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ABSTRACT

This report evaluates the performance of five digital range
rate filters. A range rate filter receives an input of range data from
a radar unit and produces an output of smoothed range data and its
estimated derivative range rate.

A comparative study of the filters is made through simulation
on an IBM 370. Twe of the filter designs are also implemented on a
6800 microprocessor-based system.

Comparisons are made on the bases of noise variance reduction
ratios and convergence times of ‘the filters in response to simulated range

signals.



APPENDIX VIII
TABLE OF CONTENTS

APPROVAL PAGE . & v v v v v v v v v e v e e s o s et e e e e e a id
Y I . N kA
TABLE OF CONTENTS . &« v v v i e v s o vt ot e e o et e s e a e e v

LIST OF TABLES . & & ¢ v v 4 ¢ v o o o o o o = e e e e e e e e e . vi
LIST OF ILLUSTRATIONS . . . . . . . e e e e e e s e e e e e e e X
I. INTRODUCTION . . v i ot e et e e e e e e e o s o e e v e o 1
IT. DESCRIPTION OF FILTERS v & & ¢ v ¢ 4 v ¢ o o o o o « ¢ o v » 3
A. Filter T - Constant Gains and Band11m1ted
Differentiator . . . . . . + « ¢« ¢ . . . .. 3
B. Filter 2 - Alpha Beta Tracker . ., . e e e e e s 5
C. Filter 3 - N Sample Smoother and Cascaded
Simple Average Smoother. . . . . . . . . . . 8
D. Filter 4 - Digital Tracking Filter . . . . . . . . .. 10
E. Filter 5 ~ Digital Tracking Filter
with Skip Sampling . . . . . . . . . . . .. 1
ITI. 1IBM 370 COMPUTER SIMULATIONS . . . . . - + « + « . . . e e .. 14
A. Description of Simulating Program . . . . . e e e e s 14
B. Test Conditions . . . & & v ¢ v ¢ 4 v v v v v v o a u ™ 16
C. Test Results . . & & v v v v o i et s e e e v s e u s 17
1. Filter 1 . . . .. e e ks e e e e e e e e e e e 20
2. Filter 2 . v i i it e e e e e e e e e e e e .. 62
3. Filter 3 . . . . v v v o v o .. e h e e e e e 95
4, Filter 4 ., .. . .. .. e e e e e e e e e e 105
5. Filter 5 . . .. ... . . .. e e e e e e e e e 114
IV. MICROPROCESSOR SIMULATIONS . . . &« v v v v 4 v v 6 v v v e u s 125
A. Description of Microprocessor System . . . . . e« . . 125
8. Description of Simulating Pregrams . . . . . . . . . . . 125
T. Program FILTERS3 & v 4 ¢ ¢ v v ¢ o o o ¢ o o o + o 126
2. Program FILTERS . . . . . . . . .. O 0
C. Test Conditions . . . . « ¢ v ¢ v v ¢« o v v v v v v o 133
D. Test Results . . . . . e e e ke e e e e i e e e e e 134
T, Filter 3 . . v e e e e e e e e e e e e e e e 134
2. Filter 5 . . . . . o . .. O Y
CONCLUSIONS AND RECOMMEMDATIONS + v &« v v 4 v v o v o « o o o o o « & 147
REFERENCES . . v v v v vt t e e e v e v e s b e e e e e e e e e . 143

iv



BIBLIOGRAPHY & & v v v i i e e i e e e e v e v e e e b s e e e 144

APPENDIX A, PROGRAM FLT . & & v o v o v v v e o o 6 o s o o u o o » 145
APPENDIX B. PROGRAM FILTER 3 . . v . v o v v v v v v o v v v 0 v 168
APPENDIX C. PROGRAM FILTER 5 . . ¢ v ¢ ¢ o v v ¢ v v o o v 0 v o & 184
APPENDIX D. VARIANCE REDYCTION RATIO PROGRAM . . . « . . o ¢« ¢ . 200
APPENDIX E. NUMERICAL INTEGRATION . . . . v « v ¢« v v v o v o v o 202



TABLE

TABLE

TABLE

TABLE

TABLE

TABLE

TABLE

TABLE

TABLE

TABLE

TABLE

TABLE

TABLE

TABLE

TABLE

TABLE

Il.

II1.

Iv.

\’ L]

VI.

VII,

VIII.

IX.

XI.

XII.

XIII.

XIV.

XV.

XVI.

LIST OF TABLES

Page
Filter 1 Range Standard Deviations(ft.)
at 2500 samples/sec. . « .+ « v & o - . c e e e e 22
Filter 1 Range Rate Standard Deviations(ft./sec.)
at 2500 samples/sec. e et e e e e e e e e e . 23

Filter 1 Maximum Range(ft.) and Range
Rate(ft./sec.) Errors at 2500 samples/sec. . . . . 24

Fitter 1 Range and Range Rate Variance
Reduction Ratios at 2500 samples/sec. . + « « « + « 25

Filter 1 Range Standard Dev1at1ons(ft )
at 2500 samples/seC. « ¢« o ¢ « + & 1

Filter 1 Range Rate Standard Deviatiens{ft./sec.)
at 2500 samples/sec. .« « v v v o o o « o - §

Filter 1 Maximum Range(ft.) and Range
Rate(ft./sec.) Errors at 2500 samples/sec. . . . . . 28

Filter 1 Range and Range Rate Variance Reduction
Ratios at 2500 samples/sec. . . . . . . . . -

Filter 1 Range Standard Deviations(ft.)
at 6.25 samples/seC. . v v v 4 4 e e e w e e e e e 42

Filter 1 Range Rate Standard Deviations({ft./sec.)
at 6.25 samples/Sec. .+ . v 4 ¢ v 4 o 4 e e w0 s . . 43

Filter 1 Maximum Range(ft.) and Range
Rate{ft./sec.) Errors at 6.25 samples/sec. . . . . . 44

Filter 1 Range and Range Rate Variance
Reduction Raties at 6.25 samples/sec. S :

Filter 1 Range Standard Dev1at1ens(ft )
at 6.25 samples/Sec. .+ + v v v v e v e e e e e a 46

Filter 1 Range Rate Standard Deviations{ft./sec.)
at 6.25 samples/sec. + « v v 4 v . . . B Y4

Filter 1 Maximum Range{ft.) and Range Rate(ft /sec. )
Errors at 6.25 sampies/sec. . v ¢ v ¢« 4 4 4« . . o 48

Filter 1 Range and Range Rate Variance
Reduction Ratios at 6.25 samples/sec. . . . . . .. 49

t

vi



TASLE
TABLE
TABLE
TABLE
TABLE
TABLE
TABLE
TABLE
TABLE
TABLE
TABLE
TABLE
TABLE
TABLE
TABLE
TABLE

TABLE

XVII.
XVIII.
XIX.
XX.
XXI.
XX1I,
XXIII.
XXIV.
XXV,
XXVI.

XXVII.

XXVIII.

XXIX.

XXX.

XXXI.

XXXII.

XXXIII.

Filter 2 Range Standard Deviations{ft.)

at 2500 samples/seC. .« v v v ¢ 4 o 4 o 4 &

Filter 2 Range Rate Standard Deviations(ft./sec.)

at 2500 samples/sec. e h e e e e e e

Filter 2 Maximum Range(ft.) and Range
Rate(ft./sec.) Errors at 2500 samples/sec.

FiTter 2 Range and Range Rate Variance
Reduction Ratios at 2500 samples/sec. . .

Filter 2 Range Standard Deviations(ft.)
at 6.25 samples/sec. . + v « 4 ¢ v . . .

LI } LI

Filter 2 Range Rate Standard Deviations{ft./sec.)
at 6,25 samples/SeC. « ¢« v ¢« v o v v e 4 4 e 0w .

Fitter 2 Maximum Range(Ft.) and Range
Rate{ft./sec.} Errors at 6.25 samples/sec.

Filter 2 Range and Range Rate Variance
Reduction Ratios at 6.25 samples/sec. . .

Filter 3 Range Standard Deviations(ft. )
at 2500 samples/seC. « ¢« ¢ 4 o o « o o

. . . .

- a2 = »

Filter 3 Range Rate Standard Dev1at1ons(ft /sec.)

at 2500 samplies/sec. . . . . . . e .

Filter 3 Maximum Range(ft.) and Range
Rate{ft./sec.) Errors at 2500 samples/sec.

Filter 3 Range and Range Rate Variance

Reduction Ratios at 2500 samples/sec. . . .

Filter 3 Range Standard Deviations(ft.)
at 6.25 samples/sec. . . .« . . .+ . . .

Filter 3 Range Rate Standard Deviations(ft./sec. )

at 6.25 sampleés/sac. . . .+ . v s ¢ 0 0 .,

Filter 3 Maximum Range(ft.) and Range
Rate(ft./sec.) Errers at 6.25 samples/sec.

Filter 3 Range and Range Rate Variance
Reduction Raties at 6.25 samples/sec. .

Filter 4 Range Standard Deviations(ft.)
at 2500 samples/sec. . . ... e e e s

vii

* & & =

64

65

66

67

82

83

84

85

97

87

98

98

101

101

102

102

106



TABLE XXXIV.

TABLE XXXV,

TABLE XXXVI.

TABLE XXXVII.

TABLE XXXVIII.

TABLE XXXIX.

TABLE XL.

TABLE XLI.

TABLE XLII.

TABLE XLIII.

TABLE XLIV.

TABLE XLV,

TABLE XLVI,

TABLE XLVII.

TABLE XLVIII.

TABLE XLIX.

TABLE L.

Filter 4 Range Rate Standard Deviations(ft. /sec )
at 2500 samples/SeC. v v v ¢« 4 v v e 0 8 e e a4 .

Filter 4 Maximum Range{ft.) and Range
Rate(ft./sec.) Errors at 2500 samples/sec. . . . .

Fitter 4 Range and Range Rate Variance
Peduction Ratios at 2500 samples/sec. . « « « . . .

FiTter 4 Range Standard Deviations(ft.)
at 6.25 samples/sec, e e e e e e e e

Filter 4 Range Rate Standard Deviatiens{ft./sec.)
at 6.25 samples/Sec. . v v « ¢ ¢ ¢ s 0 s e 0 s . .

Filter 4 Maximum Range(ft.) and Range
Rate(ft./sec.) Errors at 6.25 samples/sec. . . . .

Filter 4 Range and Range Rate Variance
Reduction Ratios at 6.25 samples/sec. e e e e s

Filter 5 Range Standard Deviations(ft.)
at 2500 samples/sec. . . 4 . v o e e e e s e e e

Filter 5 Range Rate Standard Deviatiens(ft./sec.)
at 2500 samples/sec. et s s e e e a e s e e e

FiTter 5 Maximum Range(ft.) and Range Rate(ft./sec.)
Errors at 2500 samples/SecC. .« « 4 v ¢ ¢« 4 0 0 e s .

Filter 5 Range and Range Rate Variance
Reduction Ratios at 2500 samples/sec. . + + ¢ +» « .

FiTter 5 Range Standard Deviations(ft.)
at 6.25 samples/sec. e s s v s e e b e e e e

Filter 5 Range Rate Standard Deviations(ft./sec.)
at 6.25 samples/sec. e s s e s e e s s e e e

Filter 5 Maximum Range{ft.) and Range
Rate(ft./sec.) Errors at 6.25 samples/sec. . . . .

Filter 5 Range and Range Rate Variance

Reduction Ratios at 6.25 samples/sec. . . . . . . .

Filter 3 Range Standard Deviations(ft.)
at 6.25 samp1es/sec. e e e e e e e e e e e e

Filter 3 Range Rate Standard Deviations(ft./sec.)
at 6.25 samples/Sec. . v v v v e b v 4 i e e 0w e

viii

. 106

. 107

107

. 110

. 110

. 111

1

117

17

118

118

121

121

122

122

. 135

. 135



TABLE LI.

TABLE LII.

TABLE LITI,

TABLE LIV,

Filter 3 Range and Range Variance Reduction

Ratios at 6.25 samples/sec.

L ] « *» 8 n L] -

Filter 5 Range Standard Dev1at10ns(ft )

at 6.25 samples/sec. . .

Filter 5 Range Rate Standard Deviations(ft./sec.)

¢« = =

at 6.25 samples/sec. . v e

Filter 5 Range and Range Rate Variance Reductiun

Ratios at 6.25 samples/sec.

ix

a *+ & & & -

L - - -

136

138

138

139



FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
"FIGYRE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE

Filter
Filter
Filter
Filter
Filter
Fitter
Filter
Filter
Filter
Filter
Filter

- Filter

Filter
Filter
Filter
Filter
Filter
Filter

Filter

- FiTter

Filter
Filter
FiTter
Filter
Filter

—

LIST OF ILLUSTRATIONS

{continuous system) . . . . « = ¢« . R

(discrete system} . . « ¢« « v 4 o o . ...

(Constant Gains) at 2500 samples/sec. . . . .
(Constant Gains) at 2500 samples/sec. . . . .
{Cosntant Gains)} at 2500 samples/sec. . . . .
(Constant Gains) at 2500 samples/sec. . . . .
(Constant Gains) at 2500 samples/sec. . . . .
(Constant Gains) at 2500 samples/sec. . . . .
(BLD) at 2500 samples/sec. « « « +v « « « . -
(BLD) at 2500 sampleés/sec. . « « . + « . ..
(BLD) at 2500 samples/SeC. + v o o« o o « « «
(BLD) at 2500 samples/S€C. . « v v v & « «
(BLD) at 2500 samples/sec. . . . . . . ..
(BLD) at 2500 samples/SeC. « v v « v « & « &
(Constant Gains) at 6.25 samples/sec.
(Constant Gains) at 6.25 samples/sec.
{Constant Gains) at 6.25 samples/sec.
(Constant Gains) at 6.25 samples/sec.
(Constant Gains) at 6.25 samplies/sec,
(Constant Gains) at 6.25 samples/sec.

(BLD) at 6.25 samples/sec. . . . . . i e



FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE

FIGURE,
FIGURE :

FIGURE
FIGURE
FIGURE
FIGURE

FIGURE 2

FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE

26
27
28
29
30
3
32

34
35
36
37

39
40
47
42
a3
44
45
46
47
48
49
50
51

Filter
Filter
Filter
Filter
rilter
Filter
Filter
Filter
Filter
Filter
Filter
Filter
Filter

Figure

Filter
Filter
Filter
Filter
Filter
Filter
Filter
Filter
Filter
Filter
Filter

Filter

N =t e

N DN

(BLD) at 6.25
(BLD) at 6.25
(BLD) at 6.25
(BLD) at 6.25
{BLD) at 6.25

at 2500 samples/sec.

at
at
at
at
at
at
at
at
at
at
at
at
at
at
at
at
at
at
at
at

2500
2500
2500
2500
2500
2500
2500
2500
2500
2500
2500
2500
2500
6.25
6.25
6.25
6.25
6.25
6.25

.25

samples/sec.
samples/sec.
samples/sec.
samples/sec.
samples/sec.
sampies/sec.
samples/sec.
samples/sec.
samples/sec.
samples/sec.
samples/sec.
samples/sec.
samples/sec.
sampies/sec.,
samples/sec.
samples/sec.
samples/sec.
samples/sec.
samples/sec.

samples/sec.

xi

samplas/sec.
samples/sec.
samples/sec.
samples/sec.

samples/sec.

57
58
59
60
61
68
69
70
71
72
73
74
75
76
77
78
79
80
81
86
87
88
89
90
91



FIGURE 52 - Filter 2 at 6.25 samples/SeC. « v v ¢ v o + « = o « » » 93
FIGURE 53 - FiTter 2 at 6.25 samples/sec. . . « « ¢« ¢« v ¢« « « . .. 94
FIGURE 54 - Filter 3 at 2500 Samples/SeC. . v o v v v o v o v v o 99
FIGURE 55 - Filter 3 at 2500 samplies/SeC. v « o + ¢ ¢ « o o » = « & 100
IGURE 56 -~ Filter 3 at 6.25 samples/sec. . ¢ v v v « o & 4 & & . . 103
FIGURE 57 - Filter 3 at 6.25 samples/sec. . . . . . . e e e e 104
FIGURE 58 - Filter 4 at 2500 samples/seC. . . « « « v « v . « . . . 108
FIGURE 59 - Filter 4 at 2500 sampieS/SeC. + v v s v ¢ o « o ¢ o o« & 109
FIGURE 60 - Filter 4 at 6.25 samples/sec. . . v & ¢ v o ¢« o o « o & 112
FIGURE 61 - Filter 4 at €.25 samples/SeCe v v v o 4 v o « o o o o o 113
FIGURE 62 - Filter 5 at 2500 samples/sec. . . . . . O B 3
FIGURE 63 - Filter 5 at 2500 samples/SeC. .« v v ¢« o ¢ o o « o o o+ » 120
FIGURE 64 - Filter 5 at 6.25 samplesS/SeC. . v & v v 4 o o v o o 4 & 123
FIGURE 65 - FiTter 5 at 6.25 samples/SeC. .+ v ¢« ¢ « o 4 « v ¢ o & « 124
FIGURE 66 - Fiowchart for program FILTER 3 . . . . + ¢ . v o v . . 129
FIGURE 67 - Flowchart for program FILTERS . . . . . . ... ... 132

xii



I. INTRODUCTION

The range rate filters distussed in this report are digital fil-
ters designed to accept a digitized input from navigational equipment,
representing a range value, and to output a smoothed range value and its
estimated derivative, range rate. Five filter designs are evaluated.
Each is based an different design concepts; hence, the filters have
widely varying capabilities.

The purpese of this report is to present a comparative study of
the five digital range rate filters. With this in mind, a sactien
detailing the theory of operation for each filter is provided. As a
comparative study, the main ebjective is to present actual test data in
such a manner that direct comparisons can be easily drawn,bétween the
widely varying filter types. Based on this data, conclusions are made
as to Tilter berf@rmance in terms of variance reduction raties, conver-
gence times and ease of jmplementation.

The report is divided inte two major sections -- full-scale
computer simulatiens and microprocessor simulations. In the first section,
the five filter designs are implemented on an IBM 370 computer. Given
the higher precisien available en a full-scale cemputer, these simula-
tions represent best case results. Each filter is subjected to the same
tests performed at two sampling rates: 2500 samples/second and 6.25
samples/second. The data is presented intables for each filter.

From the information obtained from the full-scale computer simu-
latiens, two filter designs are chosen to be implemented on a micropro-
cessor based system, The Ti¢i:3tions on speed and word size imposed by

the microprocessor require special attention be given to programming the

1



2
filter algorithms. The resulting simulation data is presented along with

equivalent IBM 370 simulation data for direct comparison.



II. DESCRIPTION OF FILTERS

A, Filter1

Filter 1 is a digitized version of the continuous system des-

cribed by the transfer functions

skl + K2
ST+ Sk + K2 ()

1]

Hp(s)

| < RDOT . sk2 (2)
Hpr(s) = T = T sRT 7 2

for rangé and range rate, respectively. The bleck diagram for this analog

system is éhown below.

-= RDOT

Ll

FIGURE 1 - Filter 1 (continuous system)

The di#crete system is constructed by replacing the integrators in Figure
1 with discrete intagrators using Euler's approximatien. A delay must
also be added to the feedback Toop to make the system physically reali-
zable. This methed of mapping from the s-plame to the z-plane is

3



—= RDOT

~ RE

FIGURE 2 - Filter ! {discrete system)



discussed in further detail in Appendix E. The resulting discrete
system is presented in Figure 2. This system is characterized by the

transfer functions:

Ho(z) = RE _ ~ K1DT + K2DT2? - z~(K1DT) ° B
R M~ T+ 27T(-2 + KIDT + KeDT%)y + z-%(1 - KibT) (3)
RDOT .. K20T - z='(K2DT)

Ur(2) = TR = T FTCZ T KIDT ¥ K20T?)

The classification of filters described by equations (1) and
(2) is termed constant gains. This type of filter is simulated for five
sets of parameter pairs, K1 and K2. In addition, if the parameter pairs

are chosen such that

bvZ (5)

K1
and
K2 = b?, (6)

where b is a frequency scaling parameter, the constant gains filter

1

becomes a bandlimited differentiator. Filter 1 is also simulated

for five parameter sets chosen in accordance with equations (5) and (6).

B. Filter 2

Filter 2 is an alpha-beta tracking filter described by the

difference equations:



: ; — .l ——

RE(n) = RDI{n) + a (RM(n) - RDI(n)) (7)
RDOT(n) = ROOT(n - 1) + é%(RM(n) - RDI{n)) (8)
RDI{n + 1) = RE{n) + DT(RDOT(n)) (9)

A block diagram is presented in Figure 3.

RboT

FIGURE 3 - Filter 2

At the nth

sample peried three values are computed: the estimated
range at that sample period, RE{n); the estimated range rate at that
sample period, RDOT{n); and a predicted value of the range at the

(n + 1)th sample period, RDI(ml). The input value is RM{n), and

DTf is the sample interval. The response of this type filter is
controlled by the parameters w and 8. For this appiication, the re-

Tation



g = a2 (10)

is used to yield the maximum maneuver-following capabilities for a
given level of noise rej-ecti-on.,2 This results in the trade-off between
noise rejection and maneuver-follwing capability being controlled
by only one parameter, a.

The alpha-beta tracker remains a stable system for o and 8. .

bounded by3
a>0, 8>0and 2a+p8 < 4, (11)

For a = B = 1 ( a point on the curve denoted by (10} within the regien
specified by (11)), the system has a wide bandwidth and reacts quickly
to transients. However, the transient-following capability is offset
by poor noise rejection. The converse occurs for a << 1, where the
system is slow and has a comparatively low bandwidth. Noeise rejection
is much improved, buft the system reacts more slowly to transients.

The transfer functions for theé alpha-beta tracker are

Helz) = 7w = (12)
hoo(z) = ROOT _ 1 -t
RR\? M 0T TF (2 +a+ Bz (I -z (13)
RBI . (a+ )z} - az”2

HRP(Z) D (Z+a+Bz i+ (1-a)z 2" (14)



A - e

et |

where Hp is the transfer function feor the predicted range, RDI,

P
It is interesting to note that the transfer function Hpp for Filter 1
can be made identical te HRR for the alpha - beta tracker if the para-

meter pair K1 and K2 are chosen such that

@ = K1 * DT (15)
and

B = K2 * DT* , (16)

The range transfer functions, H for Filter 1 and HRP for
the alpha-beta tracker, are alse very similar in that thay differ
only by a facter of z- !, The main differenée between the two filters
is that the transfer function coefficients are dependent on sampling
rate in Filter 1 and independent of sampling rate in Filter 2, the
anhaneta tracker, Simulation verifies that the two filters can
be made to perform identically in the range raté mode and very closely

in the range mode.

C. Filter 3

A functional bleck diagram of Filter 3 is presented in Figure 4.
Eighteen registers containing the mest recent and the previous seven-
teen range inputs are used in a cascaded simple average smeother to
derive range rate. The sum of the six nldest range vé*ués is sub-
tracted frem the six most recent values. The result is a sum of six
terms in which each term is the c¢hange in range that occurs evéﬁ

twelve sample perieds, Divisien by six yields an average change in



{/6

{ 18|

————13-18 - - - -

1257 [

FIGURE 4 - Filter 3
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range over twelve sample periods. Further division by 12 * DT then
results in an estimated range rate value.

An N sample smoother is used to determine smoothed range. The
sixteen most recent range inputs are.aVeraged to yield a smoothed
range delayed by 7.5 sampling periods from the current sampling
period. The current range rate is used to determine a correction
term that is added to the smoothed range to update it to the current

sampling period.

D._Filter 4

Fitter 4 is a digital tracking filter constructed by decreas-
ing the number of storage registers and adding feedback to the design

of Filter 3. A block diagram of Filter 4 is presented below.

4

l— RDOT

FIGURE 5 - Filter 4

In this design the values contained in the four storage registers

now represent range errvor terms, rather than range terms, due to the
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addition of feedback. An average of these four registers is taken

resulting in an average range error term. This value is added to the

previous estimated range to yield the new estimated range. The

estimated range rate value is determined by dividing the average range

error term by the sampling period DT. The estimated range is then

fed back to the sampled range input to produce a new range error term.
Four is the maximum number of storage registers {samples)

that will résult in a stable systemo4

E,W_Fi1;er 5

Filter 5 is a tracking filter similar to Filter 4 except fdr
the addition of skip sampling. In this design, although the sixtieen
storage registers are still updated every sample instance, the range
feedback term is updated only every sixteen sample periods. Estimated
range and range rate are also available only at sixteen-sample-peried
intervals. A block diagram of Filter 5 is provided in Figure 6.

Every sixteenth sample, two range values are determined: ‘the
estimated range at that sample instant and the feedback range which
lags the estimated range by 7.5 sample periods. The feedback range
is subtracted from each of the next sixteen range inputs so that the
value in the sixteenth storage register-represents the change in range
over 8.5 sample perieds, and the valye in the fifteenth register re-
presents the change in range over 9.5 sample periods. This same pattern
continues through the. first storage register which contains the charige
in range over 23.5 sample perieds. An average taken of the sixteen
storage registers then yields a value that représents the smoothed

change in range over sixteen sample periods. This value is added to
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the present feedback range to determine the feedback range to he used
for the next set of sixteen range inputs. The smoothed change in
range over sixteen sample periods is then multiplied by the ratio
7.5/16, and the result is added to the new feedback range to yield
the estimated range for the present sample. The estimated range rate
can be derived by dividing the smoothed change in range by sixteen to
determine the change in range over one sample period. Division by the

sample period then yields the estimated range rate.
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IIT. IBM 370 COMPUTER SIMULATIONS

A. Description of Simulating Program

Program FLT is the FORTRAN program used in the I3M 370
simulations. In this program an initial range value and range rate
value are entered to create a range signal of constant slope. This
ramp simulates an object moving with constant velocity and is termed
the true or actual range. A randem number generator is used to create
an array of normally distributed noise values of specified mean and
standard deviation. Each filter is simulated for three range inputs.
Simulation RUN 1 tests the fiiter response to the ramp, RUM 2 tests
with the noise and RUN 3 uses a range input that is the summation of
the ramp and the neise.

Filter calculations are performed by subroutine CALC. This
subroutine alse determines the input range value for a given sample
peried., That value is entered into the filter algorithm, and an
estimated range and range rate value for that sample period are deter-
mined. The value IDI in the program determines how many times this
process is repeated before program contrel returns to FLT. CALC returns
to FLT the value at the most recent sampling period of the actual range,
the range input, the estimated range, the actual range rate and the
estimated range rate, These values along with the range error and
range rate error, as determined from the differences of the estimated

and actual range and range rate valués, are output in tabulated form

14
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“and saved in an array to be used in plotting. The value IDRI
determines how many times subroutine CALC is called.

At the end of a simulation run, program FLT calculates -
statistics on the steady state values of various range and range rate
signals. The subroutine BECORI is called from the Internatienal
Mathematical and Statistical Library for this function. The mean and
standard deviation are calculated for a set of sample values of the
input range, -estimated range and the estimated range rate. For all
simulation runs at 2500 samples/secoind and 6.25 samples/second, the
Tast 50 sample values of each of the three signals are saved in an
array to be analyzed by BECORI. Since the last 50 samples are used,
it is necessary that the simulation runs be of sufficient duration
to allew initial transients to abate. This will insure that the samples
répresent steady state signals se that statistically accurate results
can be obtained.

Program FLT centains twe plotting routines for graphical
representation of data. The first, PLOT B, imp]eménts the printer
as a plotter. Although it provides Timited resolution iﬁ is useful
as a quick check of simulatien results. The second routine, MCPLOT,
formats data for a drum type p1ctter. After simulatien RUN 3, four
plots are generated for a particular filter - two range plets and
two range rate plofs . The first plot of each pair contains the
graph of the actual signal and the resu]ting estﬂmaied-signa1-
over the full duration of that simulation run. However, in some cases
the magnitude of the initial transient causes the scale of the phot
to be too large to display any infermation on the steady state signal.

For this reasen, the second plot, an after-transient graph of the sigmal,
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is made. It displays the actual and estimated signals after a time
delay to allow for decay of the transient. These four plots are
generated for every filter being simuiated. At the end of program
FLT, after all filters have been simulated, four additional plots are
generated. These contain the transient and after-transient graphs of
the range error and range rate error signals. As an example, if

two filters have been simulated, each of the four final plots will
contain the graph of two signh]S -~ one for each filter. This allows
for a comparison of filter results.

As a clarification, only one type filter can be simulated
during a given execution of program FLT, where type of filter refers
to Filter 1, Filter 2, etc. References made in the above text to
different filters being simulated during the same execution of pro-
gram FLT mean different parameter pairs such as Kl and K2 used
in the same type filter.

A 1isting of program FLT, subroutine CALC for each of the five
filter types, and the plotting reoutines, PLOT B and MCPLOT, are given
in Appendix A.

B. Test Conditioens
As previously noted, three simulation runs are made to evaluate
each filter, For the first run, the input signal is a ramp function

representing actual range and is described by the equation:

r{t) = 60800 - 28t. (17)
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This is a ramp of negative slope corresponding to an initial range of
18,532 Km (60800 ft.) and a range rate of -8.5344 m/sec.(-28 ft./sec.).
The purpose of this run is to evaluate the ability of the filter to
accurately track an object moving at constant velocity. This input
signal has been used in previous investigations of range rate filters.

The second simulation run determines how well the filter re-
jects random noise. The input signal is Gaussian noise with a mean
(u) of zero and a standard deviation (c) of 30.48 m (100 ft.)

The purpose of the third run is to evaluate the response of
the filter to noisy range data. The input signal is a summation of
the inputs for the previeous twe runs. This input can be termed a
noisy ramp. This run shows what effect the addition of noise has on
the ability of the filter to track the actual range value,

In the first set of tests, all filters are run at a sampling
rate of 2500 samples/second for a period of 75 seconds., Results are
tabulated at ene second intervals, and the steady state statistics,
mean and standard deviatien, are taken on the Tast 50 samples,

The second set of simulations are made at 6.25 samples/secend
for a duration of 192 secends. Results are tabulated every 16 sample
periods or 2.56 seconds. Steady state stacistics for these simulations

are taken on the last 50 sampies.

C. . Test Results

Data for each filter is divided into two sectiens: that eb-

tained at a 2500 samp]es/secand:samp]iné rate and that obtained at



6.25 samples/second. Data for each filter is provided in tables and
in many cases also presented in graphical form te ajd in visualizing
actual range and range rate signals. A summary of the filter's per-
formance is given at the beginning of the data for that filter.

Four tables are presented for each fiiter. The first table
gives the input and output range standard deviations for each of the
three simuiation runs. The second table gives the output range rate
standard deviations for each of the three simulation runs. These values
give a measure of a signai's variance from its mean. In the case of
simulation RUN 1, where the range input is the ramp representing
actual range, the desired range output signal is an identical ramp.
Hence, the standard deviation of the input and output range signals
should ideally be equal. Since the slope of the ramp is constant,
it is expected that the estimated range rate signal produced by the
filter should alse be constant and hence its standard deviation will
appreach zero. During simulation RUN 2, the input ramge signal is
Gaussian noise of zere mean and knewn standard deviation. If the noise
is indeed attenuated by the filter, then the estimated range oufput will
show a reduction in standard deviation from that of the input range
signal. Since the input represents a constant range vaTueA(name}y
zero range) with neise added, the optimum estimated range rate signal
returned by the filter would again héve a standard deviation approach-
ing zero. The range input provided to the filtey in simulation RUN 3
is that eof the Gaussian noise superimposed on the ramp. If both the
ramp and the noise are independent, random signals and the fiiter is

a linear system, then
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2 2 . 2
op * Oy = (18)

where aﬁ is the variance pf the estimated range output for the ramp
input, cﬁ is the variance for the estimated range output for the noise
input and oﬁ N is the variance for the estimated range output for

the ramp plus noise or noisy ramp input. In this case cﬁ, oﬁ

and oﬁ + N would represent the square of the estimated range standard
deviations for RUN 1, RUN 2 and RUN 3, respectiveiy. However, although
the ramp and noeise are independent, the ramp is not a randem signal

so the above relation does not held true. For this reason, RUN 3

is necessary to determine the results for a noisy ramp range input.

The third table contains the maximum steady state range and
range rate errors for the three simulation runs. This information is
presented to give another measure of the range over which an estimated
range or range rate value will deviate from the actual value.

The fourth tabie lists the range variance reduction ratio,

KR, and the range rate variance reduction ration, KRR, These

ratios are determined from the relations:

n = variance of range output :
KR = Variance of range input (19)

and

wap = variance of range rate eutput «
KRR = variance of range input = (20)




The variance terms are the square of the standard deviations presented
in the first and second tables under RUN 2, This is the simulation
run conducted with Gaussian noise as the range input. Whereas the
standard deviations provide information on specific signals, the
reduction ratios offer a standardized method for comparison of filter
results,

The fourth table also lists convergence time t. This was
arbitrarily defined as the time required for the estimated range to
reach a steady state condition such that the magnitude of the range
error does not exceed 3.048 m (10 ft.). The data used to determine

T is taken from simulation RUN 1, where the range input is the ramp.

1, Filter 1

Simulation data at 2500 samples/second for Filter 1
is presented in Tables I-IV for the constant gains filter and in
Tables V-VIII for the bandlimited differentiater. Data at 6.25
samples/second is presented in Tables IX-XII for the constant gains
filter and in Tables XIII-XVI for the bandlimited differentiator.
A graphical dispTay ef the data at 2500 samples/second is shown
for two sets of parameter pairs (K1, K2) for the constant gains
filter in Figures 7-12 and for the bandTimited differentiator
in Figures 13-18, Data at 6.25 samples/second is shown for the
constant gains filter in Figures 19-24 and for the bandlimited
differentiator in Figures 25-30.

The data indicates that Filter 1 has higher noise re-
jection at the higher sampling rate. Since this filter is a

digital approximatien to a continuous system, this is expected.
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The digital system more closely approximates a continuous system
as the sampling rate increases.

For the bandlimited differentiator (BLD) the effect of
b, the frequency scaling parameter, can be noted by oebserving the
variance reduction ratioes., In the bandiimited differentiator, the
cuteff frequency is determined by the frequency scaling parameter.
As the scaling parameter is reduced, the bandwidth of the system
decreases. Hence, more lower frequency components of the noise
are attenuated and the variance reduction raties decrease. This,
however, also reduces the system's responsiveness to higher frequency
changes ‘in range signals which results in a reduction in maneuver-
following capabilities. This is shown by the increase in conver-
gence time as the freguency scaling parameter is reduced.

A comparison of the variance reduction raties shows a
slight advantage for the bandlimited differentiator over the constant
gains filter., While the constant gains filter produces good range
and range rate data, there appears to be a trade off between the
two, With the bandlimited differentiator, changing the frequency
scaling parameter to improve range data also has the effect of
impreving range rate performance (at the expense of convergence
time). | |

There are a variety of methods to derive a discretized
approximation to a continuous system. The methoed used in Filter 1
produces a system that is a predicter, i.e., the estimated range

returned at the-nth sampling instant is a predicted value of the
range at the p + I)Eh sampling instant. This effect can be ob-

served in the maximum steady state range error for simelation



TABLE I
FILTER 1 RANGE STANDARD DEVIATIONS(FT.) AT 2500 SAMPLES/SEC.

RUN 1 : RUN 2 RUN 3
. _ input = ramp . ____._input = noise inout = ramp * noise
FILTER 1 | INPUT OUTPYT INPUT QUTIUT INPUT OUTPUT
; RANGE RANGE RANGE RANGE RANGE RANGE
CONSTANT GAINS STND. DEY. | STND. BEV. STND. DEV.  STNR. DEV. | STNB. DEV. STND. DEV.
K1 = 0.7671 o ' ' '
0.1633 0.1634 110. 7364 ' 0.8773 x 10 Y 110.7339 0.2463
K2 = 0.45 :
Ki = 0.75
0.1634 0.1634 110.7364 0.9391 x WY 110.7339 | 0.2523
K2 = 0.125 .
K1 = 0.7
, 0.1634 0.1634 110.7364 0.8717 x 10Y 110.7339 - 0.2459
¥2 = 0.3769 _
K1 = 0.49
| 0.1634 0.1632 | 110.7368 0.5529 x 104 110.7339 0.2142
k2 = £.98995 _ :
Kl = 0.75
0.1634 0.1634 110.7364 0.9325 x W 110.7339 0.2511
K2 = 0.45 1 .
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TABLE II

FILTER 1 RANGE RATE STANDARD DEVIATIONS{FT./SEC.) AT 2508 SAMPLES/SEC.

RN L RUN 2 RUN 3
input = range input = noise input = ramp + noise
FILTER 1 QUTPUT QUTPUT QUTPLT
| RANGE RATE RANGE RATE RANGE RATE

CONSTANT GAIKS STNB. DEV. STND. DEV. STND. DEY.
K1 = 0.7071

0.0 0.5652 x 107 0.5652 x 107}
K2 = 0.45
K1=0.75

0.0 0.1575 x 107} 0.1575 x 1071
KZ2=0,1256
K1= 0.7

0.0 0.4740 x 107} 0.4740 x 107!
K2 = 0.3769
K1= 0.49

0.0 0.1238 0.1238
K2 = 0.98995
K1=0.75

0.0 6.5662 x 107} 0.5661 x 107
K2=0.45

£e



TABLE III

FILTER 1 MAXTMHM RANGE(FT.) AND RANGE RATE(FT./SEC.) ERRORS AT 2500 SAMPLES/SEC.

RUN 3

RUN 1 RUN 2
input = ranp ____1input = noijse jnput = panp + noise
FILTER 1 MAX MAX MAX MAX MAX MAX
RANGE RANGE RATE RANGE RANGE RATE RANGE RANGE RATE
CONSTANT GATNS ERROR ERROR ERROR ERROR ERROR ERROR
Kl = 0.7071 1 6 '
0.112 x 107" [ 0.140 x 107 | 0.278 { 0.323 .290 0.323
Kg = 0.45
K1 = 0.75 . C
0.108 x 107! | 0.221 x 1073  0.7223 0.138 .234 8.139
K2 = B.125
Kl = 0.7 n . A
0.112 x 1071 | a.225 x 1077 | 0.207 0.264 .258 0.264
K2 = 0.3769
Kl = 0.49 . . .
0.106 x 10~ 0.464 x 10 0.322 1.395 .332 1.395
K2 = .98995
Ki=0.75 . ;
@.112 x 107" | 06.241 x 10 | 0.250 0.329 .261 0.329
K2 = .45

ve



TABLE TV

FILTER 1 RANGE AND RANGE RATE YARIANCE REDUCTION RATIOS AT 2500 SAMPLES/SEC.

RUN 2

input = neise

KR

KPR T
FILTER 1 RANGE RANGE RATE CONVERGENCE
CORSTANT GAINS VARIANCE VARI ANCE TIME (SEC.)

, | __REDUCTION RATIQ REDUCTION RATIO
K1 = 0.7071 . 7
‘2 - 0.45 6.276 x 10 2.605 x 10 23
KL = 0.75 . .

@ = 0.125 7.192 x10 2.023 x 10 35
Kl = 0.7

6.197 x 1077 1.832 x 1077 25
K2 = 0.3769 -
Kl = 0.49 ) )

[+] " () i - b
62 = 0.98995 2.493 x 10 1.250 x 10 36
K1 = 0.75 ) : 7
K2 = 0.45 7.091 x 10 2.614 x 10 23




TABLE V

FILTER 1 RANGE STANDARD DEVIATIONS{FT.) AT 2500 SAMPLES/SEC.

RUN 1 RUN 2 RUN: 3

input = ramp input = noise input = ramp + noise

FILTER 1 INPUT QUTPUT INPUT BUTPUT " INPUT OUTPUT
RANGE RANGE RANGE RANGE RANGE RANGE

BLD STND. BEV, STND. BEV. STND. DEV. STND. DEV. STND. DEV. STND. DEV.
K1 = 0.7778
K2 = 0.3025 0.1634 0.1634 110.7364 lo.9729 x 107!{ 110.7339 0.2251
b =0.55
Ki = 0.7071
K2 = 0.25 0.1634% 0.1634 110.7364 10.8841 x 107! ] 110.7339 0.2468
b =0.50
Kl = 0.6364
K2 = 6.2025 0.1634 0.1634 110.7364 0.7951 x 107} 110.7339 0.2381
b = 0.45
K1 = 0.5657 i
K2 = 0.160 0.1634 0.1632 110.7364 0.7056 x 10" | 110.7339 0.2296
b =0.40
Kl = 0.4950.
K2 = 0.1225 0.1634 9.1633 - 110.7364 0.6157 x 1071 110.733% 0.2211
b = 0.35 |

9¢



TABLE VI

FILTER 1 RANGE RATE STANBARN GEVIATIONS(FT./SEC.) AT 2500 SAMPLES/SEC,

RUN 1 RUN 2 RUN 3
FILTER 1 input = ramp input = noise input = ramp + noise
OUTPUT L OUTPUT ouTPUT
RANGE RATE RANGE RATE RANGE RATE
BLD STND. DEV. STNO. DEV. STND. DEV.
KL = 0.7778
k2 = 0.3025 0.0 0.3818 x 107! 5.3818 x 1071
b = 0.55
K1 = 0.7071
K2 = 0.25 0.0 5.3155 x 107} 0.3155 x 1071
b_= 0.50
K1 = 0.6364
k2 = 0.2025 0.0 0.2556 x 107! 0.2556 x 107°
b = 0.45
Kl = 0.5667
€2 = 0.160 0.0 0:2019 x 107! 0.2019 x 107
b = 0.40
K1 = 0.4950
K2 = 0.1225 0.0 9.1544 x 1071 0.1544 x 1071
b = 0.35

L2



TABLE VII

FILTER 1 MAXIMUM RANGE(FT.) AND RANGE RATE(FT./SEC.) ERROGRS AT 2500 SAMPLES/SEC.

RUN 1 RUN: 2 RUN 3
input = ramp input = noise input = ramp + noise
FILTER 1 MAX | ax . MAX MAX HAX | Max
RANGE RAMGE RATE RANGE RANGE RATE RANGE RANGE RATE
BLD ERROR ERROR ERROR ERROR ERROR ERROR
K1 ='0.7778
K2 = ©.3025 0.112 0.901 x 1078 " 0.208 0.246 0.197 0.246
b = 0.55
Ki = 0.7071
K2 =0.25 6.112 0.128 x 107 0.187 0.223 $.178 0.223
b = 0.50
K1 =.®.6364‘
K2 = 0.2025 0.112 x 107! J0.161 x 1075 8.172 0.208 0.161 0.208
b =0.45
KL = 0.5657
K2 = 0.160 0.111 x 107! |0.149 x 107% 0.152 0.199 0.142 0.199
b =0.40
Ki = 0.4950
K2 = 0.1225 p.119 x 107! |0.757 x 107 0.143 0.188 0.155 0.188
b =8.35

o9



TABLE VIII

FILTER 1 RANGE AND RANGE RATE VARIANCE REDUCTION RATIOS AT 2500 SAMPLES/SEC.

RUN 2
input = noise

KR . KRR T

FILTER 1 RAVHGE RAMGE RATE CONYERGENCE
VARIANCE VARTANCE TIME (SEC.)
_8lD REDUCTION RATIO REDUCTION RATIO

K1 = 0.7778 | | ‘
K = 0.3025 7.719 x 1077 1.189 x 107/ 24
b = 0.5
K1 = 0.7071
k2 = 0.25 6.374 x 167 8.117 x 1070 2
b = 0.50
KL = 0.6354
K2 = 0.2025 5.155 x 107 ©5.328 x 1070 29
b = 0.45
Kl = 0.5657
K2 = 0.160 4.060 x 1077 3.324 x 1072 32
b = 0.40
K1 = 0.4950
K2 = 0.1225 3,001 x 1077 1.944 x 1078 37
b = 0.35

6c
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TABLE IX

FILTER 1 RANGE STANDARD DEVIATIONS(FT.) AT 6.25 SAMPLES/SEC.

RUN 1 RUN 2 RUN 3
input = ramp ipput = noise input = ramp + noise
FILTER 1 INPUT QUTPUT INPUT ot PUT INPUT OUTPUT
RANGE RANGE RANGE RANGE RANGE RANGE
COMSTANT GAINS STND. BEY. STND. DEV. STND. DEV. STND. DEV. | STND. DEV. STND. DEV.
K1 = 0.7071 '
65.3068 65.3067 91,3215 24.6606 115.2178 84.4420
K2 = 0.45
K1 =0.75
65.3068 65,3067 91.3216 19,8742 115.2178 78.3689
K2 = 0.125
Ki = 0.7
65.3068 65.3067 91,3125 23.6573 115.2178 83.4522
K2 = 0.3769 :
K1 = 0,49 X
65,3068 65.3067 | 91.3128 24,2674 115.2178 82.9028
k2 = 0.98995 -
Kl = 0.75
65. 3068 65.3067 | 91.3215 24.8739 115.2178 84.1560
K2 = 0.45 '

A



FILTER 1 RANGE RATE STANDARD

TABLE X

DEVIATIGNS(FT./SEC.) AT 6.25 SAMPLES/SEC.

0.45

RUN 1 RUN 2 RUN- 3
input = yange input = noise input = ramp # noise
FILTER 1 OUTPUT GUTPYT ' OUTPUT
RANGE RATE RANGE RATE RANGE RATE
CONSTANT GAINS STND. BEY. STND. DEV. STND. DEY.
= 0.7071
0.0 11,4052 11. 4052
0.45
=.0.75
0.0 3.2672 3.2671
7,125
0.7
0.0 9.8217 9.8218
0.3769
0.49 . L
0.0 29.8694 24,8694
0.98995
0.75
0.0 11.2231 11,2231

e



TABLE XI

FILTER 1 MAXIMUM RANGE(FT.)} AND RANGE RATE(FT./SEC.) ERRORS AT 6.25 $AMPLES /SEC.

RUN 1 RUN 2 RuUN 3
input = ramp _ _input = noise input = ramgp + noise
FILTER 1 MAX ' HAX MAX MAX MAX MAX
RANGE - RANGE RATE RANGE RANGE RATE RRNGE RANGE RATE

CONSTANT GALINS ERROR ERROR ERROR ERROR ERROR ERROR
€1 = 0.7071 -1

4 4800 0,102 x 10 "7} 52.8718 28.0303 57.3518 28.0303
K2 = .45
Kl = 0.75 1 |

4.4800 P.126 x 10 44,8687 5.730% { 49,3487 5.7304
2 = 0.125
ki =0.7 11 -

4,4800 0.116 x 10 **§ 51.5882 22.9018 56.0682 22.9018
K2 = 0.3769
K1 = .49 12

4..4800 0.483 x 10 57.2146 63.0950 61.6946. - 63.0950
K2 = 0,98995
K1 = 0.75 . -1l :

4.4800 g.112 x 10 53,3341 27.4471 57.8141 27.4471
K2 = 0.45

1A%



FILTER 1 RANGE AND RANGE RATZ VARIANCE REDUCTION RATIOS AT 6.25 SAMPLES/SECOND

TABLE XII

RUM 2

input = noise

KR KRt T

FILTER RANGE RANGE PATE CONVERGENCE
CONSTANT GAINS YARIANCE VARIANCE TIME (SEC.)
. , BEDUCTI@N RAT 10 REDUCTPON RATIO
Kl = 0.7871 ) )
Kz = 0.45 7.292 x 10 1,560 x 10 23
Kl = @.75 . X
¥2 = 0.125 4.736 x 10 1,280 x 10 16
Kl = 0.7

6.711 x 1072 1,157 x 1672 25
2 = 0.3769 ° '
K1 = 0.49 _ )

, o2 -
(2 = 0.98995 7.062 x 10 7.416 x 10 38
K1 = 0.75 ,
10 v -2 -

%2 = 0.45 7.419 x 10 1.510 x 10 23

St



TABLE XIII

FILTER 1 RANGE STANDARD DEVIATIONS(FT.) AT 6.25 SAMPLES/SEC.

Run 1 RUN 2 RUN- 3
_input = ramp _ input = noise input = ramp + noise
FILTER 1 INPUT OUTPUT ) INPUT BUTPUT THPUT OUTPUT
RANGE RANGE RANGE RANGE RANGE . RANGE

BLD STHB. BEY. STNB. DEV, STHD. DEV. STND. DEV. STND. DEV. STND. DEV.

K1 =0,7778
- K2 = 0.3025 65.3068 65.3067 91.3215 23.1994 115.2178 | 82.0274

b =10.55

K1 = §.7071

K2 = 0.25 65.3068 65.3067 91.3215 21.6291 115.2178 81.0868
bh_=10.50

Kl = 0.6354

K2 = 0.2025 65,3068 65.3067 91.3215 19.9024 115.2178 79.8818
L =.0.45

K1 = 0.56857

K2 = 0.160 65.3068 €5.3067 91.3215 17.9741 115.2178 78,3595
b =0.40

K1 = 0.4950

K2 = 0.1225 65.3068 65.3067 91.3215 15.7742 115.2178 76.4249
b =0.35
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TABLE XIV

FILTER 1 RANGE RATE STANDARD DEVIATIONS(FT./SEC.) AT 6,25 SAMPLES/SEC.

RUN 1 RUN 2 RUN 3
input = ramp input = neise input = ramp + noise
FILTER 1 QuTPUT QUTPUT QUTPYT
RANGE RATE RANGE RATE RANGE RATE
BLD STND. BEY. STND. DEV. STND. DEV.
Kl =20.7778
K2 = 0.3625 0.6 7.7822 7.7822
b _=9.55
K1 = 0.7071
ke = 0.25 9.8 6.7482 65.7482
b _=.0,50
Kl = 0.6364
K2 = 0.2025 0.0 5.7662 5.7662
b_=10.45
Ki = 0.5657
K2 = 0.160 0.0 4.8206 4.8204
b= 0.40
K1 = 0.4950
K2 = 0.1225 6.0 3.8874 3.8874
b =0.35

LY



TABLE XV
FILTER 1 MAXIMUM RANGE(FT.) AND RANGE RATE(FT./S‘EC.)‘ER‘RQRS- AT 6.25 SAMPLES/SEC.
RUN 1 RUN 2 - RUN 3
input = ramp , i-npu_-t:_ =__n__m_1’-s,e input = ramp + .no.i-se‘
FLLTER 1 HAX MAX MAX MAX MAX | MAX
- RANGE RANGE RATE RAHGE RANGE RATE RANGE RANGE RATE
BLD ERROR ERROR ERROR ERROR ERROR ERROR -
K1 = 0.7778 :
k2 = 0.3025 4.480 0.209 x 10711 | - s50.988 16.971 55.468 16.971
b = 0.55 '
K1 = 0.7071
K2 = 0.25 4.480 0.245 x 1070 | 28.114 13.780 52.594 13.780
K1 = 0.6364
k2 = 0.2125 4.480 0.270 x 10711 | a4.710 10.906 49.190 - 10..906
b = 0.45
K1 = 0.5657
k2 = 0.160 4.480 0.329 x 107! | 40.688 8.570 45.168 8.570
b = 0.40 |
K1 = 0.4950 r .
K2 = 0.1225 4.480 0.330 x 10711 | 36.010 6.730 40.490 6.730
b =0.35

8P



TABLE XVI
FILTER 1 RANGE AND RANGE RATE VARIANCE REDUCTION RATIOé AT 6.25 SAMPLES/SEC,

RUN 2
j!npu!t = noise

| KR | KRR €
FILTER 1 RANGE RANGE RATE CONVERGENCE

- VARTANCE VARTANCE TIME (SEC.)
BLO REDUCTION RATIO REDUCTION RATIO .
K1 = 0.7778 | -
K2 = 0.3025 6.454 x 1072 7.262 x 1072 23
b = 0.55
K1 = 0.7071
K2 = 0.25 5.610 x 1072 5.460 x 107 26
b = 0.50 |
Ki = 0.63584
K2 = 0.2025 4.750 x 107 3.987 x 1073 28
b = 0.45
K1 = 0.5657
K2 = 0.160 3.874 x 1072 2.770 x 1073 31
b = 0.40
KL = 0.4350
K2 = 0.1225 2.984 x 107 1.812 x 1073 3
b = 0.35

6F
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RUN 1. With the ramp input, the recorded range error term repre-
sents the change in range over one sampling period. This can be
corrected by multiplying the numerator of the transfer functien
Hp (equation (3)) by the delay term z'l, This has the effect
of shifting the system back in time one sampling period. The

resulting transfer function is

o= RE o z7(KIDT + K20T?) - z~2(K1DT) (21)
"RTRM T T ¥ z77(-2 ¥ KIDT + K207%) + 2-2(1 - K1DT)*

Filter 2

Simulation data for Filter 2 is preéesented in Tables
XVII - XX for 2500 samples/second and in Tables XXI - XXIV for
the 6.25 samples/second sampling rate. A graphica’} display of
the data is shown for each set of parameter pairs « and g at
2500 samples/second in Figures31-44, A graphical display of the
data for the 6.25 samples/second sampling rate is shown in Figures
45-53, Graphs for twoe sets of parametar pairs are omitted because
they yield systems whose convergence times exceed the duration
of the simulation run.

The alpha-beta filter is simulated using six sets of
a ,8 pairs that lie on the curve described by (10) within the

region of stability defined by:

a >0, 8 >0 and 20 + B<4. (22)
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Near the upper end of the curve,;at the point o = 1,0 and 8= 1.0,
the filter is characterized by fast maneuver-following ability
but poor neise rejection. Conversely, near the Tower end of the
curve, as o and B approach zere, the filter is characterized by
improved noise rejection at the expense of maneuver-following
ability.

For the 2500 samples/second tests, relative manuever-follow-
ing capabilities can be determined by examining the convergence
time. This is the time required by the filter to recover from
the transient at the start of the simulatien. For larger values
of @ (such as @ = 1.0), convergence time is negligible. However,
the range variance reduction ratie (KR) is one, meaning there is
no noise attenuation. As o and B are decreased, convergence time
increases indicating the inertia of the system is increasing and
more time is required to recover from transients. While this
presents a reductien in maneuver-following capabilities it also
means the system is bECDming more insensitive to the higher fre-
quency components of noise. Hence, there is a corresponding
decrease in ramge and range rate variance reduction ratios.

These observations are even more readily seen in the
6,25 sampleysecond simulation runs. The reduction in sampiing
rate causes an increase in convergence time. As an example, for
o = 0.05 and 8 = 1.282 x 1072, the convergence time at 2500
samples/second is less than one second. However, at 6.25 samples/
second fhat figure is appreximately 56 seconds., In fact, the Tast
three entries in the tables for the 6.25 samples/second tests all

represent «,f pairs whose convergence times exceed the 192



TABLE XVII
FILTER 2 RANGE STANDARD DEVIATIONS(FT.) AT 2500 SAMPLES/SEC.

RUN .1 RUN 2 RUN 2
__dnput = remp . _ input = noise input = ramp + noise
FILTER 2 : INPUT _ OUTPUT INPUT QUTPUT INPUT - BUTPUT
: RANGE RANGE RAMGE RANGE RANGE RANGE
alpha - beta T STND., BEV. STND. DEV. STHD. DEV. STNB. DEV, STNB. DEV. } STND. DEV.
a = 1.0
0.1634 0.1634 116.7364 110.7364 110.7339 1 110.733¢%
B=1.0
: —
a= 0.2
0.1634 0.1634 116.7364 29.0844 | 110.7339 | 29.0377
B = 0,022222 .
a = 0.05
_9 0.1634 0.1634 1 118.7364 7.5559 110.7339 7.6332
B =0.1282 x 10 . _
a =-0.001
7 0.1634 . 0.1634 116,7364 0.3205 110.7339 - 0.4751
B = 5.0025 x 107
a = 0.00030
:B = 4,50067 x 10’8 | 0.1634 - 0.1634 110.,7364 0.9379 x ﬁﬁ‘ 110.7339 0.2518
a = 0.00021 . -1
8 8.1634 B3.1632 110.7364 0.6538 x 10 -110.7339 0.225
g = 2.20523 x. 107
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TABLE XVIII

FTILTER 2 RANGE RATE STANDARD BDEVIATIONS(FT./SEC.) AT 2500 SAMPLES/SEC.

kY

RUN- 1

input = ramp

RUN 2

input = noise

RUN 3

input = ramp + noise

FILTER 2 QUTPUT OYTPUT OUTPUT
RAMGE RATE RANGE RATE RANGE RATE
alpha - beta STND. DEV. STND. DEV. STND. DEV.
= 1,
0.0 412275.80 412275.81
B =1.0
a = 0.2
B = 0.0222222 0.0 B741.49 8741.49
o = 0.05
, -2
f=0.1282 x 10 0.0 445064 445.0637
Y = .00
@ = 0.001 e 0.0 0.3965 0.3965
B = 5.0025 x 10
o« = 0.00030 . -1
B = 4.50067 x 1075 0.0 0.3550 x 107 0.355 x 10
& = 0.00021
-3 . - -
B = 2.20523 x 10 9.0 0.1739 x 107 0.1739 x 10"}

S9



TABLE XIX

FILTER 2 MAXIMUM RANGE(FT.) AND RANGE RATE(FT./SEC.) ERRORS AT 2500 SAMPLES/SEC.

B = 2.20523 x 10~

RUN 1 RUN 2 RUN 3
input = ranp input = noise input = ramp + noise
FILTER 2 HAX 1 HAX MAX MAX MAX MAX
RANGE RANGE RATE RANGE RANGE RATE RANGE RANGE RATE
_alphe - beta ERROR ERROR ERRGR ERROR ERRER - ERROR
a= 1.0 B -9 - "
0.0 @.578 x 10 - 254,932 989103.5 254.932 989103.5
B =1.0
n=0.2 _]0‘ :
0.9 0.226 x 10 96,237 21226.7 96.237 21226.7
g = 0.022222
a = 0.85 ~12 -9 .
2 0.909 x 10 0.476 x 10 - 37.824 1792.05 37.824 1792.05
B=0.1282 x 10
a = 0.001 1wl -8
7 0.546 x 10 0.166 x 10 8.780 1.409 0:780 . 1.4019
B = 5.0025 x 107
a = 0.00030 -7 -8
8 0.425 x 10 * ] 0,414 x 10 ° 0.199 0.236 ©.199 '0.236
g = 4.50067 x 10° | ‘
a = 0.00021 a4l »
g 0.13%4 x 10 0.670 x 10 0.133 0.194 0.133 0.194

99
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TABLE XX

FILTER 2 RANGE AND RANGE RATE VARIANCE REDUCTION RATIOS AT 2500 SAMPLES/SEC.

RUN 2 PREDICTED BY
input = noise BENEDICT AND BORDNER
FILTER 2 KR KRR T
RANGE VARIANCE  RANGE RATE VARLANCE KR KRR CONVERGENCE
alpha - beta REDUCTION RATIO | REBUCTION RATIO TIME (SEC.)
a= 1.0 7 7
1.0 1,386 x 10 1.0 1.25 x 10 <1
B = 1.0
o= 0.2 2 3 1 3
6.898 x 107 231 x 10 1.534 x 10° 8.521 x 10 <1
B = 0.022222 898 x 10 6.231 x X
@ 0.05 3 ! 2 2
- 4.656 x 107 1.615 x. 10 3.782 x 10” 1.056 x 10 <1
B = 0.1282 x. 1072 ” -
a = 0.001 4 a
-7 8.377 x 1070 1.262 x 107 7.501 x 107 7.824 x 10° 8
B = 5.0025 x 10
& = 0.00030 .
, ~7 a7 _ -4 105
8 7.174 x 10 1.028 x 10 2.250 x 10 2.110 x 10 24
B = 4.50067 x 10
a« = 000021 . . ; -
-8 3.486 x 1077 2.466. x 10 1.575 x 107 7.237 x 107 35
B = 2.20523 x 10°° )

L9
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TABLE XXI

FILTER 2 RANGE STANDARD DEVIATIONS(FT.) AT 6.25 SAMPLES /SEC.

RUN 1 RUN 3
input. = ramp input = noise input = ramp + noise
FILTER 2 INPUT QUTPUT INPUT QUTPUT INPUT OUTPUT
RANGE RANGE RANGE RANGE RANGE RANGE
alpha - beta STND. DBEV. STND. BEV. STND. DEV. STND. DEV. STND. BEV. STND. BEV.
a =140
65.3068 65,3068 91.321%5 91,3215 115.2178 115.2178
f=1.0
w = 0.2
65.3068 65.3068 91,3215 30.0503 115.2178 83.4223
R = §.022222
e = 0.05 .
-2 65,3068 65,3068 91.3215 8.7326 115.2178 69.3696
B =0.1282 % 10
o = 0.001 R
-7 65.3068 91,3215 0.2055 115.2178
B = 5.0025 x 10
« = 0.00030 N
-8 65,3068 —_— 91.3215 0.6791x10 °} 115.2178 —_—
B = 4.50067 x 10°°
a = 0.00021 . ~1
-8 65.3068 ——— 91.3215 0.4817x10 115.2178 e
g 2.20523 x 10

é8
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TABLE XXIII

FILTER 2 MAXIMUM RANGE{FT.) AND RANGE RATE (F7./SEC.)} ERRORS AT 6.25 SAMPLES /SEC.

RUN 1 RUW 2 RUN 3
input = vamp input = noise input = ramp + neise
FILTER 2 MAX MAX MAX MAX MAX MAX
RANGE | RANGE RATE RANGE RANGE RATE RANGE RANGE RATE
alpha - beta ERROR ERRGR £RROR ERROR ERROR ERROR
a=1.0 . -12 ' :
0.0 0.632x16 ~ 230.565 1613.121 230..565 1613.121
B=1.0
& 0.2 _11 ’
0.0 0.233x10 . 71,466 51,347 71.466 51.347
8 = 0.022222
a = 0.06 -8 -8
-2 0.646x10 ™ 0.279x10 . 23.015 3.665 23.015 3.665
8 =0,1282 x 10
o = 0,001 -1
. -7 —_— ———— 5.503 0.136x18 - "
8 = 5.0025 x 10
o = 0.00030 -2
-8B 1.964 G.172x10
# = 4.50067 x 10
a = 0.00021 e e 23 e ——
-8 1.404 0.879x10
8 = 2.20523 x 10
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TABLE XXIV

FILTER 2 RANGE AND RANGE RATE VARIANCE REDUCTION RATIOS AT 6.25 SAMPLES/SEC.

RUN 2 PREDICTED BY
input = naise BENEDICT AND BORDNER
FILTER 2 KR | KRR T
RANGE VARTANCE  RANGE RATE VARIANCE KR KRR CONVERGENCE
alpha - beta REDUCTION RATIO | REBUCTION RATIO TINE (SEC.)
=10
: 1.0 67.778 1.0 78.125 a
8= 1.0
a=0.2 -1 -2 1 ' -2
1.083 x 10 4,345 x 10 1.554 x 10 5.302 x 10 15
B = 0.022222
= 0.05 -3 -4 -2 4
= 9.144 x 10 2.842 x 10 3.782 x 10 6.587 x 10 56
B = 0.1282 x 10
a = 0.001 -5 11 -4 -9
. 5.064 x 16 4.160 x 10 7.501 x 10 4.890 x 10 >192
8 = 5.0025 x 10
a = (.00030
5 5.530 x 1077 4.497 x 10713 2.250 x 1077 1.319 x 10719 5192
B = 4.50067 x 10
« = 0.00021 | . ) i i
" 2.782 x 1077 1.132 x 10713 1.575 x 1077 4.523 x 1071 >192
8 = 2.20523 x 10
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second duration of the tests. For this reason steady state values
for output range and range rate standard deviations are not given.
The range variance reduction ratio is not a function of |
sampling rate as can be seen by comparing that value for both
rates. The range rate variance reduction ratio, however, is
proportional to the square of the sampling rate and demonstrates
a decrease with a reduction of sampling rate.
Overall, data from the simulation runs for the alpha-
beta filter agrees with the variance reduction ratios predicted
by Benedict and Bordnern5 Deviations become apparent as alpha

and especially beta decrease in magnitude.

Filter 3

Simulation data for Filter 3 is presented in Tables
XXV - XXVIII for 2500 samples/second and Tables XXIX - XXXII
for the 6.25 samples/second sampling rate. A graphical display
of this data is shown in Figures 54 and 55 for 2500 samples/second
and Figures 56 and 57 for 6.25 samples/second.

The N sample smoother employed to derive range in Filter
3 smooths over sixteen samples. That is a sufficient number of
samples to provide good filtering., However, its performance is
not readily apparent from the data. Since the smoether provides
a range value that lags the present sample instant by 7.5 sampling
periods, updating is necessary. To accomplish this a correction
term is determined from the estimated range rate calculated for
that sample inmstant. This updating introduces error fnte the esti-

mated range.
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For simylation RUN 2, since both the range and range rate
segments of Filter 3 are 1inear systems and the input is a random
signal, the estimated range before correction for the 7.5 sample
period lag (RE Tagging) and the estimated range rate (RDOT) are
random signals., The operation of correction for lag can then be

described in terms of variances as

2 2 o -2
9RE lagging * (X %Roor)” = %Re (22)

where K is the constant 7.5 * DT. Using the values for estimated
range standard deviation (GRE) and estimated range rate standard
deviation (URDOT) listed under RUN 2 in the tables for Filter 3,

the standard deviation of the lagging estimated range (cﬁé lagging)
can be obtained. This value is 3.9291m.(12.8908 ft.) and

7.0905m. (23.2627 ft.) for the 2500 and 6.25 samples/second simula-
tions, respectively. The associated range variance reéduction ratios

are

_(_12.8908,2 _ -
KRas00 -(TT57733EJ = 1.355 x 10 (23)

: = (23:2627,2
KRg .25 = (g1°3215)

6.489 x 1072 (24)

This is in agreement with the-% variance reduction ratio of an
N sample smoother. A comparison can be made of these ratios
to these given in the tables to demonstrate the effect the up-

dating procedure has on neise rejection in range determination.
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TABLE XXV

FILTER 3 RANGE STANDARD DEYIATIONS{FT.) AT 2500 SAMPLES/SEC.

RUN 1 RUN 2 RUN 3
jnput = ramp input = noise fnput = ramp + noise
INPUT GUTPUT INPUT QUTPUT INPUT ouTPUT
RANGE RANGE: RANGE * RANGE RANGE RANGE
STND. DEV. STNB. BEV. STND. DEV, STND. DEV. STND. DEV. STND. DEV.
FILTER 3 0.1634 0.1634 110.7364 - 33.7179 110.7339 - 34.6758
TABLE XXVI
FILTER 3 RANGE RATE STANDARD DEVIATIONS(FT./SEC.) AT 2500 SAMPLES/SEC,
' RUN 1 ' RUN 2 RUN 3
~QUTPLF” QUTPUT QUTPUT
RANGE RATE RANGE RATE RANGE RATE
STND. BEV. STND. DEV. STND. DEV.
FILTER 3 0.0 10745.3359 10745,3359

L6
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TABLE XXViI

FILTER 3 MAXIMUM RANGE(FT.) AND RANGL RATE(FT./SEC.) ERRORS AT 2500 SAMPLES/SEC.

RN 1 RUN 2 RUN 3
input = ramp input = noise input = ramp + noise
MAX | MAX MAX , MAX MAX MaAX
RANGE - RANGE RATE RANGE RANGE RATE RANGE RANGE RATE
ERROR ERROR ERROR | ERROR ERROR ERROR
FILTER 3 - 0.364 x 10°1Y 0.207 x 1078 | 114.486 28399.3 114.4859 28399.3
TABLE XXVIII
FILTER 3 RANGE AND RANGE RATE VARIANCE REDUCTIGN RATIOS AT 2500 SAMPLES/SEC.
RUN 2
KR KRR T
range variance range rate variance Convergence
reduction ratio reduction ratio Time (Sec.)
FILTER 3 9.829 x 1872 9.416 x 10° <1

g
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TABLE XXIX
FILTER 3 RANGE STANDARD DEVIATIONS(FT.) AT 6.25 SAMPLES/SEC.
RUN 1 RUN 2 RUN 3
input = vamp input = poise input = ramp + noise
INPUT ouTPUT INPUT OUTPUT INPUT QUTPUT
RANGE RANGE | RANGE RANGE RANGE RANGE .
‘STND. DEV. STND. DEV. | STND. DEV. STND. DEV. STND. DEV. STND. DEV.
FILTER 3 65.3068 65.3068 91.3215 36.3516 1152178 86.9980
‘ TABLE XXX
FILTER 3 RANGE RATE STANDARD DEVIATIONS(FT./SEC.) AT 6.25 SA’MPLES/S‘EC.
| RUN 1 i RUN 2 RUN 3
~QUTPUT QUTPUT ouTPuT
RANGE RATE RANGE RATE RANGE RATE
STND. DEV. STND. DEV. STND. DEV.
FILTER 3 0.0 23.2780

23.2780

[ B
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TABLE XXXI
FILTER 3 MAXIMUM RANGE(FT.) AND RANGE RATE(FT./SEC.) ERRORS AT 6.25 SAMPLES/SEC.
| RUN 1 RUN 2 - RUN 3
input = ramp ~ input = noise jnput = ramp + noise
MAX 1 MAX MAN ! MAX MAY MAX
RANGE RANGE RATE RANGE ' RANGE RATL RANGE RANGE RATE
ERROR ! ERROR ERRBR ERROR ERROR ERROR
FILTER 3 0.727 x 1'0-1]‘.‘L 0.296 x 1’0’—1:1‘? 104.0342 65.5469 104.0342 65.5469
TABLE XXXII
FILTER 3 RANGE AND RANGE RATE VARIANCE REDUCTION RATIGS AT 6.25 SAMPLES/SEC.
RUN 2
KR KRR T
range variance range rate variance Convergence
ﬂedhction ra¢io _ reduction ratio N Time {Sec.)
FILTER 3 1.584 x 1071 6.497 x 1072

¢oT
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The range rate determiningsection of Filter 3 is a'cas-

caded simple average smoother. The range rate variance reduction

ratio is given byﬁl

2 B
ORANGE RATE ouTPuT _ 2 M2

=z — - = = T2 (25)
ORANGE INPUT {nyny DT)

where ny is the number of samples over which the first differen;es
are takén (n1 = 12} and n, is the number of first differences

that are smoothed (nz = 6), Simulation runs at both 2500 and 6.25
samples/second support the above relation. Operation at 6.25
samples/second gives improved results due to the dependence of

the variance reduction ratio on the square of the sampling period

bT.

Filter 4

Simulation data for Filter 4 is pfesented in Tables
XXXIII - XXXVI for 2500 samples/seécond and in Tables XXXVII -
XL for 6.25 samples/second. A graphical display of this data
isAshown in Figures 58 and 59 for 2500 samples/second and in
Figure 60 and 61 for 6.25 samples/second.

The digital tracking filter smoothing over four samplés

has the transfer functiens

: 1+ 27t + 2724 773

E | N |
I-0.75 27 + 0,252 7 % 0.252°° ¥ 0.252°" (26)

Hy = == =

‘R RM

and



TABLE XXXIII

FILTER 4 RANGE STRNDARD'DEViATPGNS(FTO) AT 2500 SAMPLES/SEC.

RUN 1 RuN 2 RUN 3
~ fmput = ramp - tnput = noise input = ramp + noise
INPUT auTPUT INPUT OUTPUT INPUT ouTPUT
RANGE RANGE RANGE _ RANGE RANGE RANGE
STND. DBEV. STND. DEV. | STND, DEV. | STND. DEV. STND. DEV. | STND. DEV,
FILTER 4 0.1634 0.1634 110.7364 144.8444 110.7339 144.8549
TABLE XXXIV
FILTER 4 RANGE RATE STANDARD DEVIATIONS{FT./SEC.) AT 2500'SAMPLES/SEC.
RUN 1 | RUN 2 | RUN 3
QUTPUT ouTPUT QUTPUT
RANGE RATE RANGE RATE RANGE RATE
STND. DEV. STND. DEV. STNR. BEV.
FILTER 4 0.0 247907 .688 247907 .688

901



TABLE XXXV

FILTER 4 MAXIMUM RANGE(FT.) AND RANGE RATE(FT./SEC.)} ERRGRS AT 2500 SAMPLES/SEC.

RUN 1 RUN 2 RUN 3
~ tnput = ramp input = noise input = ramp + noise
MAX MAX MAX MAX MAX | MAX
RANGE RANGE RATE RANGE T 'RANGE RATE RANGE RANGE RATE
‘ERROR ERROR ERROR ERRGR ERRBR ERROR
FILTER 4 0.182 x 10} 0,320 x 107 | 290.7632 501279.4 | 290.7632 | 501279.375
TABLE XXXVI
FILTER 4 RANGE AND RANGE RATE VﬁR;ANCE REDUCTION RATIOS AT 25060 SAMPLES/SEC.
| RUN 2
KR KRR T
range variance - range rate variance Convergence
reductieon ratio reduction ratio - Time {Sec.)
FILTER 4 1.712 5.012 x 10°

<]
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TABLE XXXVII

FILTER 4 RANGE STANDARD DEVIATIONS{FT.) AT 6.25 SAMPLES/SEC.

[

H
- e

RUN 1 HUN 2 RUN 3
input = ramp input = noise input = ramp + noise
INPUT ouTPUT INPUT OUTPUY INPUT QUTPUT
'RANGE RANGE 1 RANGE RANGE RANGE RANGE
- STND. DEV. STND. DEV. | STND. DEV, STND. DEV. STND. DEV. STND. DEV.
FILTER 4 A 65.3068 65.3068 91.3215 157.1930 115.2178 178.7200
TABLE XXXUIII
FILTER 4 RANGE RATE STANDARD DEVIATIONS(FT./SEC.) AT 6.25 SAMPLES/SEC.
RUN 1 RUN 2 RUN 3
ouTpur OUTPUT OUTPUT
RANGE RATE RANGE RATE RANGE RATE
STND. DEV. STND. DEV. STND. DEV.
FILTER 4 0.0 693.4480 693.4480

0Tt
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TABLE XXXIX

FILTER 4 MAXIMUM RANGE(FT.) AND RANGE RATE(FT./SEC.) ERRORS AT 6.25 SAMPLES/SEC.

RUN. 1 RUN 2 RUN 3
input = ramp input = noise input = ramp + noise
MAX MAX MAX MAX MAX MAX
RANGE  RANGE RATE RANGE RANGE RATE RANGE RANGE RATE
ERRGR ERROR ERROR ERROR ERROR ERROR
FILTER 4 0.162 x 101 0.580 x 1071 323,302 | 1553.83 323.3982 | 1553.82
TABLE XL
FILTER 4 RANGE AND RANGE RATE VARIANCE REDUCTIGN RATIOS AT 6.25 SAMPLES/SEC.
RUN 2
KR KRR T
range variance range rate varijance Convergence
reduw .ion ratio reduction ratio Time (Sec.)
FILTER 4 2.9603 57 .6609 2

ITt
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y  RDOT _ 1-0.75z7}-1.62"2-2.25z 3-4z *-2.25z" 5-1.52 £-0.75277 59,
RR RM 4DpT(1-0.75z"" + 0.25z~<+ 0.25z"° + 0.25z7") -t

The variance reduction ratios, KR and KRR, can be determined from
the weighting sequences hp(i) and hyp(i) by

n2(i). | (28)

K= =6

- 3i8

The program presented in Appendix U is used to evaluate this

series. The resulting variance reduction ratios calculated are

KR = 48 (29)
KRR(2500 samples/sec.) = 1.47 x 10° (30)
KRR(6.25 samples/sec.) = 316. ) {31)

The varianceé reduction ratios presented in the tables for Filter 4
are calculated from actual simulatien data. ATthough these are
s1ightly better results than determined abeve, smoething over

four samples does not offer an adequate level of noise rejection,

Simulation data for Filter 5 is préSenéed in'TaSTQS
XLI = XLIV for 2500 Samp]es/se;and and in Tables XLV ~ XLVIII
for 6.25 samplesfsecend. A graphical diSpTaJ.of this data is
presented in Figures 62 and 63 and in Figures 64 and 65 for 6.25

samples/second.
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Filter 5 is a digital tracking filter employing skip
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sampling over sixteen samples. It is characterized by the transfer

functions

y o RE _ 23.5 + 23,527 '+.,.423.52°5-7.6271% ., .-7,62"°}

T m—

R™RM ™ 256

and

g o RDOT _ 1+ z7% ..+ 2715 270¢ ., 7%
AR M T 256 DT

The program to evaluate variance reduction raties (listed in

Appendix D) using

el

g

lag]

h (5)

.

=0
determined the ratios:
KR = 1.72 x 107!
KRR(2500 samples/sec.) = 5.74 x 10°
KRR{6.25 samples/sec.) = 3.59 x 1072
These values are in close agreement with thgse derived_frem

simulation data and presented in the tables for Filter 5. As

with this type of filter the range rate variance reduction ratio

(32)

(33)

(28)

(34)

(35)

(36)
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is proportional to the square of the sampling rate while the range

variance reduction ratio is independent of sampling rate.
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TABLE XLI
FILTER 5 RANGE STANDARD DEVIATIONS{FT.) AT 2500 SAMPLES/SEC.
RUN 1 : RUN 2 RUN 3
input = ramp jnput = ncise input = ramp + noise
meur | outpuT WPUT | GuTRUT et | outeuT
RANGE RANGE RANGE RANGE RANGE . RANGE
STND. DEV. STND. DEV. STND. DEV. STND. DEV. STND. DEV. | STND. DEV.
FILTER 5 2.6123 2.6123 106.1125 39.3340 106. 1860 39.3009
TABLE XLII
FILTER 5 RANGE RATE STANDARD BEVIATIONS{FT./SEC.) AT 2500 SAMPLES/SEC.
RUN 1 RUN 2 RUN 3
QUTPUT OUTPUT OUTPUT
RANGE RATE RANGE RATE RANGE RATE
STND. DEV. STND. DEV. STND. DEV.
FILTER 5 0.0 5693.6289 5693.6289

LTT
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TABLE XLILI
FILTER 5 MAXIMUM RANGE(FT.) AND RANGE RATE(FT./SEC.) ERRORS AT 2500 SAMPLES/SEC.

RUN 1 RUN 2 RUN 3
jnput = ramp input = noise input = ramp * noise
HAX | MAX MAX 1 wax | max
RANGE RANGE RATE RANGE | RANGE RATE RANGE | RANGE RATE
ERROR ERROR ERROR |  ERROR ERROR | ERROR
FILTER & 0.0 0.207-x 1078 | 122.399 | 15702.380 | 122.399 | 15702.380

TABLE XLIV

RGN 2

FILTER 5 RANGE AND RANGE RATE VARIANCE REDHCTIONIRRTIOS AT 2500 SAMPLES/SEC.

KR
range variance
reduction ratio’

KRR
range rate variance
reduction ratien

T
Converygence
Time (Sec.)

FILTER 5

1.374 x 1071

2.879 x 10°

<1

811



o

-

FILTER &
KANGE

. 3
Seun.03  £380.00  §820.00 _!z_c@.’namapnn-.un B[ue.00  €080.0D 820,00

m. wio"
160,00 -120.00 -p0.08  <uoTho  -p.on  p.On w0 120,00

.00 B.GT 5.0 Z4.ad  99.00  %g,00 38,00 35,00

- - - . .

rpe——
€4.00

, i{ U N
FILTER &
LANGE RATE
— g O P L cr ——— e ——._ AT I — T e —rrmm———-
5,00 8,08 iq,00 .00 32,00 46,00 .00 $6,0¢ .40 72.99 84,00

FIGURE 62 ~ Filter 5 at 2500 samples/sec..
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FIGURE 63 -~ Filtar 5 at 2500 samples/sec.
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TABLE XLY

FILTER 5 RANGE STANDARD DEVIATIONS(FT.) AT 6.25 SAMPLES/SEC.

RUN: 1 RUN 2 RUN 3
input = ramp ' input = noise input = ramp + noise
INPUT OUTPUT INPUT OUTPYT INPUT ouTPUT
RANGE RANGE RANGE RANGE RANGE RANGE
STND. DEV. STND. DEV. STND. DEV. STND. DEV. STND. DEV. STND. DEV.
FILTER 5 1044. 906 1044.96 112,3026 41,1501 1083.432 1044:.917
TABLE XLVI
FILTER 5 RANGE RATE STANDARD DEVIATIONS{FT./SEC.) AT 6.25 SAMPLES/SEC.
RUN 1 RUN 2 RUN 3
OuTPUT OUTPUT OuUTPUT
RANGE RATE RANGE RATE RANGE RATE
STND. DEV. STND. DEV. STND. DEV.
FIH.TER & 0.0. 15,0085 15.0085

12T



TABLE XLVIT

FILTER 5 MAXIMUM RANGE(FT.) AND RANGE RATE(FT./SEC.) ERRORS AT 6.25 SAMPLES/SEC.

RUN 1 RUN 2 RUN 3
input = ramp input = noise jnput = Jyanp _+ noise
MAX MAX MAX MAX MAX MAX
RANGE RANGE RATE RANGE RANGE RATE RANGE RANGE RATE
ERROR ‘ERROR ERROR ERROR ERROR ERROR
FILTER 5 lo.909 x 1671 { 0.278 x 10711} 122.002 37.450 122.0018 37.450
TABLE XLVIII
FILTER 5 RANGE AND RANGE RATE VARIANCE REDUCTION RATIOS AT 6.25 SAMPLES/SEC.
: RUN 2
KRR KRR T
range varfance range rate variance Lonvergence
reduction ratio reduction ration Time {Sec.)
FILTER 5 1.342 x 1071 1.786 x 1072 5

gel
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FIGURE 64 - Filter 5 at 6.25 samples/sec.
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IV. MICROPROCESSOR SIMULATIONS

Two of the filter designs are selected to be implemented on a
microprocessor based system. They are Filter 3 and Filter 5. Simula-
tions are conducted in the same manner as is done on the IBM 370. The
same range input signals are employed, and statistical analysis of the
outputs is performed as was dona in the IBM 370 simulation runs. This
allows direct comparisons to be drawn.

The simulations are not conducted in real time. Considerations
are taken for execution time, however, and are presented in the test

results.

A. Description of Microprocessor System

The microprocessor simulations are conducted on an expanded
versicn of the Motorola MEK 680002 Evaluation Kit II, a micrecomputer
system based on the Motorola MC 6800 microprocessing unit. The details
of the revisions made to the system are outlined in the Motorela appli=
cation note "MEK 6800D2 Microcomputer Kit System Expansion Techniques"a7
The basic system memory of 512 hytes of static RAM is replaced with 32
kilobytes of dynmamic RAM. The MINIBUG III monitor ROM and its associated
serjal interface are added co-resident to the basic system's JBUG moniter
ROM and serial interface. Under MINIBUG control the system is connected
via R$-232 interface to a data terminal. Under JBUG control the audio

cassette interface provides an inexpensive means of permanent storage.
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B. Description of Simulating Programs

The software for implementing the algorithms for Filter 3 and
Filter 5 is developed at the assembly language level., The primary con-
siderations in its development are the one byte word size and the lack
of a hardware multiplier on the 6800 microprocessor. The consequences
of the small word size are that internal values must be represented in
muitiple byte lengths. Since these values can only be written into or
read from memory one byte at a time, execution time is dependent on the
number of bytes used to represent a value. For this reason, it is necessary
to determine the minimum number of bytes needed to preserve precision at
any given point in the program. Although the range 1npu£, range output
and range rate output are two byte values, internal word s§ize varies from
two to five bytes.

Multiplications are handled by a multiplication subroutine. Under
worst case conditions this routine requires 2,235 periods of the system
clock to return a product. This represents a significant percentage

of program execution time.

1. Program FILTER 3

An assembly language listing of the microprocessor
realization of Filter 3 is presented in Appendix B. This program
accepts a two byte unsigned binary word representing a noisy range
value and outputs a two byte unsigned binary word representing
the present estimated range and a twe byte, two's complement
binary word representing the present estimated range rate.

When a noisy range value is received it is loaded onto the bottom

of a 36 byte stack, REGS, containing the previous 17 heisy-range
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inputs. A summation is then made of the six most recent entries
onto the stack and subtracted from that is the summation of the
six oldest entries on the stack. The result of these operations
is a three byte, two's complement number stored in the variable
TSUM. This value is multiplied by the scaled constant (1/(72*DT))
« 210 t5 datermine the estimated range rate. The 218 scaling
factor is included in the constant because the constant is typi-
cally less than one. Since integer arithmetic is employed,
tring to represent a number between zero and one by a zero or

a one would cause a very significant loss of accuracy. To
circumvent this situation the constant is premultiplied by a

factor of 216

» which is equivaiént to shifting the constant

two bytes to the left. After the multiplication of TSUM by

the constant has been accemplished the two least significant
bytes of the five byté product are truncated which is equivalent
to a two byte shift back te the right. The magnitude of the
estimated range rate is such that it can be represented suf-
ficiently by a two byte value so the most significant byte of
the three remaining bytes of the product can also be discarded.
The end result is a two byte, twe's complement number, RDOT,
representing the estimated range rate. -

TSUM is multiplied by the scaled constant (735/72)*216
to derive a range correction term, RCRCT, which will be used in
the range calculitions to give the estimated range. In this
case, the two lowest significant bytes are retained until after

the addition in the range calculations to preserve accuracy.

However, the moest significant byte can still be discarded Téavfng
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a four byte, two's complement tarm RCRCT.
To derive the estimated range, RE, the summation of the
16 most recent entries onte the stack REGS is taken. The result
is a three byte number located in SUM. This value is multiplied

by the scaled constant (1/16)*216

producing a five byte result.
The most significant byte is discarded and the remaining four
byte value is added to RCRCT. The two most significant bytes of
the sum from this addition are the unsigned binary representation
of the estimated range.

At this point FILTER 3 receives the next neisy range
term and pushes it ento the bottom of the stack REGS causing
the oldest entry on the stack to be lest off the top. Thé process
of ebtaining the estimated range and range rate is then repreated
for these 18 entries on the stack.

Program FILTER 3 utilizes four subroutines: SHFTR, ADD,
SUB and MULT. Subroutine SHFTR shifts all entries in the stack
tEGS up one and leads the latest range error term onto the bottem
of the stack. Subroutine ADD adds two three-byte numbers. The
numbers are entered intoe the subroutine through the variables A
and B, The three byte sum is returmed through the variable SUM.
Subreutine SUB is a three byte subtraction routine. Values are
entered and returned through the same variables used in subroutine
ADD.

Al1l multiplication required by FILTER 3 is performed by
subroutine MULT, a two byte by three byte, two's complement
multiplication routine. The two byte multiplicand is entered
through MLTCD and the three byte multiplier is entered through
MLTPR. The five byte product is returned through the variable
PROD-
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Subroutine MULT also contains a rounding routine. Since

16 proD must

one of the factors of PROD has been scaled up by 2
be scaled down by 216 to obtain the correct result. Rather than
truncating, PROD is rounded off to its three most significant
bytes., The flag ROUND is used to turn the rounding routine on
or off as needed.

To facilitate the display of data the FILTER DATA PRINTER
program is appended.to the FILTER 3 program. For each sample,
the printer program lists the sample number, the value of the
noisy range input at that sample, the value of the actual range at
that sample and the estimated range and range rate calculated by
FILTER 3. This program converts all hexidecimal values to deci-

mal values.

Program FILTER 5

An assémbly language listing of the microprocessor reali-
zation of Filter 5 is presented in Appendix C. This program
accepts a two byte unsigned binary werd representing a noisy
range value, After receiving sixteen of these values the program
outputs a twe byte unsigned binary werd representing the present
estimated range and a two byte, two's compliment binary werd
representing the present estimated range rate. Alse calculated
but not output is a two byte unsigned binary werd, RDI, represent-
ing the.estimated range at a previous point in time. This value
is subtracted frem each incoming neisy range word to preduce a
two byte, twe's éomp]ement'binary range error term, These error

terms are placed on a 32 byte stack, REGS. When sixteen noisy
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range samples have been received, REGS is then full and a summa=
tion ¢t its contentsis taken. The résulit is a 3 byte,

two's complement binary value, TSUM, which is used to calculate
the new estimated range rate, RDOT, and to update the two estima-
ted range values, RE and RDI.

The estimated range rate, RDOT, i35 derived by multiplying
16

"TSUM by the scaled constant (1/(256*DT))*2"". Since the constant

is typically less than one and integer arithmetic is employed,

the scale factor 216

is included to maintain the two byte Tevel
of accuracy. The multiplication of the 2 byte censtant and 3
byte TSUM results in a 5 byte product. The estimated range rate
value is contained in the three most significant bytes of the
product due te the scale factor included in the constant. This
term can be accurately expressed in two bytés so that the mest
significant byte can also be discarded yielding a two byte,
two's complement, estimated range rate value.

The three byte TSUM is then multiplied by the scaled
constant (1/16)*216 and the resulting five byte product is
reduced te two bytes in the same manner as described abeve,
This twe's complement number is added to the present value of
RDI to update it for use in determining the range error terms
for the next sixtéen neisy range inputs. RDI is a two byte,
unsigned binary value.

The estimated range, RE, is updated in the same manner.
TSUM is muliptlied by the scaled constant (23.5/256)%28. The

resulting five byte product is reduced %o a twe byte, two's

‘complement number and added to ﬁhe old value of RDI. The result

of this addition is a two byte, unsigned binary number representing

the current estimated range.
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Program FILTER 5 utilizes the same four subroutines used

by Filter 3. The operation of these subroutines is exactly as
described in the section on FILTER 3. Temporary storage is allo-
cated for the stack REGS in such a way that subroutine SHFTR,
which is responsible for pushing data onto the stack and shifting
the other entries up, need net be changed to reflect the fact
that REGS is a 36 byte stack in FILTER 3 and & 32 byte stack in
FILTER 5. Both programs utilize premultiplication of constants

s0 that the rounding routine in subroutine MULT also need
not be changed.

Since FILTER 5 outputs estimated range and range rate
data only once every sixteen sample periods, the FILTER DATA
PRINTER pregram is medified to display data for only those sample

perieds for which outputs are generated.

C, Test Conditions

As noted previously, test conditions for the microprocessor
simulation runs are very similar to those used in the IBM 370 simula-
tions. Tests are conducted for each of the three range input signals:
the ramp, Gaussian noise and the summation of the ramp and neise. The
tests are not conducted in real-time but rather a block of data~conta1ning
sequential samples of the input is resident in memery. The simulating
program steps through this block retrieving input values as needed. A
block consists of 630 sampled range values taken at the sampling rate.
Each value is a two byte unsignéd=b1nary word, These are rounded integer
representationsof the same sampled input values employed in the IBM 370

simuTations.
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The microprocessor simulations are conducted at the 6.25 samples/

second sampling rate only. Although simulation at the higher sampling

rate is possible, the speed 1imitations of the microprocessor would make

a real-time system unrealizable. The two filter designs chosen both

of fer better noise rejection at the lTower sampling rate.

1.

D. Test Results

Filter 3

Simulation runs for Filter 3 are conducted for a duration
of 200 sample periods, The last 50 sample values of the range
input, estimated range and estimatedrange rate are statistically
analyzed and presented in Tables XLIX - LI; Also presented is
the data for an equivalent run on the IBM 370. The results indicate
that the implementation of the filter on a microprocessor based
system is accemplished without significant loss of accuracy.

Prégram FILTER 3 requires 15,777 cycTes of the micropro-
cessor system clock to compute estimated range and range rate
values after being given a sampled range input. At the 614.4KHz
clock rate of the MEK GBOODé.Evaluation Kit, the execution time
is 25.68 milliseconds. The 160 millisecend sampling period provides
more than adequate time for filter calculations, hence, this program

could be employed in a real-time system.

Filter §

Filter 5 simulations are conducted for a duration of

608 sample periods. Since this filter returns an output only once
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. TABLE XLIX
FILTER 3 RANGE STANDARD DEVIATIONS(FT.) AT 6.25 SAMPLES/SEC.
RUN 1 RUN 2 RUN 3
input = ramp input = noise input = ramp + noise
FILTER 3 INPUT OUTPUT INPUT QuTPUT INPUT BUTPUT
: RANGE RANGE RANGE  RANGE RANGE RANGE
| STND. DEV. | STND. DEV. S;ND. PEV. | STND. DEV. . STND. DEV. STND. DEV.
MECROPROCESSOR 65,380 65.375 103.531 53.105 102.647 61.596
I8l 370 65.3068 65.. 3068 1085.9378 53.1095 108.1119 £8.1752
- TABLE L
FILTER 3 RANGE RATE STANDARD DEVIATIONS(FT./SEC.) AT 6.25 SAMPLES/SEC.
RUN 1 : RUN- 2 RUN 3
input = ramp iri t = noise input = ramp + noise
FILTER 3 OUTPUT TPUT ouTPUT
RANGE RATE . RANGE RATE RANGE RATE
_ — STHD. DEY. STHD. DEV. STND. DEV.
MICROPROCESSOR 0.0 33.288 33.132
IsM 370 0.0 33.1917 33.1817

Gel



TABLE LI

FILTER 3 RANGE AND RANGE RATE VARIANCE REDUCTION RATIOS AT 6.25 SAMPLES/SEC.

RUN 2

~ input = noise

rwed

KRR

KR T
FILTER 3 VARTANCE RANGE VARLAKCE RANGE RATE CONVERGENCE
REDUCTION RATIO REDUCTION RATIO TIME (SEC.)
MICROPROCESSOR 2.632 x 1071 . 1.034 x 1071 3
IBM 370 2.513 x 1071 . 9.817 x 107 3

9eT
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for every sixteen sampled inputs, 38 output values are deter-
mined during a simulation run. The filter converges to steady

state after two execution cycles {32 sample periods), therefore,

the last 35 output values represent steady state and are statistically

analyzed. This set of samples is of sufficient size to insure

statistically accurate results. Data for the microprocessor

simulations of Filter 5 and an egquivalent IBM 370 run are presented

in Tables LII - LIV. Here again, as in the microprocessor reali-
zation of Filter 3, results agree with those obtainéd on the
IBM 370,

The worst case execution time for an "OFF" sample period,
when no filter outputs are produced, is 907 cycles of the micro-

processor system clock. The execution time for an "ON" sample

_ period, when filter output values are determined, is 11,639

cycles of the system clock. At the 614.4KHz clock rate of the
MEK 680002 Evaluation Kit, execution times are 1,48 and 18,94
milliseconds for "OFF" and "ON" sample periods, respectively.
However, thé 5800 family is capable of clock rates up to 2MHz
which would yield execution times of 0.45 and 5.82 milliseconds
for "OFF" and "ON" sample periods, respectively.

To offset the problem of smoothed range and range rate
data being available only every sixteenth sample instant, it
has been propesed that sixteen filters be operated in parallel

with each filter lagging the next by one sample period.8 In
this manner an output from one of the filters would be available

at each sample instant. At the 6.25 samples/second sampling rate
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TABLE LTI
FILTER 5 RANGE STANDARD DEVIATIONS{FT.) AT 6.25 SAMPLES/SEC.
RUN 1 ‘ RUN 2 ' RUN 3
o] Jdnput = ramp input = nojse ! ___input = ramp + noise
: INPUT ouTPur INPUT OUTPUT INPUT - uTPUT
FILTER & RANGE RANGE RANGE RANGE 1 RANGE : RANGE
STND. DEV. STND. BEV. STND. DEV. STND. DEV. | STND. BEV. | STND. DEV.
MLCROPROCESSOR 734,514 734.516 91.516 32.489 - 755.846 {1 735.662
FBH 370 734.5007 734.5007 111.0584 35.4184 739.8486 735.4358
| | TABLE LIIT
FILTER 5 RANGE RATE STANDARD DEVIATIONS(FT./SEC.) AT 6.25 SAMPLES/SEC.
RUN 1 RUW 2 : ~ RUN 3
input = ramp input = noise %nput = ramp + noise
FILTER 5 QUTPYT AUTFPUT QuTPUT
- RANGE RATE RANGE RATE RANGE RATE
STNB. BEV. STND. DEV. STND. DEY.
MICROPROCESSOR 0.0 11.543 11.508
JiBM 370 0.0 12.5710 12.5710

8ET



FILTER 5 RANGE AND RANGE RATE VARIANCE REDUCTION RATIOS AT 6.25 SAMPLES/SEC.

TABLE LIV

RUN

input = noise

KR

KRR
YARTANCE RANGE RATE

T
CONVERGENCE

FILTER 5 VARIANGE RANGE
REDUCTION RATIO REDUCTION RATIO TIME (SEC.)

MICROPROGESSOR 1.260 x 1071 1.501 x 1072 5

IBM 370 1.017 x 107} 1.281 x 1072 5

6ET
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the execution time of program FILTER § is ohly a fraction of the
sampling period. Hence, the same processor can be used for al}
sixteen filters. In a given sampling period fifteen filters
would be at "OFF" sampling periods while one would be at its
"ON" sampling peviod. Operating with the 614.4KHz system clock,
total execution time would be 42.62 milliseconds, slightly over

a quarter of the sampling period.
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CONCLUSIONS AND RECOMMENDATIONS

The IBM 370 simulations demonstrate that Filter 1 offers im-
proved noise reduction at hicher sampling rates in both the range and
range rate modes for both constant gains and bandlimited differentiator,
Maneuver-following capabilities, as measured by convergence time, are
independent of sampling rate. Noise reduction for Filter 2, Filter 3
and Filter 5 is independent of sampling rate in the range mode and in-
creases with decreasing sampling rate in the range rate mode. These
filters all demonstrate increased maneuver-following cababi]ity at
higher sampling rates. Filter 4 does not provide sufficient noise re-
duction to be considered further.

At the Tow sampling rate (6.25 samples/second) and with a short
cenvergence time, Filter § has greater noise reduction than Filter 3.

If parameter pairs are chosen for Filter 1 and Filter 2 to yield an

~equally shart convergence time, they too do not provide the level of

noise reduction of Filter 5. However, if a longer convergence time is
allowed, the parameter pairs of Filter 1 and Filter 2 can be chosen to
provide higher levels ef noise reductien than Filter 5. In this case,
Filter 1 (bandlimited differentiator) provides greater noise reduction
than Filter 2 for a given convergence time.

| | The advantage of Filter 1 becomes more apparent at the higher
sampling rate. Convergence time is unaffécted but noise reduction
increases with sampling rate. Hence, the capabilities of this filter
are determined by the limitations of the processor with which it is

implemented. Future generations of processers will offer faster clock

141
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rates which will allow a corresponding increase in sampling rates and
result in better filter performance.

Filter performance can be summarized:

Filter 1: <t « independe~t of sampling rate
- dependent on K1, K2
KR - decreases with increasing sampling rate
- dependent on K1, K2
KRR - decreases with increasing sampling rate

dependent on K1, K2 .
The tradeoff betweern 1 and the ratios KR and KRR is controlled
by K1, K2 (b in the BLD).

Filter 2: 1 - decreares with increasing sampling rate
- dependent on «,8
KR - independent of sampling rate
- dependent on «,B
KRR - decreases with decreasing sampling rate

- dependent on «,B
The tradeoff between T and the ratios KR and KRR is controiled
b.y a’ Br

Filter 3: =
KR
KRR

i

decreases with increasing sampling rate
dependent on sampling rate slightly, due to updating
decreases with decreasing sampling rate

Fitter 5: 7
KR
KRR

decreases with increasing sampling rate
independent of sampling rate
decreases with decreasing sampling rate.

Future study should be directed toward impiementation of Filter
1 or Filter 2 at a higher sampling rate with a 16 bit micreprocessor
having a hardware multiplier. It would also bevworthwhi1e te investigate
different metheds of approximating the continuous system of Filter 1
with discrete systems. The method used in this study is only one way of
mapping from the s-plane to the z-plane. Other metheods should be examined

to determine if any offer mappings mere suitable for this application.
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APPENDIX A
The fo110wing pages contain a FORTRAN 1isting of program FLT,

the associated CALC subroutines for each of the five filters and the

two plotting subroutines, PLOTB and MCPLOT.
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OO0 AOeEAMADOoOONARDO A

THIS FROGRAM SIMULATES A DIGITAL FILTER.
THE PARAMETERS GF THE FILTER AND INITIAL CONDITIONS ARE READ IN
GM NAMELIST LIST.
THE PLOGTTING PARAMETERS ARE READ TN ON NAMLLIST DIM,
THE PARAMETERS OF THE RANDGM KUMBER GENERATOR ARE READ IN CN

MAMELTST XRAND.

SUBROUTINE CALC PERFORMS ALL FILTER CALCULATIONS.

SUBROGUTINE GGMRF SENERATES THE NORMALLY DISTRIBUTED RANDOM VARTABLES
THAT BARE USED AS RANGE NOISE.

SUBRCUTINE BECORI CALCULATES THE MEAN AND STANDARD DEVIATICN OF THE
INPUT RANGEs OUTPUT RANGE AMD OUTPUT RANGE RATE.

SUBROUTINE PLOGTB FGRMATS DATA TC USE THE PRINTER FOR PLOTTING.
SUBROUTINE MCPLGT FORMATS DATA FOBR THE CALCOMP PLOTTER.

PRGGRAM FLT MAKES THREE FILTER SIMULATIOMN RUNS FOR FACH SET OF
FILTER PARAMETERS. A NEW SET OF FILTER PARAMETERS IS READ IN LVERY
TIME NAMELIST LIST IS READ. THE FIRST SIMULATION RUN 1S MADE WITH A
RAMP INPUT. DATA FROM THIS RUM IS TABULATED IM A TABLE ONLY (NO
PLOTS)e THE SECOND SIMULATION RUN IS MABFE WITH AN INPUT CF GAUSSIAN
MGISE. DATA FROM THIS RUN IS ALSOD TABULATED IN A TABLE ONLY.

THE THIRD SIMULATIGN RUN IS MADE WITH THE INPUT OF A NOISY RAMP.
DATA FRGM THIS RUN IS TABULATED IN A TABLE AND ALSO PLOTTED.

THE PLOTS RETURNED ARE DETERMINED BY THE PARAMETERS IN NAMELIST DIM.
ALL PLGTS ARE OF A FUNCTION VERSUS TIME.

NAMELTST LIST '
LIST IS READ AT THE BEGINNING OF EACH RUMN THROUGH THE MAIN PROGRAM

DRE = INITIAL ESTIMATE OF RANGE
DRDOT = INITIAL ESTIMATE OF RAMGE RATE
BT = TIME BETUWEEN INPUT SAMPLES
K AND K2 = PARAMETERS nF FILTER
DR INITIAL RAMGE
DV INITIAL RANGE RATE

v
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NDN

IDI

IDRI =

NAMELIST BDIM
DIM IS READ
PLR =

PLRR =

PLRER

PLRRER

it
ek

NJMBER OF FILTERS TO BE SIMULATED (THE NUMBER OF TIMES
NAMELIST LISYT IS TN BE READ)
NUMBER OF SAMPLE PERIODS BE TWEEN THE READING OUT OF
RESULTS

NMUMBER GF RESULTS T@ BE READ OUT

ONLY ONCE.
1 SPECIFIES THE QUTPUT OF TW0O RANGE PLGTS. BOTH
PLOTS CONTAIN THREE FUNCTIOMS-ReRM AND REe THE FIRST
PLOT USES A& SCALE CHGSEN FRCM THE MAX AND MIM FUNCTION
VALUESe THE SECOND USES BUl AND BL1 AS THE PLOT®S MAX
AND MIN VALUESe IF PLR IS NGT SPECIFIED NO RANGE PLOTS
ARE GIVENe THE PLUTS ARE GENERATED AFTER THE THIRD
FILVER SIMULATION RUN FOR EACH FILTER.
1 SPECIFIES THE CUTPUT OF TWO RANGE RATE PLOTS. BOTH
PLOTS CONTAIN TWO FUNCTIGNS~V AND RDPOT. THE FIRST
PLOT USES A SCALE CHOSEN FROM THE MAX AND MIN FUNCTION
VALUES. THE SECOND USES BU2 AND BL2 AS THE PLOT®S MAX
AND MIM VALUES. IF PLR IS NOT SPECIFIED NO IANGE RATE
PLETS ARE GIVEN. THE PLOTS ARE GENERATED AFTER THE
THIRD FILTER SIMULATION RUN FOR EACH FILTER.
= 1 SPECIFIES THFE OUTPUT OF OGME OR TwWO RANGE ERRGR
PLOTS. WNLIKE THE FIRST TWO SEYS OF PLOTSe THESE ARE
MNCY GENERATED UNTILL ALL FILTERS HAVE BEEN RUM. .
HEMNCEy THE RANGE ERROR FOR THE THIRD SIMULATICN RUN
FOR EACH FILTER APPEARS ON THE SAME PLOT. THIS IS
FOR COMPARISON PURPOSESe THE FIRST h
PLOT USES A SCALE EHOSEN FROM YHE FUNCTIONYS MAX AND
MIt VALUES. THE SECCND WSES BU3 AND BL3 AS THE
PLOTYS MAX AND MIN VALUES. IF PLRER IS WNCT SPECIFIED
NC RANGE ERRORI PLOTS ARE GENERATED .
= 1 SPECIFIES THE OUTPUT OF GNE OR TWO RAMBE
ERROR PLDOTSe THESE ARE ALSO NOT GENERATED

RATE
UNTIL ALL

Lyl
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FILTERS HAVE RFEN RYN. HENCEs THE RANGE RATE ERRCP
FOR THE THIRD SIMULATIGN RUN FOR EACH FILTIR APPEARS
BN THE SAME PLOT. THE FIRST
PLOT USES A& SCALE CHOSEN FROM THE FUNCTIOGN®S MAX AND
MINM VALUES. THE SECOND USES BU4 AMD BL4 AS THE
PLOT*S MAX ANMD MIN VALUES. IF PLRRER IS HOT
SPECIFIED ND RAMGE RATE ERROR PLGTS ARE GEINERATED.
BU1 AND BL1 = THE UPPER AND LOWER LIMITS ON THE SECOND GRAPH
OF THE RANGE DATA. TIF NOT SPECIFIED THEY ARE
SET
Bu1 (MECIUM AC TUAL RANGE) + SPAaM]
BL1 (MEDIUM ACTUAL RANGE) = SPAN]
WHERE SPANY 1S A MAIN PRNOGRAM CONSTANT.
THE UPPER AND LOWER LIMITS ON THE SECOND GRAPH
NF THE RANGE RATE DAYA. IF NOY SPECIFIED THFY
ARE INTERNALLY SET
BU2 = (MEDFUM ACTUAL RANGE) + SPAN2
BL2 = (MFDIUM AC TUAL RANGE) = SPAN2
WHERE SPANZ2 IS A& MAIN PREGGRAM COMSTANT.
THE UPPER AMD LOWER LIMITS ON THE SECOND PLOT
OF THWE RANGE ERROR FUMCTION. IF NOT SPECIFIED,
P SECOND PLOT TS NOT GENERATED,
THE UPPER AND LOWER LIMITS ON THE SECOND PLCT
OF THE RANGE RATE E£RROR FUNCTION. IF NGT
SPECIFIEDy A SECOND PLOT IS NOT GENERATED.
CALCOM = 1 CREATES CALCOMP PLOTS. A RANGE PLOT AMD RANGE
RATE PLGT AFTER THE THIRD SIMULATICN RUN FCR EACH
FILTFRe THE RANGE ERRGR AND RANGE RATE TRAOR
PLOTS ARF GENERATED AFTER ALL FILTERS HAVE BEEN
RU . HENCEs THESE PLOTS COKTAIN THAT DATA FRCHM
THE THIRD SIMULATION RUN FOR EAL® FILTER. THIS
IS FGR COMPARISOM PURPCSES.

H

I

BUZ AMND BL2

It

BUZ AND BL3

BU4 AND BLY

BY1
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*NOTE+ INTERNAL SPECIFICATION OF BU1+BL1+BU2 AND BL2 CAN
ONLY RE USED WHEN NO ACCELERATION 1S ADDED. IF THE
VALUES OF SPAN1 AND SPAN2 ARE NOT ADEOUATEs. THEY MAY
BE CHANGEDR BY ALTERING THEIR VALUWE IN THE MAIN
PRCGRAM

NAMELTIST XRAND
KRAND IS READ ONLY OMNCE
XM = THE MEAN OF THE NORMALLY DISTRIBUTED RANDOM VARIABLES
XDEV = THE STAKDARD DEVIATION OF YHE NORMALLY DISTRIBUTED
RANDOM VARIABLES

INTERNAL PARAMETERS
NN = 06 T NDNy NYUMBER OF FILTERS THAT HAVE BEEN SIMULATED.
L =0 TO IDR1s NUMBER OF TIMES SUBROUTINE CALC IS CALLED
(ONE DATA POINTY IS GENERATEDR FOR EACH L)

PROGRAM FLY

DOUBLE PRECISION

ITHMPLICIT REAL*#B(DyKeRoV)

INTEGER PLR ¢PLRRePLRERsFLRRER 4RUN

BDIMENSIGON TIMACS00)

DIMENSICN X(S0e5)yDIFF{5+500) yRERRIS54500) «Y(2500)
DIMENSTION RNG€59500) yRNGR (545003 9T IME (500)

DIMENSION SNG(S5+500) ¢SNGRIS54500) ¢SIFF{59500) ¢SERR(S5+500)
DIMEMSION 2(646) 9 XM1(E)+SDICE)

MATIX 7 IS A DUMMY VARIABLE WSED IN BECORI.
MNAMELIST/LIST/DRE9DRDOT BT oK1 9K29DR9DV «NDNeIDI 9 IDRT
NAMELYST/ZDIM/PLR oPLRRyPLRER «PLRRER9BUL ¢BL14BU2+BL2 9BUI9BLIsBUG 9BLY

24CALCOM
NAMELIST/XRANDZ/XM oXBEV
CALL PLOTS (L10D244.40%6)

El

st

69T



NN GIWRR el

100

110

120

CALL PLTMSG (v*+a DON FLEISCHER PLOTS READY

CALL PLOT (f1alDe-11,07-3)
NN = 0

BU1
B8L1
BU2
BL2
BU3
BL3
BU-4
Bl 4
PLR
PLRR = @

PLRER = 0

FLRRER = O

CALCOM = p.0

CALL GGNRF1(DSEEDR)
READ(S+DINM)
READ (5 «XRAND)
READ{S4LIST)

NN = NAh+1

BETA = IDI«DT

RUN = 1

RE = DRE

RDOT = DRDOT

R = DR

v = DV

XXM = XM

XXDEY = XDEV

XM = B.U

XBEV = 040

GOTO 148

RU# = 2

coocoooeED o
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CALL GGENRF2¢DSEEM)
RE = DeD

RDGT = 040

R =

vV =
XM = X
XDEVY = XXDEV

GOTG 140

RUN = 3

CALL GGMRFZ{DSEED!

RE = DRE

RDOT = BRDOT

R = BR

¥ = DV

CONTINUE

WRITE(G6+150)
FORMATCIHGe2X o *LIST?)

130

1490

158

o
-

T
wkend

WRITECE2160) REyRBOT BT aK1eK29RoVoeNDNe INDTINRI]

FORMAT(1HO 44X ¢ *RE =
2etKl = 9462049/5Xs%K2 =
39NDN = 94T111/5X4%1DT =
WRITE(6 41702
FORMAT(1HO 92X 9 * ARAND®)
WRITEC&9150) XMyXDEV
FORMAT ( THO 94X o * XM =
IF(RUN oNEs 3) GOTO 300

160

170
180
€

c
eNf o Dl o+ R

100040

IF (BUl
SPANLT =
Bul =
gLl = BWI -
IF (HW2 «NEs DaB
SPAN2 = 2.0

2+SPAN1

193 .OR.

Y6203 /5X+YROOT

Y9G2043/5X 4R

Y9I11/5Xq4IDRI

BL1

B2

«NE »

R + v+IBI~DT+«FBRI/2 + SPAN1

oNE

*9G209/5X s *XDEV

0e0)

0-0)

" 9G5209/5X4"'DT
T P4G20.2/5X %Y
= %9111/7/7)

"o

.l52059)

€ CALCULATION OF BUl.BL1.BU2 AND BL2 IF NOT GIVEN AS A INPUT

GOTO 130

GOTO 200

PR} el e e

¥V yG20e3/75X
" eG2049/5X

rTeT
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204
210

220

Buza = v + SpPAN2
BL2 = V - SPANZ
WRITE(642107)

FORMAT(1HO 92X o*DIMY)

WRITECH 42203 PLR4PLRR9PLRER sPLRRER$BUL y8L1+BU24BL2
FORMATCIHQ 94X 9 PLR = ¥4I&6/5X9*PLRR = ¥ 4I6/5X¢"PLRER = *416/5Xe*PLR
2RER = 94J6/5Ke Bl = %4520«9/5X9¥BL1 = "4G2D49/5Xy"BU2 = *49620.9/5

C3Xe'BlL2 = *4620.9)

270

280
220
300

310

IF (BU3 «EQe O0ef6 «ANDa BL3 «Ele 0e0) GO TO 240

WRITE(G6+230) BU34BL3

FORMATCIHO 94X «®BUT = "362049/5X¢%BL3 = v 4G20,9)

GATO 2610

WRITE(E4250}

FORMATC(1HD 44X 9 *BU3 AND BL3 WERE NOT SPECIFIED 1IN DIMY)

IF (BlUY sEB8e 0ol oANDe BLY4 EGe 040) GO TO 280

WRITE(E+270) BlU44+BLY

FORMATCIHD 94X e BUG = "9G20e3/5XsBLY = *4520.9/777)

GITO 300 '

WRITE(K+290)

FORMATCLHU +4X 9 *Bli4 AND HL4 WERE NOT SPECIFIED IN DIM*Z/7/)

CONT ITNUE

L =0

WRITE(H+311)

FORMATCIHO 92X g TIME 917X g 'RY 017Xy *REYGISKe*RERR Y41 EX 4 WP 15X 4RROT
2% 415X *DIFF*)

ROI = D0
RVI = 0.8

AN IF STATEMEMT WILL BE INSERTED HERE TO CHECK TO SEE IF THE RANDCM
NUMBER GENERATOR IS TG BE USED OM THIS RUNe JF IT ISs THE FOLLOWING
LOOP WILL BE SKIPPED.

320

330

IF (XBEV «NE. 0.0) GO TO 340
DO 338 LAP = 14IBI
YCLARY = Qa0

. CONTINUE

2st
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340

350

OO0

GOTHL 350

THE CALL STATEMENT FOR THE RANDOM NUMBER CGEMERATOR WILL BF
HERE «  THIS SUBRCUTINE HILL BRE CALLED EACKH TIME CALC IS CALLED.

CALL GGNRF (1BIsY)
DO 350 LAP = 1,101
YCLAP) = XM + XDEVAY(LAF)

CONTINUE

L = L+1 _
TIMEC(L) = ID1«DTwL
CALL CALCER 4V eDTaXsIDI4RE4ROCToK19K24ROI¢HVIgLoRMsYyIDRT)

VARIABLES BEGINNING WITH R OR D ARE DOUBLE PRECISICNe THEY ARE USED
IN DATA TABLE BUTPUT. VARIABLES BEGINNING WITH S ARE SINGLE
PRECISION. THEY ARE WUSED IN THE PLOT OUTPUT.

RNG COMTAINS 3 FUNCTIONS TO BE PLOTTED ON THE RANGE GRAPH

RNG(1lsL) = RE
RNG(24L) = R
RNG{3eL} = RM
SNG(14L) = RE
SMG(24L) = R
SNG(34L) = RM

€ RMGR CONTAINS 2 FUNCTIONS TGO BE PLOTYED ON THE RAMGE RATYE GRAPH.

RHGRC(I L) = RDOT
RNGR(24L) = ¥
SNGR(14L) = RDGT
SNGRL24L) = V

C RERR CONTAINS 1 FUNCTION TO BE PLOTTED ON THE RANGE ERRCR GRAPH.

RERR(NNsLY = RE - R
SERR(NNLL) = RE - R

C DOIFF CONTAINS 1 FUHCTION 7O BE PLOTTED ON THE RAWGE
C RATE FRROUR GRAPH.

DIFF(NN.L) = RDOT = V

£st



SIFF(NNsL) = RDOT - ¥

WRITELE+360) TINF(L)|R|RE,RERR(NNQL)|V1RDOTQDIFF(NN1L)
360 FORMATCIHO 93X eG7 el 461X 4G1%.11))
IFCLoLTLIBRIY GO TE 320
RERRMX = (.0
BIFFMX = D0
B0 370 LAP=1,450
IF(ABSCEXC(LAP 44) ) eGT «4RERRMX) RERRMX
TFCABSUX(LAP¢5) ) oGT DIFFMX) DIFFMX
370 CONTINUE
WRITECE4380) RERRMX oD IFFMX
380 FORMAT(1HOD¢4Xe*MAXIMUM STEADY STATE RAMNGE ERROR
1MUM STEADY STATE RAMNBE RATE FRROR = "9G20Re9)
CALL BECORI(X 5003509 XMI4SNT+Z41ERD
HRITECH9IGB) XMIL1)SOTC1)
350 FORMATCIHO 94X 9*INPUT RANMGE MEAN = 94G20.9/5X¢*INPUT RAMGE STND DEV
1 = *4G20.9)
WRITE(6¢400) XMIC2) 4SDBIC(2)
400 FORMAT(IHO 94X e *RANGE MEAN = ®4G20+975X +*RANGE STND DEV = %9G20.9)
WRITECG+410) XMICI)SDICI)

410 FORMAT(1HD«+4Xs*RANGE RATE MEAM = *4G20.5/5X¢YRANGE RATE STND DEV =
1 Y4620.9)
IF(RUN «EQa 13 GOTO 120
IF(RUN +EQe 2) GOTO 130
IF{PLR +EQe 0) GOTC 460
CALL PLOTB (3+IDRIYBETAsSNGyTIME9De090 «090)
WRITECEe420)
WRITE(E+430)
WRITE(E «440)
WRITE(H9450)
420 FORMATC(LIHO92EX g ' ** ¥y *FOR RANGE DATAY924Xg¥xnnv)
430 FORMATULHO 926X e ax#940] TS THE CALCULATED RANGE (RE)®48Xgtwun?)
440 FORMAT(LIHOg26Xq " #x%9492 TS THE ACTUAL RANGE (R)YT913Xyg?nsav)
450 FORMATC(IHO@26Xe®+2#x® 3?3 IS THE NOISY RANGE (RM)®el4Xe®ann?)

ABS (X(LAP s4))
AES(XCLAP 45))

H o

= Y4620 e9/5X e MAXI]

b

4004 30
4 TVNIOWO

ALEND

g 3OV
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460

470
450

490

500

585

510

CALL PLOTB (3 +TDRISFETASSNGHTIMEGWBUL$BL140)
WRITE(R+420)

WRITE(E+430)

WHRITEL6+440)

WRITECKRy450)

IF(PLRR «EG. 0) GOTO SO0

CALL PLOTE (24TDRIZBETASSNORGTIME 9009 Jaell)
WRITE¢(E+4T70)

WRITE(Hh+4BD)

WRITE (6 4430)

FORMATCIHO 926X e x4 x4y *F0R RANGE RATE DATA®919Xatnxax9)

FORMAT(IHDe2FX g **a%y%] IS THE CALCULATED RANGE RATE (RDOT)>®91Xetx

2%k t)
FORMATCLHO 926X 9" ##2?3%2 IS THE ACTUAL RANGE RATE (V) ®4EXgtwant)
CALL PLOTB (24IDRIZBETAGSNGR¢TIME yBU24BL240)
WRITE(64470)

WRITE(6 9480)

WRITE (G 490)

CONTINUE

IF(CALCOM EQe 0a.0) GOTC 510

CALL MCPLOTU(SNGyTIME «IDRIs240sS4deDATA)
CALL MCPLOT(SNGR e TIMEWIDRI§2909SWeDATA)
IORII = IDRI - 15

DU 505 I=14IDRII

IA = 1 + 15

TIMACI) = TIMECIA)

SNGC1eI) = SNG(IyI1A)

SNGE2¢T) = SNG(241A)

SNGR{1s1) = SNGR(1sIA)

SNGR(241) = SNGRI(2sIA}

CONT INUE

CALL MCPLOT(SNGyTIMAGIDRII 22¢04SWeDATA)

CALL MCPLOT(SNGR ¢TIMASIDRIIs2404SWeDATA)
IF(NN oLTe MNDM} GOTO 180
IF (PLRER +ED0« 0) 6G TD 530

§&1



i T o e

520

530

540

550

i e 35

-

o i‘{ JJ 2 T | Bl

e

CALL PLGTR ¢MDMeIPRI¢BETASSERReTIMEGD o090 o041)

WRITE (64520)

FORMATCIHO 926X 9 ¥ > 2o ¢ FOR RANGE ERRGR (RERRA}T9l6X gt hant)
IF ¢BU3 EQe 0eC s AND o B3 «EQs 0«0} GO TH B30

EALL PLOTE (NDMoIDRIBETA9SERReTIME ¢BU3sBL3I 1)
WRITE(E4520)

IF (PLRRER +EQe 0) 6D TO 550

CALL PLCYB (NDNoIDRI¢BETA¢SIFFeTIME9Do0904041)
HRITEC(6+540)

FORMAT(1HG 426 X9 ##+? 4 *FOR RANGE RATE ERROR (DIFF)" 911Xy %ans?)

IF (BU4 +EQe 040 eANDe BLY4 «EQs De0) 60 TC 550
CALL PLOTB (NDN¢IDRIWBETA¢SIFFsTIME ¢BUGeBLY ¢1)
WRITE(64540)

CONT IMUE

IF CCALEOM E0s 040) GOTO 570

€ THIS LOOP GENERATES A ZERO REFERENCE LINE FOR THE CALCOMP PLOT.

560

565
567

5748

NBNL = NDN + 1

B0 560 L=141DRI
SERRENDM14L) = 0D

SIFF(NBNL«L) = 0.0 _

CALL MCPLOT(SERR«TIME ¢IDRIJNDMY 40 ¢+SHoDATA)
CALL MOCPLOT(SIFFsTIMESIDRIsNDN140¢SWaDATA)
DO S67 J=14NONL

DO 565 I=1+IDRII

IA = 1 #+ 15

SIFF{JeI) = SIFFUJyIA)

SERR(JeT) = SERRtJeIA)

CONT INUE

CONTINWE .

CALL MCPLOT(SERRsTIMAGIDRIT«NIIN14DeSWeDATA)
CALL MCPLOTCSIFF4TIMAWIDRITNDN19sDeSW9RATA)
CANT INUE :
CALL PLOT (Da0gNaDyF99)

STOP

END

Q&Y
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SUBRCUTINE PLOTE (NPoeMAX ¢BETAGFNCT o TIMEBUgBLeHZEROY

CPLOTB USES THE PRINTER AS A PLOTTER.

210

213
2610
214
212
507

NP = KUMEBER OF FUNCTIONS PLOTTED ON THE GRAPH, MAXIMUM OF 10
MAX = NUMBER OF DATA POINTS IN EACH FUNCTION
BETA = SCALE OF THE Y AXIS (ABSCISSA) IN UNITS OF TIME

Bl AND BL = THE UPPER AND LOWER LIMITS OF THE X AXIS (ORDIMATE).

IF BUZEL=040 THE THE MAXIMUM AND MINIMUM VALUES OF
THE FUNCTION ARE USED AS THE LIMITS.
NZERG = 1 WILL PUT A REFERENCE LINE AT X=8a. IF A REFERENCE
LINE IS MOT DESIRED SET NZERGC = 0.

INTEGER BLANKs DASHy DOTe DOLARs AM{10)

DIMENSTICN K<¢10)y LIMECL101)

DIMEMSTON FNCT(54500) ¢ TIMEL(STEN)

DATA MPR / 6 /

DATA BLANKsDASH¢DOToAMILIY ¢AML2) ¢AMI3) o AMU4) s AMIS) s AM(E) sAMIT )y

T AMEB) gAMUSD) gAMC10) / ¢ 84 V=8, # 0, 8], 20, tis, ¥4t, *Hs,

2

'E," '7" '8" 'g" |-[}' /
DATA DOLAR /7 %3¢ /

BIG = BY

SMALL = BL

60 TO S07

BIG=FMCT(141)

SMALL=BIG

po 212 M = 14 NP

o0 212 L 24 MAX

IF (FNCT(MeLI-BIG) 26042604213
BIG=FNCT(MeL)

IF CFNCT(MyL)=SMALL) 21442124212
SMALEZFMCT ML)

CONTINUE

PEAK=BIG-SMALL

APEAK = ABS(PEAK)
AMID=(BIG+SMALLY /240

PLOT»
PLOT »

LST
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SCALESAPEAK/ 8040
WRITE_(MPRoIIZ) AMIDs BIGe SMALLSs SCALE .

112 FGRMAT (1H1 44X ¢*1~CURVE GRDINATE® ¢S5X4*MID~VALUE=",
2E10 e3021X g "MAX=VALUEZVgE 100 ZoBX ¢ " MIN-VALUE=",
SEI0e30//92TXeYSCALE=*3E1D0e342XeYPER LINE® 9/ /)

WRITE (NPRy113) BETA

113 FORMAT (1H o4Xe®ABSCLISSAY 413X a*SCALE=",
CEID a3 92X *PER LINE® 462X 9" W-~RFS%4//)

IF ¢ APEAK <NE« 00 ) GOTO 35
WRITE(NPR«30)

0 FERMAT(IHD o4 X gVt brh bk h kA b ARk A A A AR R AS AN R A AR R A AT AR AN AR AR AR A&
Ixanwninrnnxex? /15Xy *NO PLOT WILL BRE PRODUCER HERE BECAUSE®/15X,
2FWUNCTION MAX VALUE = FUNCTION MIN VALUE.Y/15Xe *THE FUNCTION IS CO
SNSTANTs TO RECEIVE A */15X4*PLOT OF THIS FUNCTIOMes PREDETERMINER®
4715X4«YYFPER AND LOWER LIMITS BUY AND BL MUST*/15Xe*BE SFECIFIED.'/5
P ERA R L EE R R R R R R N R R R S I R e R R X R N PN S R e
E4a?)

GOTO 41
35 CONTINUE
DO 35 I = 14101
39 LINECI)=BASH
LINECL11) Dot
LINE(S1) DOT
LINE(92) = BOT
RO 41 J = 14MAX
DO 40 K=1 40P
KK(KIZBRWD*CFNCTA(KyJ)~AMID) FAPEAK + 51 .0
KKK = KK(K)
IF(KKK)Y 51451452
51 LIMECL) = DOLAR
G0 TO 54
52 IF(KKK=101) 50450453
53 LINECLDIY = DOLAR
: GO TO 54
50 LIYNEC(KKK) = AMIKY .

t
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nDOOoe 0

11

12

GOTH 12
CEMTER=0.0

LEYTER=~1

CONTINUE

DO 4 KK=1led

KKK=KK+J

YY(KKYSFUNCT(KK 41)

YYCKKK) SFUNCT (KKy1)

DO 5 L=1g¢dd

YCL)SFUNCT (KK 4L)

IF (YYUKK) aGT&Y(L)IYY(KK)I=Y (L)
IF CYY(KKK) aLToY(L)) YYCKKKIZY(L)
CONTINUWE

CONT INUE

Jui =2 *

CALL SCALE (YYsSHedudeK)

Catl SCALE (TIMEy SHe JJy KI

X-SCALE=0VERRIBE CAN BE DOME HERE BY SPECIFYING TIME(JJI+1) AS
THE VALUE OF THE FIRST TIC MARK ON THE X-AXIS AND TIME(JJ+2) AS
THE CHANGE IN X VALUE BETWEEN TWO TIC MARKS.

CALL AXIS (00 oCERTERGY *¢LETTER sSH o0+ 0oTINI(JJ+1) o TIME (JU+2))
CALL AXIS (0u0s0e09® "904549T0e0sYY (Jdd+1) YV (I +2))
DO 8 NP=1ed

3
DO 9 LL=14JPTS _ ‘w¢§’

YCLL)SFUNCTONPy LL) R, o
CONTINUE ,‘de
YCdd+1) =YY (Jdd+1) 5 Qe
Y{JJ+2)2YY (JJd+2) ;@
Cabt LINE (TIMEs Yy JPTSe 1y 09 0) w

CONT INUE d§

CALL PLOT (SW+2.09 0.0y =3)

RETURN

END

681



54 CONTINUE
40 CONTINWE
IF { NZERD WHNE« 1 )} GOTO 44
KKK = BDa0 * (~AMIDIZAPEAK + 5140
LIME(KKKY = AMLID)
44 CONTINUE
WRITE (MNPRe 39) Je LINEe TIMECH)
39 FORMAT (1H ow§XyI3¢1Xe103A141%eE18e3)
DG 43 L = 14101
43 LINECL) = BLANK
LINE ¢1)=DOT
41 CONTINUE
HRITE (NPRy 442 )
442 FOGRMAT ( 1H o 26XKe¥xaa® o *PLOTTING ROUTINE COMPLETEDYy 12Xe Y##aP|GTw

1 )
RETURN
EHD

SUBROGUTINE MCPLOT (FUNCTaTIME oJeJeNCMAGT ¢+ SWDATA)

C THIS SUBROUTINE PLOTS GRAPHS GN CALCOMP PLOTTER
C VARIABLES ARE DEFINED AS FOLLOWS:?
C FUNCT= ARRAY OF ¥ VALUES
c TIME= ARRAY OF X VALUES
c J= NUMBE™ OF PLOTS PER GRAPH
€ JJy= NUMBER OF POTNTS PER PLOT
C SW= X AXIS LENGTH IN IMNCHES
o SH= Y AXIS LENGTH IN INCHES
DIMENSICON FUNCT (545000 TIME (500)s Y(500)y DATA (1024)e YY(S500)
 SWE10a1
JPTS =y
SH=T .5
K=1

IF (NOMAG1) 114 11y 10
10 CEMTER=SH
LETTER=0

091



[y ]

SURRCUTINE CALC(R9VaDToXoIDI qRESRDOT 4K 19 K29ROT9RYI oL ¢RM oY 9I1DR])
FILTER 1 BLOCK DIAGRAM 1
IMPLICIT REAL*B(DoKeRoV)
DIMENSION X(S045)9Y(2500)
IBRIST = IJR1 - 50/1D1
IDIST = IDI-SO0+(50/I0I)+IDI
A=0.0 '
DB 50 LAP=1eI1BI
ACCELERATION CAN BE ADDED FOR A PERIOD OF 10+IPI+BT HEREs L=41 TG S0
TFCCL BT o40) «ANDa{L eLES0)) A=040
V=V+A*DT
NEW RANGEs R (TRUE RANGE)
R=R+Y*DT
ADD RANDOM NOes RM (NOISY RANGE)
RM = R + Y(LAP)™
NOISY RANGE MINUS PREVIOUS ESTIMATED RANGE
RV=RM=RE
ESTIMATED RANGE RATEes RDOT
ROGT=RDOT+K2 *RV+DT
ESTIMATED RANGEs RE
RDOIZRDI+RDOT +BT
RVI=RVI+K1*RV+DT
RE=RDT+RVI
IF(L oL Te IDRIST) GOTO 50
IF(L «EQe IDRIST +ANDse LAP JLEe IDIST) GGTO 50
LAPX = (L=-1)+IDI + LAP - (CIDRIST~1)+IDI + IDIST)
X(LAPX 91} RM
XCLAPY 42) RE
XC(LAPY¢3) RDOT
XCLAPX 9 4) RE=R
XCLAPX 45) RDOT -V
50 CONTINUE
RE TURN
END

iy
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™ O

c

SUBROUTINE CALC(RsVoDToXoIDIoREWRDOTeK1eK24RBT4RVI gL oRMeY9IDRI)

ALPHA-BETA FILTER :

BETA

S ALPHA®*2 74 2=ALPHA)
IMPLICIT REAL*B{DsK R V)
BIMENSTION X(S5045)+Y(2500)
IORIST = IDRI =~ 50/1D1
IBIST = IDI-S0+(S0/1DI)X+]IDI
A=D &

DO 50 LAP=1,41IDT

ACCELERATION CAN BE ADDED FOR A PERIOGD OF 10+IDI+DT HEREs L=41 TO 50

IF((LoOBT e40) e ANDo{L +LE«S0)) A=D 40
V=V+A*DT.

NEW RANGEs R (TRUE RANGE)

R=R+V=*DT

ADG RANDGM NOso RM (NOISY RANGE)

RM = R + YULAP)

RE = RDI+K1*{RM-RBI)

RDOGT = RDOT+K2/DT*{RM=RDI)

RET = RE+DT*RDOT

IF(L «LTe IDRIST) GOTO 50

TF(L «EQe IDRIST +ANDe LAP JLEe IDIST) GOTO SO
LAPX = (L-1)+*IDI + LAP = (CIDRIST=1)+IDPI + IDIST)

XCLAPXs1) = RM
XCLAPX 42) = RE
XCLAPX¢3) = RDOT
X{LAPX¢4) = RE-R
X{LAPX9K) = RDOT-V
CONT INUE

RETURN
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SUBROUTINE CALCtR eV DT oXsIDT sRE+RDOTyK1eK2oeRDIsRVIgLeRMeY4IDRT)
€ FILTER 3 SMOOTHER
IMPLICIT REAL2B(DoeKoRoV)
DIMENSTON X{(5045)9sREG(IB)I oY (2500)
IF (L +G6Te 1) GOTO 10
DATA REGZ18+0.0D0/
10 CONTINWE
IBRIST = IDRI - 50/101
IDIST = IDI-S0+(R0/1IDTI)+]DI
A=D «0
DO 50 LAP=14IDI
C ACCELERATION CAN BE ADDED FOR A PERIOD OF 10+*IDI+DT HEREs L=41 TC 50
IF({LsGTe40) s ANDo(LobLEaB0))A=0D
: VSV+A*DT
C NEW RANGEs R (TRUE RANGE)
R=R+V+«DT
C ADD RANDOM NOey RM (NOISY RANGE)
RM = R + YCLAP)

REG{18) = REG(17)
REG(17) = REG{16)
REG(16) = REG(15)
REGL1B) = REG(14)
REGC14) = REG(13)
REG(13) = REGC12)
REG(12) = REG(11)
REG(11) = REG(18)
REG(ID)Y = REG( 3)
REGS %) = REGC 2)
REGC 8) = REGC 7)
REG( 7) = REG( &)
REGL &) = REG( 5)
REGL 5) = RES( 4)
REGL 4) = REG( 3)
REGC 3) = REGC 2)
REGC 2) = REG( 1)
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30

o kd
Py
o
-
win
l
a,

REGC 1) = RM

DSUM = 00

DO 30 I=1:6

‘DSUM = DSUM + REGII) = REG(I+12)
CONTINUE

€ ESTIMATED RANGE RATE s RDBOT

4.0

ROOTT = DSUM *» 4.5/(18.0 » DT)
ROOT = RDOYT/i8 .0

BSUM = 0.0

BO 40 I=1+1l6

DSUM = DSUM + REG(I)

CONTINUE

C ESTIMATED RANGE s RE

50

RE = DSUM/16.0 + RBDOT *DT *7.5

IF(L «E0e 1) RE = RM

IFCL «EQe 1) RBGT =V

IF(L LT« IDRISTY GOTO 50

ITF((L oEQe IDRIST) «ANDe (LAP «LE« IDIST)) GOTO 50
LARX = (L-1)=IDI # LAP - (CIDRIST=-1)+IDI + IBIST)

X{LAPX ¢1) = RM
X(LAPX 92} = RE
XC(LAPX¢3) = RDOT
XCLAPX94) = RE-R
XCLAFPX 5) = RBOT-V
CONT I NUE

RETUHRN

END

-

o
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SUEROUTINE CALCC(RoVaDT o XaIDIWREGSRDOT¢K 19 K24RUT9RYTI ol oRMeYoIDRI)

€ FILTER 4 PESTGN 1

10

IMPLICIT REAL*8(DsKyReV)
DIMENSION X(50¢5) yREG(4)4Y (2500
IF (L «GTe 1) GOTO 10

DATA REG/4+D.0D0/

CTONTINYE

IBRIST = IBRI - 50/1ID1

IDIST = IDI=50+(50/IDNT)*1IDT
A=0.0

DO 50 LAP=1,4.IBI

€ ACCELERATION CAN BE ADDED FOR A PERIOD OF 10+«IDI+DT HEREs L=41 TO 50

IFC(L oaGTa40) «ANDe(LJLELS0)) A=O40

V=V+AxBT
€ NEW RANGEs R (TRUE RANGE)

R=R+V*DT

RM = R # Y{LAP)

REGC 4) = REGC 3)

REG( 3)» = REGC 2)

REGC 2} = REG( 1)

REG( 1) = RM=RE

50

DELTA = (REGC1I+REG(2I+REG(3II+REG(4))/ 4.0

RE = DELTA + RE

REBOCT = PDELTA/DT

IF(L «LTe IDRIST) GOTO 50

LAPX = €L=-1)*TIDT + LAP = ((IDRIST=1)+IDI + IDIST)

XCLAPX31) = RM
X(LAPX 42) = RE
XCLAPX 43} = RDOT
XCLAPX94) = RE-R
X(LAPX38) = RDOT~V
CONTINUE

RETURN

END

E SRS |

e
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SUBROUTINE CALCCR ¢V yDT ¢ X4 IBIsRE4RDOTeK19K24RDISRVIgLoRMyYoIDRI)
FILTER 5
FOR THIS FILTERe CALCULATICONS ARE MADE EVERY 16 SAMPLES.
THIS MEANS THAT FOR EVERY RUN THROUGH CALC IPI/16 VALUWES ARE
DETERMINED RATHER THAN IDP! VALUES. TO ALLOW FCGR THISs IDI IS CHANGED
TG IPI/16« THIS IS NECESSARY BECAUSE ALL THE VALUWUES CALCWULATEDN
IN THE LAST RUM THROWGH CALC ARE RETURNED TC BE USED IM VARIANCE
CALCYULATIONS .

+NOTE* - THE IMPLICATION OF THIS CHANGE IS THAT IDI MUST BE AN
INTEGRAL MULTIPLE ©F 16« ALSOes IDRI*IDI/ 16 MUST BE GREATER THAM 50.
THESE LIMITATIGNS APPLY FOR FILTER 5 CONLY.

OO0 00

IMPLICIT REAL*BEDsKeRoV)
DIMENSION X(S5DsS)eREG(1IAILYC(2500)
IF (L «GT« 1) GOTO 18
DATA REG/1Aa*0a0DO/
10 CONTIRUE
TORIST = IDRT = (S5G/(€IDI1/16))
FOTST = IDI=-C(S0=(50/¢INI/16))~¢IDI/16))*186)
A=D o0
DO 50 LAP=1,.1DI
"€ ACCELERATION CAM BE ADDED FOR A PERIOD OF 10+#IDI*DT HEREy L=41 TO 5§
TFCCLaGT e40) s AND oL aLEaB03)A=040

NE=VEAXLT

C NEW RANGEs R (TRUE RANGE)

RER+YV DT _

C  ADD RANDOM NO.s RM (NOISY RANGE) 25
RM = R + Y(LAP) 39
REG(16) = REG(15) SZ
REG(15) = REGC14) :uﬁ
REGC€14) = REGC13) O o
REG(13) = REG(12) 55
REGC12) = REG(11) [wlal
REG(11) = REG{10) :;;,;
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20

50

St L 41 Tf soee . | TE T#:“-“ﬂ LR 11 g-:wx-4’ PR ok ] .L‘i.ak,,,w_q £oriy

4 1 i v i l I 1
REG€10) = REGC )
REG(E 93 = REG( R)
REGE B) = REGC 7)
REGE 7)) = REGL &)
REGE &) = REG( 5)
REGC S5y = REGC 4)
REGC 4) = REGC 3)
REGC 3) = REGC 2)
REGE 2) = REGK 1)
REGC 1) = ’RM=-RBI
IFCCLAP-(LAP/I6)*16) «NE. 0) 6OTE 50
DSU‘M = Da0

PO 28 I=14:i6
DSYUM = DSWM + REGCI)

CONT INUE

RDGT = DBSUM/16eD/DT/1640

RDI = RBI + DSWUM/16.0

RE = RDI + DSUM/1640%7e571640

IF(L «EGe 1) RE = RM

IF(L o«EGe 1) RDOT = V¥

IF(L «LTe IDRIST) GOTO 50

IF(L «E@s IDRIST oANDe LAP oLEe IDIST) GOTO 50
LAPX = {({L~1)+ID] + LAP = ({IBRIST-1)+1IDI + IDIST))/1e

XCLAPX 1) = RM
X{LAPX+2) = RE
X(LAPKX43)} = REOT
XCLAPXs4) = RE=R
X(LAPX9S) = RDOT~V
CONT INUE

RETURN

END
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APPENDIX B

The following pages contain an assembly language listing of

program FILTER 3.
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T

s e, s

™

l‘d?‘.h‘-'--ft“ )
[ - A

FILTER

e g T S

Q303
KRN
G
R
0
NGAS
A0HE
AT
gonE
oS
FCLEER
ENRER:Y
R
AR
DOGE
W iFE
o0l
oty
nate
EH D
ERIE L

HR1s

IR
nRiE
atE
WS
gt
M ikt
HEL et
HEH N
andy
R =
RS
A GiG
RnagE
aogs
HENESE
fAdE
g
ansc

S

HRE3

Ss

-

=

L2 2R IR R

HTENF
Z5H
CHT
MLTZIN
MLTZIE
MLTRRL
ML.TPR2
MLTERZ
FRODT
FREOD2
FRODE
FEODY
FROOS
Al

Rz

=D

El
EZ
=M1
TUME

SLME

RETEMP
REGE

RCMT

ZERFLE
RORCTI
RORCTE

CF

RERCTE

RIRCTS
REOT1
FDOTE

REL

rREZ
TSLIF L
TIMe
"SUM3
SaMP
RAMPTR
BRATPTR

FILTER 3

ariz
EME
EME
RME
FHE
FEME
RME
RME
EME
FEME
FEME
FME
FME
FME
RME:
EME
FME
EME
FME

FHE

FEME

RME
RHE

OEG
RME
BME
OrRs
EMBE
RME
RIME

RME

RME
FEME
RIE
FiiE
R
EME
EMB
Bt
Rr=
Rt B
Ri18
RMB

YL -

:¥i

L

L

d
F
d

el

[T I S e e S S e T N i I

DECEMEER 1% 1%

XNV RY |

oo1E

RS

-
¢

X
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-

170

FILTER 3 DECEMRER 13+ 1572

DAST FREFTR MR
aoss ELOOTFT  FME
OGSE ZRMFHMD EME
OIS DISIT FEME
= TvFE FEME
ansE R FEME
HE HFELHZ EME
el 1 FEME
QoS E FME
uﬂ#: i1 REME
hifey EHE

L e o e N e R Y I v I X

1o
u:é% ODIFF1 Rilk
DOES LGIFFZ FHE

>
*
o OrG FOE00
O=0n s ot FLT LR B %01
nznz OV SF : =TH B ROUME
s CE G o1 LI BOaat
DEOT DF S 2TH TRMP
Q0% CF O30 08 ' LI SERZTMA
pZaic IF 5TV ETH FEFTR
GERE CE TE o0 LI LRS00
wEll DF 59 ITH RLOTRT
HE1: CE g4 30 LI #IMITI
f2l1e ED El 4E JER FEL14E FIMIEUS FPODA
H21® ED E1 33 SER BELZZ HMIHIELS IRC
021 %Y S5E ETH TYFE
BMZ1E 44 L=F
T2iF 29 03 RO IMHFLT1
= R A RV LI a3 E004
e ERH ITHFUTS
INFLUTL LEE
o ECC IMFUTE
=8| LD #EEEON
3 EFA THPHTS
3 Bg IMPUTEZ LI F1E0G
brbes THRUTE ETH uHTFTE
g4 SE LI #INITE
El 4E JER FEL4E MIMIELG FIATAL
EQ F2 JLE TEGF MIMIEBLUE EBERDIR
=B 2TH ZRMEME ‘
0HY S0 LI HREGE
E 0p FLTH CLE LR
IM=
e 44 CFe wROT
F3 EME FLTH
i} FLTL LI LaTFRTR

o

oI

= i o

y

i
o8

0249 DE =3
EE

BO LT 3a i



%0l
S

FILTER 3

a4t EBR
1230 FF
nEss FF
noSE FF
n2se CE
BEsD T
NE5E DY

OSen FF

'
i
(3
m -

T ]
L B I (= 2 I

¥

T T T D 8
LI 1 L X

TR O A T GO O VI 1O e O

[ag e ' % 2

o TP M~ B P
L B R e I E W BT O xR T e

3R ¢

T

=T e A
A 3

e IR R R

)
g3

S RN Wt
=t

el MR R
D0 2 N T
(R ]

D

Ve Fia iTl IO XX
X ¥ 1 N 2 OO e e S B

prx e o 1 e R T R S

ng ]
HERD DE
HEEF DF
0ZB1 LF
nes3 CE
n2pe LF
0238 TF
nead En
12BE DE

23}

2

I
EiZ
1%
FE
1
15
+F

e

1R
4
20
n3
ne

al

14

!

1&

=il

=

SFE
64

FLT

FLT=

FLT4

FLTS

FLTE&
FLTV

JER
CLF
CLE
CLE
L L
LI#A

R

LR
ETH
LIk
LIA

ZTH

Ik
CRH
EMHE
LI

2Rk

EME
DEZ
CF
ENE
CLR
LI
EME
ZLR
LIA
LIA
ETH
ZTH
DEL
EFL
JER
ERA
JER
IMH
IH¥
LR
EHE
LLA
ITH
=TH
LI
ITH
ITw
LD
STH
L.
ASE
LI

Rea Bl ]

I I

Loz I (U =n G 03

I e e

LECEMEER 19

ZHFTR
RAEIDD!
ZUME
FLIME
HRESRS
SEBIE
BT
ZEPFLIE
H“TEMP
A1
S

firs ¥

#E1
FLT=
“TEMP
aLnaze
FLT=
ZKPFLIG
SR ORE
FLTS
SEPFLIG
ZKFFLG
FLTV
El

sl

1+ ¥

E&

EZ
RCNT
FLTS
ZLE
FLTF
ALD

SRCOHMT
FLTZ
Zum
TEM1
MLTFRL
ZHME
TELME
MLTERE
SL183RE
MLTCEY
RN E]
PHILT
PO

o

-

o
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LRETY e

- . ; )

RS-
:

FILTER

OEn
nzoe
e

AEIE

nCE
ooy
T
HZDs
IETP
HEDE
FI=QRpE]
H2Ed
NEE:
NEEs
NEES
BEEE
NEEE

OEFD B

NEFE
nEFz
NEFE
DEFE
NEFA
HEFT
HZFF

nEa1

F31h E

naed
n322
1323
n3a25
327
329
132k

ya
i)

LF
LE
oF
Li&

2

LE

~ DF

CE
IF
v
B
IE
IF
TFE
FF

o

CE
LF
CE

I

=R R =]
CTE T F T 0D g

i
(N
43
4E
It
4F
iy
15

RS

BnoS

inE &

15
S
0
{4l
[
N
TEH]
HEK]
e
o

[EEN}
F&
D
ng
5
1z
)
1

i
il
14

s

15

0y
e
i3

nn o
3 &

46

49
48
oD
oc
02

14
18

g

nE

11

11

i3

34

FLTL G

FLT1E

STH
LD
ETH
LI

TR

LI f:

LD
ETH
IHL
JATR
LI
ETH
CLR
CLE
CLE

LI

ETH
LB
LDA
IZTH
INH
(=
EME
LI
CLE
LDE
ETH
JER
LI

CINE
CIME

l;f F' =
EME
LBA

ITH

L.In

T

LB

Kt

= TH )

CLE
JER

1M
LIA
L D
AED
BRDC
BPL

)

T I

FROD

£l

DECEMLER 19, 137

RCRCTI
FRODY
RORIZTZ
TELIM1
MLTFR1
TaLiME
MLTRREZ
#ELEES
MLTIZD?
ELILHT
MULT
FEORE
REATL
ERIGE
Zhme
ZLME
HRERE
“TEMP
A1
B

s %

+E1
FLT12
ETEMP
El
Wi
Ez
RDD
ATEMP

R0

FLTL10

ZUM1L

HMLTRRL

FLE

MLTRRE

g ]
MLTCDL
ROUMD
MULT

RORCTL

-

RCELZTS
PEDD;
FLT14
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L2 BN X
L (P fT
= - L
mFe = T

(T Tt

[N R I 3 BN (T i
i

P."_-'I Co I
‘Tl
&N
-}

E 5%

3341 T

OZ4E 03
ags e
aE4D DF 59
34F DE 55
IS a3

- o= - i
N385 62

J 4-3
E4

04
i4
s
S
03 FE

Zsd TF
ZE g 0@
T OBF D
R Y WO 1§
Ae e
2R NE
Eg m3
ETE RBR OBZ FE
B37R HY mE
273 EF N3
HO6R Y
n3ve
2

T

H3BN
2382
0284

g M 2D
L Ao

FLT1g

auT

ouTt

EME
>

ETH
ILIA
LEF
AL
HIZ
LI
ZTHR

ZTR

1IN
s
2TH
LD
LI
LEFA
ZTRH
TR
I
IH=
b
LI
IM=
IH=
ETH
LD
CPs
EE®=
INE
ET=
AMF
JE

¢ 2 BYTE =

&
MULT

FILILT 1

T
LIE
CLR
IHE
LER
EFL

LEA

JERE
ZTH
ZTH
TES
L I
EFL
LA

L IH

JSR

Lo e (= I (]

i
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DECEMEER 19s 15973

RCECTL
RORCT2
RORETL
FROLE
FrROLE
REFTR
(PR

a s
P

REFTR
ROOTET
EDOT1
RLOTZ
e i
1+

ROOTFT
LBRTPTR

DATFTR

ZRMF
=RMFMD
EMT

ZRMP
FLT1
FEINTR

BYTE &°

HTEMP
LR ETR
TN

e
e
MULTL
HEFHTE
Sk
I
P
a
MULTE
B A

NEGRATE

-

"o,

COMPLEMENT MULTIPLY



i vooi
[P .

Geknl)  powell  wwsadd e
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FILTER 3 TECEMEER 13s 1578

ey 15 =T Se i

o

-

-l =
o

e ETH £ iy

ES LDA b

n3 FF JER MES4

e ZTH e

£hid nER s

ET MULT2 LIA SFET

i3 =TA 1
CLE
CLE

01 FHILTZ IHEZ 1a5

1% EER FILLT 4

) LER 4

bt ROR I

& FGE B

1 ECD MILT21

] HED

nEak
oD

pES

1

Ief I

L

I

D8 I e R W (R 3 ox e O £ e X
o s (R (0w

O I L
[ o RN

CNERE
BIRO.
] SR
ST
LLAAS

.-

T
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APPENDIX C

The following pages contain an assembly language listing of

program FILTER 5.
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APPENDIX D

The program to determine variance reduction ratio from the

z transfer function is presented on the following page.
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APPENDIX E.

A method for deriving a discrete system from a continuous system
is to replace the integrators in the continuous system with numerical

integr‘ators.g

The resulting discrete system will be different for each
method of numerical integration used. The simplest method is Euler's

approximation where the time derivative 15 approximated by

d « T(nT) - f{(n-1)T
& f(ar) = £T) = E{n1)) a

Taking the Laplace operator of the left side of (37) and equating it to
the z operator of the right side of (37) yields the mapping from the

s-plane to the z-plane

7 s

o - (39)

202



203

Although with this method a discrete system can be obtained for
any continuous system, the discrete system may not be physically realizable

on a digital computer. Due to the finite time required for computations,
every feedback loop must contain a delay element.



