R R R R R RA RS RE R I RS R RS A RS R R ERERYRRREESNEREEENY N
CONMON /ALL/ EL, aZ, RANGE,OPTION,LAZEL,ELDI®,AZDIN,IL5CAN,DELTA
COYN0ON /EADR/ ¢EZL,?4Z,C3LOCE,C3LOCA,S3RAN2Z,G2A8A,A234W,EL24,L0CK
CONM0ON /FILZIT,/ XMEAN,XMED,XIADRC,X12D0B,(SDRV,SNRAZ,?2LS12,

*PLS?D,PLSSC, DMEAN,DNED, DRADRC, D120B,350RV
COMMON/POURIV/COUNTE,COUNTA, ODZE,MODEA, 9SD2V,SNREL,S00E12,M000 12
COMACN /RTA/ 40,5a4%80,CHI,X0,Y0,20
DOOBL2Z PRECISION EL(43),AZ(49)

INTEGEI QOPTION(S),ELDIN,AZDIN,COUNTA,COGYTE, 2LSCAN,2LS512,2LSFD,

*PLSSD
RADD26=57.29578

ZRROR CALCOLATION

00y

ER3IEL=TCE-PEL
ERRAZ=PCA-PAZ

BLA= GANGZ*SIN(ZRIZL)
AZ3=BANGZ*SIN (ERRAZ)
TCED=TCE*IADDEG
PCAD=2CA®3ADDEG
PELD=PEL*RADDEG
PAZD=PAZ*RADDES

IP (MCDEA.EQ.Q) ERRAZ=1271

C CONVEZRTING TO MILLIRADIANS

ZRREL=22REL*123
ERRAZ=ERRAZ®1E3

IP (LABEL.2C. V) XNEAN=EREAZ
IP(LABEL.EQ.2) XUED=ERA AL
IP(LABEL.EQ.3) XRACRC=ELRAZ
IFP (LABEL.Z2Q.4%) X12D3=ER8AZ
IP(LABEL.ZQ.5) XSDORV=ERRAZ
IP(LABZL. EQad) PL312=COONTA
IP(LAB2L.2Q.5) PLSSD=COINTA
TP(LASEL.EC. 1) DSEAN=AZY
IF(LABEL.2Q.2) DBED=AZN
IP{LAB2L.2Q.3)J3ADRC=AZY
IP(LABEL.EZC.4)D12D0B=azZn
IP(LAQEL.2C.5)0SDav=A2ZN

QUTPUT ZREOR DATA

ann

I? (LABSL.23.3) SODRE=3
IP(LABEL.EQ.3)3002A=3

JRITE(65,1) BANGS,TQ, SNREL,S¥AAZ,P2LD,2A2D
IP(LABELL2Q.1) WRITE (6,2}

IP (LABEL.ECQ.2) dRITE (6, 3)
IP(LAS2L.2Q.3) dRITZ (6,4)
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IP (LABEL.EC.d4) 4RITE(6,6) YODE12,90DA 12, COUNTE, CRUNTA l
IP(LABEZL.EG.S) 425 TE (6,5) 002X, NODEA,COUNTE,CCUNT A

IP (2LSCAN.EQ.1)GO TO 11

IP (ODZE. NE. ) 48 TE (6,7 2CED,ERREL,ELY

17 (MODEB.EQ.J) 9RITE (6, 3) '
IP (MODEA. NS.0) YRITZ (6,9) PCAD,ZRBAZ,AZE

IP(30D2A.2Q.0) 43ITE(6,19)

PORNAT (278.2,2X,P5.1,1X,P5.1,1X,76,2,3Y,%6.2,2%,'1 "}

FORMAT (*+',49%," NEAN', 24K, % |",28X,%) )

FORMAT (*¢',49X,*  SMEDIAN® ,23X,0|%,2uX,0|")

PORMAT ("+',49X,*  BADARCG®,22X,'}1',28X,'])")

PORMAT (*41,49X,211, VX, *SDRY!,1X,282,20X, *|*,2uY,%}")

FORMAT (' ,43%,20%,1X,'1208" ,1X,272,20X,%|!,24X," (")
PORMAT(*+*,63X,P6.2,15%,G10.3,1X,?7.2)
PORMAT(*+',73¢,P6.2,29%,610.3,2X,27.2)

PORMAT (*+*,85K,'®3EJECTED®" ,2X, ' *REJECT*")

PORMAT (*+*, 138X, **REJ ICTED',3X, 'sREJECT®Y)

RETURN

END
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SUBRCOTINZ SORV (INIT, NOISE)

COMMON /ALL/ZL,AZ,3ANGE,OPTION,LAB2L,ZLOZIN,AZDCIY, ZLSCAN,DELTA
COMMON/®ADB/P2L,PAZ, CELOCE,CBLOCA,GRANE, GRANA,AZBW, 2L BY, LOCK
COMMON/POUEI7/COUNTE, CCUNTA, YODEZ,90DEA, ¥5DRV,SNPEL,NODE12,40DA12
SSAL*S EL(49),A2(49),VYREP, VLT (4) /u%0.2DO/, YOLT (2,49) /9320.200/,

®*VEND,S08

INTEGER SLDIN,AzOIN,OPTION(S),A,3,C,0,DI%,ELSCAN,PULSES,Q,

*COONTE,CONNTA,COUNT,80D22,%0DEA

RZAL NOSLIN, N

CeEs S SRS S 0NN REERR NS EIRRTALNRNERR IR S RE NP EREISEE AL AR I ENERESASTEN SIS SIS

c
c
c
C
C
C
C
c
C
C
c
c
c
C
C
C
C

30

TRIS SUBRCUTINE CALCILATES AN ISTINMATE OP THE TARGET CZINTROID
POSTITION BASED CN TH2 SAAPZ OF THE RETURN.

TRZ CENTROID IS CALCILAT2D AS POLLCWS:
HALP? THE SCAN IS BROKEN INTO FOOR 'WINDO@S‘'. THE RETI2NS PSOY THE
BEAY PQINTING LOCATIONS INSIDE THE WINDOWS ARE A7VERAGED TOGETHI?
70 OBTAINY POUR MZAN VALJDES. THZISEZ POUR MZAN VALUES ARZ EXPECTED 20
TAKEZ ON ONE HALP OF 1 BELL SHAPE. AN EDGE IS PLAC2D AT THZ PCINT
OF MAXINJM SLOPZ2, OR WHZIRE THEZ SECOND DEZRIVAIIVZ CHANGES SIGN. IF
NO CHANGE IN SIGN OCCURRED, OR IP THE MAYX SLOPE TAS SELCW THE
SO0ISZ CAITERION, THE WINDOWS ARE SHIPTED AND THAE PROCESS REPEATED.
THE 4INDOWS ARE ALLOWED TO SHIPT TRO WINDOW WIDTYS PR0M THEI ENC OPF
THZ SCAN, OR TO THZ FEDGE. A SCAN BZJECTED DOZ TO 54APEZ OF NOISE
IS TAGGED MODE=Q. IF A CENTROID IS CALCOLATED, Id4E S5CAN I3 TAGGED
MODE=2,

SRS LISV VLRSI LV LB ALIEET T LSNP RAS B A RXBENSES A SR FEEISEESLE LS IS RE IV ERNSERERTS

NOSLIN=0.3838*1.5
IP (INIT.ZEC.1) GO TO 30
VREP=Q.

Ssua=).

N=0.

VEND=0Q.

MODEZ=(

MODZA=Q

CcogNTE=0

COUNTA=0

TCE=0.0

PCA=0.0

DO t Is=1,AZ018
FOLT (2,I)=AZ (I}
IP(ELSCANLBQ.1)G0 20 12
DO 2 I=1,2LDIN
YOLT (1,I) =EL(I)
DIB=ELDIN
GRANSGRANE
B¥s=ZLB2

Js 1

I=1

INC=1

PIDGE=J.0
S2DGE=)J.0

CONCSESSSE SIS NSISSEESE NS ESIEEEAISSEANTICCSRNESISNEETLIRSIRQuRESSNEOStan

nnNnnon

SEGIY MATIN LlCCP

PIND SIZEZ OF VINDOW AND DETERNINE NECZSSARY DPARINEIT2RS
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c.‘.l."‘..‘.‘..‘.‘.l.l'.l.“.““...‘.l.‘-‘.‘...‘...l“.."..O.l‘...‘l.

[of

C TO DBTERMINZ TYZ2 PAOPER SIZE WINDOZ, RS PIRST NZID TO CALCOULATE
[ TAZ OPTINUM 4INDOW SIZE2 WITH A “LOCKZD ON™ ANTZNYA 3S2a¢, THZ

C CENT2ZF BEAM POINTING LCCATION BZING NORMAL ON TRE TARGET.

C IP AN OUNLOCKED ANTENNA BEAN IS US2D, THE OPPINUM JINDOW SIZZ 1S
[ TH® SASZ AS IN THE LOCKZD ON CASE. WdE THENY DETEPNMINZ TEZ MAXINUN
c NTUN823 OP 3BAY LOCATIONS WITH THE WIDER GRANJLARITY TO SAINTAIN
C THE OPTINOM 4INDOW SIZE.

(o
<

ST SEEUEEREEAESIE ISR ESL SN EES ST RERNTEENST PSS SCEESSECNNUESEEIEENSERYIEERD
SIDPT=(DIA+T) /2
AUTH=PLOAT (SIDPT) s4.0
AYTHMI=AINT (A4 7TH)
REMAIN= (A4TY-AUTHAI) ¢4,
PULSES=INT (A4THNI)
LIMIT=DIN-6*PULSES
COONT=4=POLSES~-1
Q=9
1? (LOCK.BQ.1) GO TO &
GRANOP=2.%B84*0.0174533/(FLOAT(DIN)~1.)
VIDTHO=PULSSS*GRANOP
PACTOR=ZIDTHO/GRAN-AINT(WIDTHO/GRAN)
IP (PACTOR.GT.0.75)PULSRS=INT (VIDTHO/GRAN) ¢ 1
I? (PACTOR.LZ4J.75)POLSES=INT (WIDTRO/GEAN)
IP (POLSES. EQ.0) POLSES=1
LINIT=0IN~-6*PULSES
COUNT=4sPULSES-1
Cl‘.tll.‘lt‘.t."lt’lll.‘..'tilt..t‘l.!..‘.‘..l.tt.."..l-.“-t-nutll.l'
¢
c BEGIN INNER LOCP?
c
C'..“‘lt.‘l‘..tl..‘-l'."U".tl.ll‘ttll"t'.‘.....t.t‘l“‘l-‘.t-l"l‘t.
o
c CALCOLATZ VOLTAGE #INDOWS
C
C.‘.l-.lt..ta-'t.‘..“l‘.l.."‘ttt-..‘l.’....““l.‘l"."t..t-.ﬁ.‘-‘.l‘
4 IP(QeBC.LINIT.OR. (INC.2Q.-1.AND.I.LE.INT (PEDGZ)})E0 TO I
COUNT=COGNT+1
Q=Q+1
20 5 JJ=1,8
S 7LT(JJ)=0.000
DO 7 JJI=t, 4
K=I+ (POLSES*(JJJ=1))
TP (JJT.EQe1-AND.INCLEQ. 1) YEND=VOLY (J,K)
L=I+POLSES *JJ3-1
IP(J3J.2Q.4 AND.INC.EQ.~1) YEND=TOLT (J, X)
1P (JJJ.EQ.2) HIT=PLOAT (L) #0.5
DO 6 II=K,L
§ VLT (JJJ) sVLT(JJJ) +VOLT (J,I1I)
7 VLT (J3J) =VLT (JJJ) /PLOAT{POLSES)
IP(INC.EQ.~1) GO TO 38
As)
B=2
C=]
D=4

[—
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GO T0O 9
9 A=y

8=3

C=2

D=}
Ml L T T TR R R Y P P L PP Y
[«
[« PIND DERIVATIVES
C

COES2 58222 ARRSALRESBEXS SR EL RABIL ST IS PSS AR TS IE T LA SSSTESISENESEFFEREEEEE

TH® PIRST DZRIVATIVE OR SLOPE 3ETWIEN TWO ADJACEINT WINDOM
70LTAG®S IS THE INNER 4INUS THE 00TZR 70LTAGZ, DIVIDEZD 5Y A ONIT
ANGLZ. THZ SECOND CERIVATIVE OR RATZ OFP CHANGE OF SLCPE IS THET
INNER MINOS THZ OCTER PIARST DERIVATIVE. SINCE THE MaXinus SLO2:
0CCO3S WHEN THZ2 SECOND DERIVATIVE IS ZERO, sE LOOK POR THE CHANGE
IN SIGN OF THE SECOND DERIVATIVE.

I? THE CHANGZ IN SIGN IS ¥OT POUND, OR IF THE SAXINON SLOPE IS

LESS THAN THE NOISE CRITERION, THE WINDO4S ARE ADVANCZID OR THE
SCAN REJECTED ACCOBDINGLY.

S SEESSEE AR SENIBIST SN ESERASSOESI IR SIS EEESEEESEVEISSSSEETUSESEEISEERS

REJECT SCAN I[P MEAN VOLTAGE 3 IS BELCV THE VOLTAGEZ REPERINCE.

NN OONOHNNNANONNNO0

SRS SLRIETENLISHINSESEPALE IS SAITSSSESIENS ST EEIESESSENAESEEENORAsC S
9 IP(VLT(B).LT.VREP) GO TO 10
TDAB=SNGL (VLT (B)~VLT (1))
FDBC=SNGL (VLT (C)-VLT(B))
SDB=FDBC~-PDAB
I?P(S0B.LT.0.0)G0 TO 10
FDCO=SNGL (VLT (D) =VLT(C))
SDC=PDCD-PDBC
IP(SDC.6T.0)GO TO 10
IP (NOISE.2ZQ.1.AND.PCUBC.LT. NOSLIN)GO TO 10
. IP (POLS2S. NE. 1. AND. PDCD.LT.0.0)GO 70 10
IP(INC.2Q.=1)GO TO 14

PEDCE=AIT
e L L P T TR T T Y Y P T PR T L TPy Yy
c
c SETUP POR SECOND EDGE
<

CP s s aas s tssEN s NSRSt s NN SES PSSR SN ES IS SRNSSESERUESSARUntESstusanss
I=DIN-4*PULSES!
Q=3
INC==1
COONT=COONT+USPULSES-
GO T0 &

ADVANCE FINDOJS

non

10 IsIsINC
SOE=3S08+ 724D
| o8 L
TRrr=So8/Y
GO T0 o
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C‘.... SESN S ACALSENSE IR SUNUEISURICORN EOOIEEESLSITISPINERISNNOERSNESEITPIES

[«
C I? TH2 PROG3AN REACHZEZD THIS POINT, THEN NC SZT OP
c RETORNS PAS3ED THE CRITERICN PCR THIS STald.
C
Cees It susssatsnststssssssniissNsssussssessstnsvssssetastssstssasnssensss
11 IP(J.22.2)G0 TO 1)
COONTZ=CQUN?
4002Z=0
CeSss0AsseNEIsEARTSE0ITISNE RISt ansIsEssstsuseNssIuTsInstststssssncssssss
[
C S2T0P POR AZINUTH

~
-

CEEC S S NSISRIBSNCAIUSSEFFACSVES ST USESCECESCISPSEIIPEUSSIESITEPEERSENERIEER

12 DIn=AZDIN
GRANSGRANA
8d=A28%

Js2
GO TO0 3

13 #0DE2A=(
COUNTA=COUNT
GO TO 16

CESINSSREESENITEPIVASESEI R SES PSS USEETIEICIERRPINEITIBORRRESSRsEsOIRSRERS

~
-

[« PIND TARGET CEINTER
c
COSESL2ERSSESSSESSENEETSEIIURIELSSASS2ES RSN ESRESEEISRIUSESINRISESINES
16 SEDGE=HIT
I? (J.BQ.2) GO 10 15
TCE=( (SEDGE+PEDGE) /2. -FLCAT (BIDPT) ) *GRANZ¢C3LOCE
RODE%=2 :
COONTE=COUONT
GO TO 12
15 PCA= ((SEDGEZ+FEDGE) /2.-PLCAT (NIDPT))*GRANA+C3LOCA
80DZA=2
COUNTA=COONT
16 LABEL=S
CALL ZRR01(TCZ,PCR)
RETURN
IND

-~——

-

anr- e

)

»

tma’ 4 ..‘



END
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