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ABSTRACT

A digital computer program is described which simulates the
radar-target engagement providing a representation of the detection,
acquisition, and tracking processes. The program is arranged as a
time simulation of the engagement between a radar and target, taking

to account the detailed characteristics of the target cross section,
radar and target motion throughout the engagement, surface clutter,
atmospheric attenuation, and radar losses. In the output the program
provides the user with target detection probabilities in the presence of
surface clutter as well as receiver noise, radar search and track ac-
curacies, signal-to-noise ratios, target characteristics versus time,
angular and range rates, etc. The input requirements to the program

are: (1) a deck of parameter cards describing the radar parameters,

- the clutter environment, and ti'e initial radar-target geometry, (2) a

deck of cards cescribing the target motion throughout the engagement,
and (3) a deck of cards describing the target's cross section versus
aspect angle. Many simplifications to the inputs are allowed for

studying andisolating various parts of the radar problem.

- iii -
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PREFACE

T.is paper describes a digital computer program which
is intended to serve as an aid in the design, analysis, and evaluation
of radar systems. Techniques for analyzing the performance of a
radar without the aid oi a digital computer are well established
and provide sufficiently accurate results if the prcblem is net
too involved. However, the problems are often quite complicated
which forces the radar analyst to reduce the complexity with
simplifying assumptions, such as, specifying the target's average
cross section as a constant, ignoring the effects of ati spheric
attcnuation and ground clutter, estimating the detection piobability,
etc. If numerous, accurate, and detailed analyses are required a
digital computer program must be used.

The purpose of this program is to simulate the radar-
target engagement in the real world in order to provide a representa-
tion of the detection, acquisition, and tracking processes. In the
simulation process it takes into account the detailed characteristics
of the target cross section, radar and target motion through the
engagement, surface and rain clutter, atmospheric attenuation, and
radar losses. In the output the program provides the user with
target detection probabilities in the presence of surface and/or
rain clutter as well as recei.ver noise, radar search and track
accuracies, signal-to-noise ratios, target characteristics vs

time, angular and range rates, etc.
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The program is made as general purpose as possible by
segmenting it into subprograms and subroutines, and by the liberal
use of data inputs. In its complete form broad examples of its
use are as follows: analyzing the performance of a radar against
different kinds of targets for different sea states; optimizing
the yield of data from a live test by simulating the test before-
hand; optimizing the scanning pattern or any other parameter of a
search radar in various situatious; and providing assistance in
determining optimum hardware parameters during the development of
a radar system. If a complete simulation is not desired the target
inputs can be simplified to allow the radar characteristics to be

studied separately.
The program is written in FORTRAN II for the IBM 7094

RSN

computer. It compiles in approximately two-tenths of an hour
and computes, for an average number of cases, in two-hundredths
of an ﬁour.

| I am indebted to V. Schwab, G. T. Trotter, and
E. Shotland whose contributions represent a significant part of

the computer program,
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I. INTRODUCTICN
The digital computer program described in this report
was developed to calculate the performance of a radar against a
single target in a dynamic situation. The program is hereinafter

called the Radar Analysis Program for purpose of iderntification,

1.1 The Radar Analysis Problem

The radar problem that is to be analyzed is illustrated
graphically in Figure 1-1. Certain complicating factors such as
t ime variation of the target and radar positions, clutter echoes,
antenna sidelobes, and changing situations prompts the radar

analyst to use a digital computer.

Time Variation. The prime complicating characteristic

of the radar analysis problem is the variation of the positions of
radar and target with time. If the target and radar are allowed
to move throughout an engagement then a detection probability
calculation would have to be performed for every increment of
time. This would be necessary to account for changes in the
target's cross section, range to the target, size of the clutter

echoes, and antenna position. The change of target cross section

as a function of time is calculated with a fair amount of precision.

The target cross section as a function of aspect angle is fed into
the program as an input. The actual aspect angle as a function of
time, as calculated during the engagement, is used to find the

corresponding target cross section by table-look-up.

T ———— e
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Surface Clutter. The second most complicating factor in

radar performance calculations is cluiter, the reflections from the
background land or sea. The magnitude of the received clutter power
is calculated each increment of time and is added to the receiver
noise power. This total noise power is used to form the signal-to-
noise-plus-clutter-ratio which is the prime quantity for calculating
the detection probability.

The most popular detection theory used for the detection
probability calculation was developed by Marcum and Swerling.?
However this theory assumes that the noise is random from pulse-
to-pulse like receiver noise. If the total no%qe includes clutter
echoes the Marcum-Swerling theory would yield ah erroneous prob-
ability of detection since clutter echoes are in general nct randomly
distributed from pulse-to-pulse. To improve the calculation of the
detection probability for a :arget in a clutter background a new
theory is used which treats the clutter echoes realistically, i.e.,
some degree of correlation from pulse—to—pulse.a‘_Both detection
theories are incorporated as part of the Radar Adglysis Program;

their use will be described later.

Antenna Sidelobes. The clutter problem is complicated

' further when the antenna sidelobes are included in the simulation.

For example under situations when the main beam of the antenna is

1J.1I. Marcum and P, Swerling, "Studies of Target Detection by
Pulsed Radar," IRE Transactions on Information Theory, Vol. IT-6
(April, 1960).

E. Shotland, "False Alarm Probabilities for Receiver Noise and
Sea Clutter," JHU/APL Internal Memorandum BBD-1387, October, 1964.
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pointing at a target at a high altitude the clutter echoes are not

received via the main beam but with the sidelobes. In the present

simulation the sidelobes are considered constant at a level specified

in the program input.
Other facets of the radar-target engagement shown in
Figure 1-1, or otherwise incorporated in the Radar Analysis

Program, will be described in the remainder of the report.

Performance Calculations. Even though the detection

process was emphasized in the ahove it is not the only performance
characteristic that should be considered. Other performance
characteristics that are included in the program are search and
track accuracies (in range, doppler, and angle), range resolution,
and target identification times.

All calculations are made as a function of time of the

engagement at any desired time interval. Any number of runs can

be performed in one program'deck set-up tc analyze radar performance,

or target characteristics, as various parameters (total of 43) are
varied one at & time or together. Examples of parameters that
are often varied are clutter reflectivity (or sea state), radiated
power, antenna gain, sidelobe level, time between false alarms,

target range, and angle of the target's plane of motion.

1.2 Summary

The remaining chapters in this report are arrangei

according to the major divisions of the computer program, namely,
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inputs, processing, and outputs. The Radar Analysis Program is
shown in block diagram form in Figure 1-2. The input parameters
are arranged in five groups as shown and are discussed in
Chapter II. These inputs are fed into the processing part of the
program, which is discussed in Chapter III, resulting in the
program outputs, which are described in Chapter 1IV.

In Chapter II the input parameters to the Radar Anaiysis
Program are listed, described, and supported by examples. The
prime problem that will be used as an example throughout Chapter I1I
and the remaining chapters is the detection and track of a surface-
launched ballistic missile by a radar mounted in an aircraft. This
problem has all the elements of complexity such as rapid target
motion, fluctuating target cross section, high clutter background,
etc. and is the best example for illustrating what the program can
and cannot do. The changes required on the input cards to analyze

other problems will zlso be indicated. The inputs required for the

target motion and the target cross section are the most involved and

are arranged in decks (or tables); these are "looked-up" in the
processing operation., The other rarameters, which describe

initial radar-to-target geometry, the clutter and noise parameters,
and the radar characteristics, are fed in on one input card to a
parameter for a total of 43.

In Chapter III a description of the processing and
simulation techniques are given. An overall flow diagram of the
program is given, followed by description of the more important
subroutines such as the target and radar motion simulation, the

radar siﬁulation, and the detection routines.

-5 -
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INPUT (Chapter II)

r __________________________________________________________________
| Initiai Target
| | Radar-to- | | Target | | Radar Radar Clutiter and
: Target Motion Cross Parameters Env?g;i;ent
| | Geometry Section
I
e S . S S s (S S S P S S B
PROCESSING (Chapter III)
Geometry and Radar
Target Cross Performance

Section Processing

Processing

|

| Target/
: Geometry
i Output

2

OUTPUT (Chapter IV)

R S o —

Main Radar
and Geomelry
Output

Figure 1-2

BLOCX DIAGRAM OF THE RADAR ANALYSIS PROGRAM
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In Chapter IV the output parameters (66 are printed out)
are described followed by the printed and plotted output for the
examples given in Chapter II. Examples will be shown for the full-
scale dynamic situation and the simplified simulation in which the
target motion is static and the target r . . section is constant.
In Chapter V the significant developments of this study
will be reviewed along with the limitations of the existing program
and areas for future development.
~ The complete program, written in FORTRAN II, is given
in Appendix B. A literature review of other digital computer

programs for radar analysis or simulation is given in Appendix A,
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II. PROGRAM INPUTS

The program data inputs consist of 43 input-parameter
‘cards and two decks. The individual parameter cards describe the
initial radar-to-target geometry, the radér characteristic.s, the
clutter and noise parameters, and program control. The two decks
of cards form two tables describing the target motion and the
target radar-cross-section. These inputs will be defined and
illustrated by examples. The prime example used will be for a
radar'mounted in an aircraft with a surface-launched missile as
the target. ‘The changes required in the inputs for other examples
- will be indicated.

The last section in this chapter will describe the
input parameters and procedures used to control the type of output
desired. Two types are available: the time simulation mode, in
which the radar performance is analyzed against a moving target,
and the detection-probability range-profile mode, in which the

target motion and cross section are unchanging.

2.1 Target Motion

The target motion within a vertical plane is described
with a deck of input cards. On each card in the deck tlere are
eight numbers as listed and defined in Table 2-1. The time value

referred to ih Table 2-1 may have a zero or negative value on the

first card and increase from card to card with any desired increment

between 1 and 999¢ seconds. The card preceding the target motion

deck has the time increment, total number of cards, and the name
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Table 2-1

TARGET MOTION TABLE

Card number
Time (T)
Down- range
position
Down range

speed

Down range
acceleration

Altitude positicn

¥

Altitude speed

Altitude acceleration

Maximum of 322
Time (from zero) in seconds

Horizontal distancc xn feet of
target in target piane at time
(T) measured from initial
target position.

Horizontal speed of target at
time (T) in feet per second

Horizontal acceleration of target
at time (T) in feet per second
per second

Target altitude (or vertical
position in target plane)
at time (T) in feet

Vertical velocity of target at
time (T) in feet per second

Vertical acceleration of target
at time (T) in feet per second
per second
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of the target. The parameters that describe the initial radar-
target geometry, discussed in a subsequent section, assum» their
g iven values on the time specified on the first card in the target
motion table.

The target motion for the airborne-radar/missile-target
problem is described by a deck of 41 cards using the format in
Table 2-1. The actual table is printed in the first part of the
program output discussed in Chapter IV and will therefore not be
repeated here. It describes, however, 40 seconds of the flight
of a ballistic missile that reaches an altitude, in this time, of
24,000  feet and a horizontal range, from the launch point, of
10,000 feet.

The values for targets other than a surface-launched
ballistic missile are easily prepared. For a target that does

not move during the engagement, the simplest case, only two cards

‘are required: the first at time zero and the second at the maximum

duration of the problem., Both cards would have the desired range
and altitude values with the velocity and acceleration values equal
to zero. On the other extreme é rapidly moving target could be
simuiated which could not pqssibly be achieved by a practical
target.

‘The only restriction which this procedure has is that
the target motion is restricted to a vertical plane. For missile
targets whose trajectories are often in a plane this is not a problem
but it may be for aircrdft targets. For example, in the present
version of the program an aircraft target cannot turn or bgnk. It
may, however, dive or rise in a fliéht plan confined to a vertical

plane. . - 10 -
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2.2 Target Radar Cross Section

The radar cross section of a target is a term that
relates the power density reflected from a target to the incident
power density from the radar and is defined as follows.?

Power delivered per unit
solid angle in the direction
of the radar

Power per unit area incident
on the target

47

Q
it

The value of the radar cross section varies as a function of the
orientation of the target with respect to the radar, the polari-
zation of the radar, the radar wavelength, and the conductivity of
the target's surface. In this program the radar cross section of
the target at the desired radar wavelength is required and is fed

into the computer on a deck of cards.

General Description. The deck of cards contains the

radar cross section of the target as a function of the aspect

angle, for hoth vertical and horizontal polarization. The aspect
angle is defined as the angle between the imaginary line connecting
the radar to the target and the center line through the target. For
hoth missiles and zircraft the center line runs from nose to tail
with the rose-on aspect angle tasen as zero, The range of aspect
angles covered are from 0 to 180 degrees. For symmetrical targets
the cross sectibn values for the aspect angles between 180 and 360
degrees are the same as the values for the corresponding angles

between 0 to 180 degrees.

1R, S. Berkowitz, ed., Modern Radar (New York: John Wiley and
Sons, 1966), pg. 549.

- 11 -
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The radar cross section table is stored in the computer

and is used by the processing part of the Radar Anzlysis Program

every time a cross section value is desired for a particular

aspect angle. This will be discussed further in the next chapter.

Airborne-radar/missile-target example. The radar cross

section deck for the airborne-radar/missile-target example is
partially shown in Table 2-2 indicating the format arrangement.

The complete table is given in Chapter IV; it was prepared

especially for this report and does not represent the cross section

characteristics of a known missile. The values of the cross
section table were plotted in Figure 2-1 to show the general
characteristics of the target. The fine detail of the cross
section is not shown in this figure because it was plotted in

incremeats of three degrees. As shown in Table 2-2 the actual

cross section data are fed into the program in .l-degree increments

over aspect angles from O to 180° for‘vertical andihorizontal

polarizations.
This type of data is available from the Radar Target

Scattering Range (RAT SCAT)?, Holloman Air Force Base, New Mexico.

At RAT SCAT the radar cross section of various targets and target
models is measured for any frequency from 150 to 12,000 MHz at
arbitrary polarizations. A program was developed to edit the RAT

SCAT data (on punched paper tape or magnetic tape) and:convert it

to a deck of cards for direct input to the Radar Ans lysis Program.

8H, C. Marlow, et al.,"The RAT SCAT Cross-Section Facility,“
Proceedings of the IEEE, Vol. 53, No. 8. Special Issue on Radar
Reflectivity, (August 1965), pp. 946-954,

- 12 -
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Other Targets. The cross section of targets other than

missiles are described in the same way with certain limitations.

For an aircraft, for example, the cross section as a function of

azimuthal aspect angles for both horizontal and vertical polari-
zation is not enough to completely describe the target. This is g
because the cross section is different for different angles off

t he plane of the wings, This is mot the case for missiles
(neglecting the effect of fins) and other targets that are basically
symmetrical about their longitudinal axis.

The radar cross section input technique for simple !
targets like a sphere, whose cross section is constant as a |
function of aspect angle, is accomplished by enterimg the same
cross section value for zero degrees aspect angle and for 180
degrees, The interpolating routine associated with the part of
t he program that '"'looks-up" this tabie will then choose this
constant cross section value for all aspect angles. This same
technique can be used to describe a target whose cross section is
constant (or can be assumed constant) over a limited azimuth

sector changing from sector to sector as desired.

2.3 Input Parameter Cards

- Following the target motion and the target cross section
decks is a set of 43 input parameter cards. These cards contain
the values of the parameters that demcribe the initial radar-to-
target geometry, the characteristics of the radar the c1utter and>
noise parameters, and the program options these parameters are

described in the following sections.

3
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The parameters are arranged one to a card which includes
the parameter number, thz FORTRAN symbol, the value, the conversion
factor, ahd the definition. All cards are printed in the first
part of the output as showh in Chaoter IV. Parameters that are
given a value of zero can be omitted from the input parameter

deck‘

2.3.1 Initial Radar-to-Target Geometry

The‘initial geometry input parameters specify the
distonces and angles between the radar and target at the start
of the engagement, and the velocity vectcr for the radar motion
during the remainder of the engagement. The geometry is shown in
Figure-z-z,#iThe parameters shown are defined in Table 2-3 with
values for the‘airborne-radar/miSSile-target example.

- As indicated in Table 2-3 the parameters for the airborne-
radar/missile-target example describe a radar in an aircraft that .
is flying at an altitude of 30,000 feet in level flight. The
target motion throughout the e‘gagement is confined to a plane
which is positioned at-an azimuthal angle of 30° with the reference.
‘ The changes required in the geometric values of the
input parameters for problems other thah the‘airborne—radar/
missile-target‘problem are apparent, If the radar were on a ship,
for eiample, the altitude ZLOIT would be reduced to zero and the
velocity VVA reduced to say 70 feet per second. The other angles
and distances could be changed as desired Note, however, that
in ail cases the target motion (described in Section 2.1) through-
out the remainder ox the problem is confined to a vertical plane,

which is not a limitation for most problems.
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PARAMETER

XLOIT
YLOIT

ZL0I1IT
AZTAR

VVA

ELVA
AZVA

OLDK

Table 2-3

INITIAL RADAR-TO-TARGET GEOMETRY

INPUT PARAMETERS

DEFINITION

Distance between radar and target
along azimuth reference line, in
nautical miles

Distance between radar and target,
perpendicular to azimuth reference
line, in nautical miles

Altitude of radar, in feet

Angle between target plane of
motion and zero-azimuth reference
line, in degrees

Velocity vector of radar platform
at start and throughout engage-
ment, in feet per second
Elevation angle of VVA, in degrees
Azimuth angle of VVA, in degrees

Switch, 0 or 1, multiplying VVA

- 18 -
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30,000 ft
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2.3.2 Radar Characteristics

The radar characteristics are fed into the program on
input cards, one parameter to a card, and can be grouped into

sdarch radar and track radar parameters.

Search Radar. The search radar parameters are listed |

in Table 2-4 with descriptions and example values. These values
will be used in the airborne-radar/missilé—target example but are
otherwise completely arbitrary. As listed these parameters
describe a 5000 MHz (C-band) radar, radiating 500 kilowatts of

power in pulses that are 10 microseconds wide and occur at a

repetition rate of 1000 per second. Pulse compression is used l
with a time bandwiath product of 100, This indicates that the |
10 microsecond transmit pulse will be compressed with a receiver
that is matched to the code within the transmit pulse, to a pulse l
that is .1 microsecond wide. The system loss factor is listed as E
.1.(-10 dB) and includes atmospheric loss; radar-line loss, beam-~ i
shape loss, and scanning loss.®

The remaining search parameters describe the antenna ]
and its scanning characteristics. A vertically ﬁolarized antenna
was chosen which is 5.6-feet square (generating a 2° pencil beam)
with an average sidelobe level of 30 dB below the mainlobe gain.
The antenna beam will be scanning 26,6° sector in azimuth and a
30° sector in elevation, in one secord. The time to scan the
sector, HTSS, is the program clock and will specify the increment

of time at which the radar calculations are performed by the progiam,

®D. K. Barton, Radar System Analysis (Englewood Cliffs: Prentice-
Hall, Inc., 1964), p. 140.
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Table 2-4

SEARCH-RADAR INPUT PARAMETERS

1

=9 gy o = e

|
L5

o & £

PARAMETER DESCRIPTION EXAMPLE
FMC Radar frequency in megacycles 5000 MHz
PPEAK Peak power in megawatts .5 Mw
TDWELL Width of transmit pulse in 10 us
microseconds

FR Pulse repetition frequency in Hz 1000 Hz

| FNOISE Receiver noise figure 3 (56 dB)

SYSLF System loss factor il

PCN Pulse compression ratio 100

POL Antenna polarization; :one for 1
horizontal and 0 for vertical®

HAPER Horizontal aperture of antenna 5.6 ft
in feet

VAPER Vertical aperture of antenna in 5.6 ft
féet

AAPEFF Antenna aperture efficiency .65

ETA Sidelobe to mainlobe antenna gain .001
ratio in decimal form

XIHDEL Azimuth search sector in degrees 26.6°

XIVDEL Elevation search sector in degrees 30°

HTSS Time to scan the sector; also the 1 sec
time increment between all calculations

*POL.a 0. actually indicates that the antenna polarization vector

is parallel with the plane of target rotation, and POL = 1 when
the polarization vector is perpendicular to the plane of rotation.
Therefore for a ballistic missile and a vertically polarized radar
POL = 0, while for an aircraft target and a vertically polarized
radar POL = 1,

- 20 -
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The search radar parameters will be used in the standard
radar equation for calculation of the signal-to-noise ratio. The
parameters may be modified to calculate the performance of radars

with modulations different from the pulse radar depicted here.f

For example, when analyzing a CW (continuous-wave) radar the peak
power PPEAK is equal to the average power; t.e pulse width TDWELL
is equal to the time the beam remains on the target; and the pulse

repetition frequency FR is adjusted to make the number of pulses

that hit the target equal to one.

Track Radar. The track radar input parameters for

the Radar Analysis Program are listed in Table 2-5, These
parameters are used to calculate the angle tracking accufacies
according to equations by Barton.® The parameters are discussed
completely in Barton® for monopulse and conical scan trackers.

The values of the parameters indicated in Table 2-5 in the example

column are for a monopulse tracking radar.

2.3.3 Clutter and Noise Parameters

The clutter and noise input parameters aré required to
deterinine the method for calculating the amplitude of the clutter
and the detection theory to be used in calculating the probability
of detection. The six input parameters, with a brief description

and example values for the airborne-radar/missile-target example,

o R Bussgang, . et al,, "A Unified Analysis of Range Performance
of CW, Pulse, and Pulse Doppler Radar," Proceedings of the IRE,
Vol. 47, (October 1959), pp. 1753-1762.

®Barton, op. cit., p. 279,
®Ibid., pp. 263-315.
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PARAMETER

FNTRK

CRL

BNSR

FKS

Bl

ATETS
ATEPS

ATEOS

P A SRS S W M

Table 2-5
TRACK-RADAR INPUT PARAMETERS

DESCRIPTION

Track system factor; correc's for
detector and type of tracker;

Monopulse (coherent det) =
Monopulse (sq. law det) =
Conical scan (linear) =
Silent lobing (coherent)
Silent lobing (sq. law) =

NN N

Beam cross-over loss factor; equals
1 except for conical scan linear
detector in which case it equals 2,

Nominal noise bandwidth of angular
circuits; /bn

Normalized slope factor; 1,57 for
monopulse

Box car bandwidth, cps; PRF for
pulse system; bandwidth of doppler
filter for pulse doppler system

Angular tracking error due to target
motion, in milliradians

Angular tracking error due to
platform motion, in milliradians

Angular tracking error due to other
causes, in milliradians

- 22 -
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are given in Table 2-6.

The quantity 9 listed in Table 2-6 is defined as the
normalized clutter cross section and is equal to the radar cross
section of the clutter medium per unit area intercepted by the
antenna beam, A description of o, can Be found in Skalnik’
which includes representative values for different surfaces, A
more detailed treatment of radar backscatter from land, sea, or
atmosphere can be found in the classified literature.ﬁ

The selection or specification of the clutter and noise
parameters for any given case is best described with the aid of
Figure 2-3. A flow chart‘is shown with a box for each of the six
parameters; the double lines between boxes indicate the path taken
by the airborne-radar/missile-target example. The time between
false alarms TAUFA is specified first. An option for determining
the value of % is then reached. Three options are available:
9 is zero, that is, there is no clutter; 9o is gi&en, in
which case a value is selected; or 9o is to be calculated
internally., 1In this latter case the sea state (if in fact the
operation is taking place over the sea) is specified and the value
of %% is calculated with an empirical equation based on the sea
state, angle of incidence of the radar energy t« the surface of
the sea, and the radar polarization.

(kain clutter, which is added to receiver noise, can be

included by means of the last two parameters in Table 2-6.)

e

M. I. Skolnik, Introduction to Radar Systems (New York: McGraw-
Hill Book Company, Inc., 1962), p. 523.

®F. E. Nathanson, ed., "Report of Radar Clutter Signal Processing
Committee: Part I, Radar Clutter Effects (U)," TG 842-1, The
Johns Hopkins University Applied Physics Laboratory, September
1966, CONFIDENTIAL., 23
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PARAMETER

TAUFA
SIGOPT

SIGZ
SEA

FDMS

CASE

RAIN

SUMSIG

i st 1 T Al R

Table 2-6

CLUTTER ANL NOISE INPUT PARAMETERS

DESCRIPTION EXAMPLE
False alarm iime in seconds 10 sec
9o calculation option: 0

-1 = no clutter

0 = calculate o

1l = given as SIG
Value of %% in dB when SIGOPT = 1 -
Sea state: 1

1 = rough sea (Beaufort state 5,
10 ft wave height)

0 = calm sea (Beaufort .5,
1 ft wave height)

Frequency diversity: 1

1l = Use Marcum and Swerling
0 = Use Shotland theory

Swerling target case designation: 4

= pnonfluctuating target

= gcan-to-scan fluctuation
with many nulls
pulse-to-pulse fluctuation
with many nulls

= scan-to-scan fluctuation
with a few nulls

= pulse-to-pulse fluctuation
with few nulls

B W N O
[

For rain clutter at the target RAIN = 1. 0
Otherwise equals zero.

‘Backsgatter coefficient Zo in meterz/ -
i

meter® in decibels. (See Skolnik, p. 539)
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Specify
TAUFA
e (0 given)
(clutter) -1 ““s1copr D1 o
'

0 {calculate co)

_ | T~ Select|

Specify HIG%_J
SEA
state

No frequency

f¥equency
diversi 0 diversity

Select refers to path
CASE taken by example t
problem |

—-—-—-—-————-—-———-——__————-—.-—.-—-—

( -
g:zng;g Shotland
Detection D;ﬁection

Theory eory

Figure 2-3

FLOW CHART FOR SELECTION OF CLUTTER
AND NOISE INPUT PARAMETERS
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The FDMS option is now reached which determines whether
the Marcum-~Swerling theory or the Shotland theory is to be used.
In essence the parameter FDMS is not an option bu. a radar parameter
that describes whether frequency diversity, i.e., frequency jumping
from pulse-to-pulse, is used or not. If frequency diversii& is
used then the clutter is.considered random from pulse-to-pulse®
and Marcum-~Swerling detection theory is used. If the radar does
not use frequency diversity then the clutter is not random from
pulse-toépuISe which means that the Shotland det ::tion theory must
be used. Note that if there is no cluti¢r, SIGOPT = -1, then the
FDMS option is bypassed and Marcum-Swerling theory is used in

calculating the detection probability.

- 2.3.4 Program Options

There are two optiocns for operating the Radar Analysis
Program which are selected by means of the TARGOP parameter listed

Time Simulation (Primary Option). The primary option

starts from TSTART aad ends at TSTOP and runs as a time simulation
of the radar-target engagement. Calculations of the radar
detection probabilities and other performance characteristics,

are made every time the antenna scans past the target. This

mode is selected when the option TARGOP is equal to zero or

some negative value,

V. W. Pidgeon, "Time, Frequency, and Spatial Correlation of
Radar Sea Return,'" A Technical Note for Use of Space Systems
for Planetary Geology and Geophysics, The American Astronautical
Society, May 1967. |
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INPUT PARAMETERS FOR PROGRAM OPTIONS

PARAMETER

TSTART

TSTOP

TARGOP

BXLOIT

XLOIT

Table 2-7

DESCRIPTION

Program starting time in seconds
relative to zero time on the
target motion input

Program stopping time in seconds
relative to zero time on the
target motion input

‘Program option:

=X or O = Time simulation

+R = Range profiles
where R is the range
increment

Maximum range value for performing
calculations in the range profile
option

Minimum range value for

calculations in the range profile
option

- 27 -

EXAMPLE

' 0 secs

39 secs

0

(2 n.m., in
2nd run)

78 n.m, ,
(in 2nd run)

30 n.m.
(zero n.m.
in 2nd run)
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Range Profile (Secondary Option). The inputs described

to this point are those required for the time simulation option.
However, the program can also be used for plotting the radar
performance versus range for a stationary, constant-cross-section
target by simply specifying TARGOP as +R. For a stationary target
with a constant cross section the two input decks are greatly
simplified: the target-motion input deck is reduced to one card
indicating the desired altitude, and the cross section input deck
is reduced to one card indicating thg desired cross section. The
program then calculates the detection probability and other
parameters as a function of range in increments of R. These
calculations versus range are called range profiles and will be

discussed further in Chapter IV,

Deck Arrangement. The input-deck arrangement for

running the example problems discussed in this chapter is listed
in Table 2-8. Two runs are made: (1) the airborne-radar/missile-
target example in a full time simulation mode, and (2) the airborne
radar versus a stationary target in a range profile run. The
jtems listed in Table 2-8 were discussed in this chapter except
for the control cards and cover cards. The control cards include
the computer job cards and loading cards. The cover cards are
associated with the data. There is a target-deck cover card
which indicates the target name, number of cards, and the time
jncrement. The cross section deck has both cover and trailer
cards. The former indicating the name of the target and the
increment of the aspect angle; the latter indicating the end of

thz cross section deck.

- 28 -
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Table 2-8

ARRANGEMENT OF INPUT DECKS
FOR MULTIPLE RUNS

Description of Approximate Number
Cards of Cards
Control cards 3
Program -

Data (Time simulation run)

Target Motion Deck 42
Cross Section Deck 300
Input Parameters 43
Run 1 End 1
Run 2 Leader (Range Profile Run) 1
Stationary Target Card 2
Cross Section Card 3
Input Parameters Different from Run 1 3

End
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2.4 Summary

The input cards to the Radar Analysis Program have been
described in some detail. The target motion in a vertical plane
throughout the engagement and the target's radar cross section
versus aspect angle are described on cards to practically any
degree of detail. For the example problem studied here the
target motion deck comprised of 41 cards describes a missile
launched from the ground and reacking an altitude of 24,000 feet
in 40 seconds. The target's radar cross section is described on
300 cards with values every .l degree for aspect angles from 0
to 180° for vertical and horizontal polarization. The cross
section values vary over 50 dB from -25 dB :to +25 dB relative
to one square meter.

The 43 input parameter cards describe the initial
positions of the radar and target, the radar parameters, the
clutter and noise parameters, and the program mode options. For
the example problem these paramefers describe an airplane flying

at an altitude of 30,000 feet away from a missile launched,

essentially straight up, at an initial range of 43 nautical mi les.

The radar in the airplane has an antenna 5.6 feet on a side
‘operating at ﬁ“frequency of 5000 MHz, radiating 500 kilowatts

of power in a 10 us pulse. The radar employs pulse compression
and frequency jumping from pulse-to-pulse to reduce the effects
of clutter contributed by a rough sea. The antenna is scanning
a sector 26.6° in azimuth and 30° in eievation, centered on the

target, in one second.
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The calculations performed on these inputs will be
described in the next chapter. The resulting outputs are

discussed in Chapter 1V, /

= =l
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I111. PROCESSING

The processing part of the Radar Analysis Program
includes those calculations and analytical models required to
determine target cross section characteristics versus time,
detection probabilities, time required for detection, tracking
accuracies, and search accuracies. The calculations have been
divided into three groups for purposes of discussion: gecmetry
caléulations, radar calculations, and detection calculations.
These three blocks of calculations are snown in Figure 3-1, the

Radar-Analysis-Program flow diagram, which is discussed next.

. 3.} 2 Flow Diagram

The simplified flow diagram, Figure 3-1, indicates the
general calculating procedure for the time simulation or main mode
of operation. The range-profile mode of operation is a special

case and can also be described with the aid of Figure 3-1.

Time Simulation. The main mode of operation reads

the input cards described in Chapter II, stores this information,
and prints it out. The geomeiry calculations are performed next
a@ time TSTART. 1In these calculations the target-motion input
deck and the initial radar-to-target geometry parameters are
used ;to calculate the ranges, angles, and range rates between
the radar, target, and other points of interest. The aspect
angle determined in this set of calculations allows the cross

section of the target to be determined by looking up the value

o o =2
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>~ Start

READ INPUTS

1. Target motion deck

2. Target radar-cross section deck

3. Parameter cards

-

~

GEOMETRY CALCULATIONS

Aspect angles
Range
Range rates, etc.

Look up target cross section

Y

RADAR CALCULATIONS

Read new
inputs
and repea

Clutter power
Signal-to-noise ratios

t

Tracking accuracles, etc.

Increase time
by sector-
scan time

S

NO

Is ;::E\

he last

v
ot

\ 4

" and repeat
J \

DETECTION CALCULATIONS

Marcum-Swerling
or
Shotland

Is time =

TSTOP

PRINT OUTPUT

Figure 3-1

NO

RADAR ANALYSIS PROGRAM FLOW DIAGRAM
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in the radar-cross-section input table. These geometry and cross-
section values are used in the next set of calculations, called
radar in Figure 3-1, to determine the signal-to~-noise ratios and
the tracking accuracies (to .ame a few). The signal-to-noise
ratio and the clutter and noise input parameters are then used
in the detection calculations for finding the single~scan detection
probabilities.

The time step of this set of calculations is then
compared with the last time for calculations, TSTOP. If TSTOP
has not been reached the time variable is increased by the
increment of time required to scan a sector, HTSS, and the
calculations are repeated. When TSTOP is finally reached the
output is printed signifying the end of one run. Then if a new
set of input parameters exists in the deck they are read and the

entire processing operation is repeated.

Range Profiles. If the range profile option is selected,
ge

by specifying TARGOP as +R, the processing cperation is somewhat
simplified and the format of the output is different. Referring
to Figure 3-1, the input is read as before except now the target-
motion deck and the cross-section deck consist of only one card
each. The parameter cards are essentially the same as for the
time simulation except that the parameter TARGOP equals +R.
(Those input parameters which do‘not apply to the range-profile
case, such as TSTART and TSTOP, need not be changed or omitted
since they are automatically avoided by the program.) This set

of inputs, as described in Chapter II, specify a target whose

- 34 -
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altitude is constant, and whose cross section is constant and
independent of aspect angle.

The processing for the range-profile option omits
most of the geometry calculations and performs the radar and
detection calculations as a function of range. Instead of the
comparison of time with TSTOP as shown in Figure 3-1 the range-
profile processing compares the range with the maximum specified
range BXLOIT. If the range is smaller than BXLOIT it is incremented
by +R and the calculations are repeated. If the range equals

BXLOIT the run is printed out and the ncxt run is processed.

Subroutines. The overall processing as described above

is controlled by the main program. All the calculations are
performed by subroutines. When the calculations are completed
control is returned to the main program. The main program is
then used for printing and plotting the output data.

There are two subroutines that are associated with the
main program that do not perform calculations. These are TARGIN
and CROSIN which are used in the first block shown in Figure 3-1
to read in the target-motion and cross-section input decks. They
also are responsible for brinting out this input data in the first
part of the output. The main program and the subroutines ére
given in their FORTRAN II language in the Appendix B. The first
page of Appendix B lists the parts of the program in the order

called.

- 35 -
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The actual calculations performed will be discussed in
the next three sections. The final form of the output can be

found in Chapter 1V.

3.2 Geometry Calculations

The geometry calculations are performed by the subroutine
GEOM and its associated subroutines: TARGET, AIRCFT, five vector
subroutines, and RATSCT. (See Appendix B, Section 2.0, for a
listing of these subroutines.)

The geometry subroutine is called by the main program
each increment of time to solve the geometry illustrated in Figure
3-2. The geometry, as indicated, is solved in three dimensions
over a spherical earth.1

Four points in space are involved in the calculations:
the radar location, the target location, the point of reflection
on the earth's sﬁrface, and the clutter spot. The procedure
involved in calculating the pertinent ranges, range rates, and
angles between these points 1s as follows. The target position
and velocity at the time of interest are gotten from the target-
motion input table, using interpolation if required; this is
performed by subroutine TARGET. The radar position at the
calculating time is determined by the subroutine AIRCFT, which
determines the distance traveled due to the input velocity VVA
specified for the radar platform. Then the ranges, range rates,

and angles connecting the radar and target can be computed. They

1A 4/3 earth radius is used to account for refraction.

- 36 -
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Fig. 3-2 RADAR-TO-TARGET GEOMETRY
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2re computed using subroutines for each of the vector operations
involved; namely, finding the cross product between two vectors
(CROSS), finding the dot product between two vectors (DOT), reducing
a vector to its unit vector and magnitude (UNIT), multiplying a
vector by a scalar (MULT), finding the angle of a vector given
the sine and cosine (ANGLE), and finding the elevation and
azimuth angle of a vector with reference to a given coordinate
system (TRIAD).

The same procedure is used to find the ranges, range

rates, and angles between the radar and the reflection point, and
. the radar and the clutter spot. The reflection point, located
at the surface of the earth, comes into play when the radar's
antenna is broad enough tc permit energy to be reflected off the
surface of the earth and up to the target. Two types of reflections
are considered: singie oounce, where the radar energy follows
the reflected path to the target and the direcct path back, and
double bounce, where the energy travels the reflected'path to
and from the target. The clutter spot is simply the point
on the surface at a range equal to the range to the target.

The aspect angles, also shown in Figure 3-2, are
calculated by the geometry subroutine and are used directly in
finding the target's cross section at this instant of time.
Subroutine RATSCT is used to look up the cross section table.

The crosé section value selected is the value opposite the closest

angle to the desired angle.

- 38 -
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There are a total of 31 parameters (many with three
componenrts) which are calculated and stored by the geometry
subroutine. However, at the present time only the most important

ones are printed as described in Chapter IV on output.

3.3 Radar Calcuiations

The radar calculations are performed each time step
by subroutine DAVE following the execution of the geometry
subroutine. These calculations w+ll be briefly described here

with the details beirg available in Section 3.0 of Appendix B.

Antenna. The physical size of the antenna, the efficiency,
and the radar frequency are used to calculate the antenna gain and
the beamwidth. The value for the beamwidth is then used . i1th the
given values for the search sector and the time allowed to scan
the sector to determine the scan rate. The scan rate is used
with the given value for the pulse repetition period to calculate
the number of pulses received from the target in one scan. The
antenna gain and the number of received pulses per scan are prime
parameters in the subsequent calculations of the signal power and
the detection probability.

The antenna equations as they now exist can only be
used for radars that use the same antenna for both transmit and

receive. This, however, is the most common case.

Signal. The signal power is calculated with the standard
range equation using the pertinent parameters supplied by the input

cards. The signal power is determined for the direct signal from
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the radar to the target, the single bounce signal which takes one
path to the target via a surface reflection, and the double bounce
signal which reflects off the surface to and from the target. The
appropriate antenna gain is used in each calculation. That is,

in many cases the angle taken by the reflected-signal path is
greater than the half-beamwidth of the antenna which puts it in
the antenna's sidelobes. In this case the signal power for the
single-bounce and double-bounce signals are reduced from the

mairlobe signal by the given antenna sidelobe ratio (squared).

Clutter and Receiver-Noise Power, The signal power

will be divided by the clutter and receiver-noise power to form
the '"'signal-to-noise" ratio used in the detection-probability
calculations, The receiver noise is calculated using the standard

ecuation involving Boltzman's constant, the signal bandwidth, and

the receiver noise figure; rain backscatter is added to receiver noise.

The clutter power, on the other hand, involves numerous
parameters such as the antenna beamwidth and the geometrical
quantities shown in Figure 3-3. The clutter power is calculated
the same way as the target signal power, i.,e., using the radar
range equation, but using the clutter cross section instead of the
target cross section. The clutter cross section is equal to the
clutter area times the normalized clutter cross section Oo? which
was discussed in Chapter II, |

As indicated in Figure 3-3 the clutter area to be used

_in the calculation depends on the range to the target. The reason

for this is that the region on the earth's surface that must be
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used in calculating the clutter power is that region which is

at the same range from the radar as the target. When the target

is low in altitude and at a long range then the main beam intercepts

both the target and the surface of the earth. In this instance,
called Case 1 in Figure 3-3, the clutter area is made up of two
pleces, one in the mainlobe of the antenna, the other in the
sidelobe. 1In either case the clutter area is bounded by the
pulse width in range.

When the target is close to the radar the clatter
region may be at an elevation angle that is out ¢f the main beam
of the antegna, such as Case 2 in Figure 3-3. &ven though the
physical size of the clutter area for this case may be comparable
to that of Case 1 the resultant clutter power received by the
radar receiver is considerably reduced due to the low gain of the

o

sidelobes.

Accuracy Calculations. The previous calculations can

be combined to form the signal-to-noise ratio. which is important
in determining the radar's measurement accuracy as well as the
detection probability. Once the target is detected the radar

must defermine the target's location, in range and angle, and its
doppler ve}ocity or range rate. Since the target echo exists in.
the preseice of receiver noise or clutter the ability of the radar
to extract the information is a problem in the statistical
estimation of parameters. The general form of the error for

measurements in range, range rate, or angle are of the form®

’p. k. Barton, Radar System Analysis, (Englewood Cliffs: Prentice-

Hall, Inc., 1964), pp. 38-63.
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error =

where E/No is equal to the signal-to-noise energy ratio which
includes the observation time. The factor Yy changes according
to whether range, doppler velocity, or angle is being measured
and according to other factors, such as the type of signal
modulation. For the range measurement the y factor is basically
equal .to the bandwidth of the signal; for doppler velocity it is
equal to the length of tiie signal; for angle measurements it is
equal to the inverse of the beamwidth.

Thas for accurate measurements of the threce parameters
it would be desirable to have a wide bandwidth signal, transmitted
over a long time duration, and using an antenna with a very narrow
beamwidth. 1In addition the signal-to-noise ratio mvst be high.

The mathematical form of the accuracy equation is the
same for both the search accuracies and the tracking accuracies.
The prime difference is that the tracking accuracies are usually
better due to the longer time of the measurement. The search
accuracies are naturally lower then the tracking accuracies since
the time for measurement is short due to the finite time that the

target remains in the scanning beam.

3.4 Detection Calculations

The detection problem was discussed briefly in Chapters

I and IT. It was indicated (See Figure 2-3) that two detection
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theories are used: Marcum—Swerlinga and Shotland* theory. The
Marcum-Swerling theory is a generalized theory for calculating
the probability of detecting a target, with a fluctuating cross
section, in the presence of receiver noise. It was put into a
form, suitable for calculation by a digital computer, by Fehlner®
and is incorporated in this program as subroutine MARCUM. The
Shotland theory is an extension of the Marcum-Swerling theory to
include the «ffect of clutter as an interfering noise source as
well as receiver noise. The Shotland theory is programmed as

subroutine EDDIE.

Generalized Detection Calculations. The basic parameters

required to calculate the detection probability are the false-alarm
time from the input cards, and the signal-to-noise ratio and number
of received puls;s per scan from the radar calculations. The
detection of a target is a decision process and is based on
establishing a threshold level at the output of the receiver. A
target is assumed to be pre: :nt if the signal out of the receiver
is large enough to exceed th threshold. Occasionally noise alone
will exceed the threshold genecating a false alarm. The threshold

level is calculated as a function of the noise power, the bandwidth,

3J. 1. Marcum and P. Swerling, "Studies of Target Detection by
Pulsed Radar," IRE Transactions on Information Theory, vol. IT-6
(April, 1960).

‘E. Shotland, "False Alarm Probabilities for Receiver Noise and
Sea Clutter,'" JHU Applied Physics Laboratory, BBD-1387,0ctober 27,
1964.

®L. F. Fehlner, "Marcum's and Swerling's Data on Target Detection
by a Pulsed Radar," JHU Appiied Physics Laboratory, TG-451,
July 2, 1962.
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and the number of pulses, to produce the false alarm time specified
by the program input. The probability of detecting a target is
then the probability that the target signal exceeds this pre-
determined threshold level which varies up or down according to

the level of the noise power. The procedure for calculating the
detection probabilities involves evaluating a series of incomplete

Gamma functions, where each function is expressea as a series.®

Target and Clutter Statistics. The two detection theories

provided in this program provide a fairly flexible arrangement for
calculating the detection probability for targets and clutter with
a various statistical characteristics.
In the Marcum-Swerling theory incorporated in this
program five target models may be specified.7 The first, called
Case 0, is a target with a constant cross section area. The
targets in the other four cases have fluctuating cross sections.
Case 1 and 2 targets have a Rayleigh amplitude distribution and
apply to targets that can be represented as a number of independently

fluctuating reflectors of about ecual echoing area. Case 1 and 2

are often used for aircraft targets. Cases 3 and 4 apply to
targets that can be represented as one large reflector with a

' number of small reflectors, such as a missile. Cases 1 and 3 '

apply for targets whose cross section fluctuates slowly, or with
a period equal to the scan time. Cases 2 and 4 are for targets

whose cross section fluctuates rapidly, i.e. from pulse-to-pulse.

®ibid., pp. 21-32.

"Marcum and Swerling, loc. cit.
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Since the detection probability is higher for targets
which fall in Cases 2 or 4 schemes are often devised to insure
that the cross section fluctuates rapidly. One way of doing
this is to employ frequency jumping which is accomplished by
varying the transmitted frequency from pulse-to-pulse or within
a pulse.

In the Shotland theory, as used in this program, both
the target and the clutter are of the Case 1 variety, slowly
fluctuating with Rayleigh ampiitude distributions. The clutter

does fluctuate somewhat faster than the target depending on the

width of the clutter spectrum (calculated in the radar subroutine).

Under these conditions, however, very large signal-to-noise ratios
are required for detection. On the other hand, if frequency
Jumping is used with a sufficiently wide frequency range the
target  changes to a Case 2 or 4 target and in addition the clutter
spectrum is widened causing the clutter to fluctuate randomly

like receiver noise. Under these conditions the Marcum-Swerling
theory can be used which will yield a much higher probability of

detection.

3.5 Summary

The processing part of the program contains the
calculations performed on the input data to ascertain the
performance of the proposed radar in the given situation. The
calculations are divided into three groups on geometry, radar,

and detection.
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As indicated in the program flow diagram the output for
a particular run is stored in an array and is not printed until the
calculations for that run are completed. This procedure has the
advantage of assuring that all the results of calculations in
one subroutine are available to other subroutines. 1In addition,
it allows all of the output commands and formats to be placed in
the main program.

The calculations and processing techniques discussed in
this Chapter are used to produce the program output described in

the next Chapter.
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IV. PROGRAM OUTPUT

The results of the calculations discussed in Chapter III
are provided as output in either a printed or digitally plotted
format. The bulk of the output is printed by the main program,
as previously mentioned, except for the target motion and cross
section decks which are read and printed by separate subroutines.
Two samples of the program output are included in this Chapter,
one on the time simulation of the airborne-radar/missile-~target
example, proposed in Chapter I1I, and the other on the range profile
for the same radar.

in review of the inputs proposed in Chapter II the
a‘rborne-radar/missile-target example to an airborne radar at
an altitude of 30,000 feet and at a range of approximately 43
nautical miles (diagonal distance of 30 nautical miles on a
square) from a ballistic missile launched from the surface. The
radar operates at a nominal frequency of 5000 megacycles per
second with a peak power of 500 kilowatts and employs frequency
jumping from pulse-to-pulse. The ballistic missile flies in a
vertical plane for 41 seconds reaching an altitude of 24,000 feet.
The output of the program in the time simulation mode will cover
39 seconds of the engagement and will indicate the following: the
success or failure of detecting the target, the length of time from
missile launch required for detection, the accuracies of locating

the target, etc.
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For an example of the range profile option the target
is assumed to be at a stationary altitude of 30,000 feet and
have a constant cross section of .1 square meters. The range
from the target is decreased in increments of 2 nautical miles

from a range of 78 nautical miles with detection and radar

calculations being made each increment. The single-scan detection

prqbability and the signal-to-noise ratio are plotted versus

range by the CALCOMP Plotter.

4.1 Time Simulation Example

The output for the time simulation of the airborne-
radar/missile-target example is divided into four parts for
discussion purposes. The first part is a listing of the input
data. The remaining three parts give the output data arranged
according to computed constants, geometry calculations, and

radar and detection calculations.

4.1.1 Input Data
The data inputs are printed out in three parts: target

motion deck, target cross section deck, and input perameter cards.
The target motion for the ballistic missile is reproduced in
Table 4-1. The cross section of the ballistic missile is given
in Table 4-2. The cross section values are listed in decibels
above a one square meter reference, for angles between 0 and

36.6 degrees.1 The values are arranged in the format previously

describted in Table 2-2,

l pemainder of table to 180° aspect angle not shown.
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Table 4-1 i
PROGRAM OUTPUT: TARGET-MOTION INPUT
EXAMPLE TAKG BUUST TKAJELTURY COURDINATCS
UOWN RANGE ALTITUDE ,
CARD TIME PUSITION SPELD ACCELERATION PUSITION SPEED ACCELERATIUN
1 o. O. O. 0. O. 0. 25.66
P le (VS 0. O. 13.0 25.9 26.14
3 20 O. -Oo 0&01 ‘37‘.0 52.3 26059
4 30 00 "00 0-02 1.1 00 7901 27-01
5 4. (V1 Oel Q.33 21u.0 1806.3 27.40
6 5e 0. Vel 0.03 330.0 133.8 27.74
7 O 0. 0.1 0.04 47840 161.8 28.14
8 1. 0. l.4 3.49 65440 190.1 28445
9 8. 5.0 7.3 8.13 858.0 218.6 28447
10 Je - 17.0 l6e5 9.55 1091.0 247.2 28.77
11 10. 38.0 2646 10.73 1353.0 276.1 29.05
12 11, 70.0 37.9 11.84 1643.0 305.3 29.36
13 12, 114.0 50e2  12.85 1963.0  334.8  29.73 i
L4 13. 171.0 03¢5 13.74 2313.0 364.7 30.08
15 14 . 242.0 17.7 14.53 2693.0 395.,0 - 30.48 !
16 15. 327.0 92.0 15.23 31G63.0 425.7 30.93 1
17 16. 427.0 108.1 15.83 3545.0 456.9 31.39
18 17. 543.0 124.2 16.33 4017.0 488.5 31.90
19 18. 675.0 - 141.1 17.51 4522.0 520.6 32.27 {
20 19. 825.0 159,2 18.70 5059.0 553.0 32.62 l
21 20, 994.0 17845 19.89 5628.0 585.8 32.96 1
22 21. 1183.0 199.0 2l.11 6230.0 618.9 33.34 {
23 22, 1392.0 220.7 22.31 6866.0 652.5 33.64 Y
4 23, 1624.0 243 .6 23.52 7535.0 68643 33.93 g
25 24, 1880.0 26T.7 24.72 8239.0 720.3 34.19 1 3
26 25, 2160.0 .293.1 25.86 8976.0 754.6 34,27 } 3
217 26 246640 319.5 2699 9748.0 788.9 . 34.33 4 i
28 27, 2799.0 347.0 28.03 10554.0 823,.2 34.18 i
29 28 . 3160.0 375.6 29.01 11394.0 857.2 33.92 Y 4
30 29. 3550U.0 405.0 29.84 12268.0 890.9 33.33 {
31 30, 3976.0 435,1 30.26 13176.0 923.6 31.94 )
32 3le. 4420.0 46544 30.12 14115.0 954. 4 29.49
33 32, 49006.0 495.8 30.89 15083.0 983.5 28.99 )
34 33, 5411.0 527.2 31.85 16081.0 1012.4 28,89 J
35 34, 595440 559.7 33.13 17108.0 1041.4 29.37
36 35, 0530.0 593.6 34.54 18165.0 1071.1 30.07 i
37 36. 7141.0 628.9 36.03 19251.0 110l.6 30.87 " i
38 37. 7787.0 065.7 37.61 20368.0 1132.9 3i.75
39 38. 8471.0 704.2 39.28 21517.0 1165.1 32.67 -
40 39. 9194.0 T44.3 40 .87 22698.0 1198.3 33.57
41 40, 9959,0 786.0 42.60 23914.0 1232.3 34,58
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The input parameters that are used to describe the
initial radar-target geometry, the clutter and noise conditions,
the radar characteristics, and the output options, are reproduced
in Table 4-3. These bParameters, which were described in Chapter
. II, are given the values listed in the nominal-value column. The
nominal vﬁlues are multiplied by the number given in the conversion-

factor column to agree with the units in the definition column.

- 4.1.2 Computed Constants

The first set of output parameters are constant with
respect to time and are therefore calculated only once during
each run. The results of these calculations are listed with

] definitions in Table‘4-4. Note that the horizontal scan rate of
» the antenna was computed as 800 degrees per second. . This implies
} that the airborne radar must employ an electronically scanned

7 antenna since mechanical Scanning cannot be performed at an 800

degree/second rate.

# »
v

4.1.3 Geometry Output

o

The results of the geometry calculations occur on
three pages of the printed output. The first page is for the
:] ranges and range rates between the radar, target, reflection point, ,

and clutter spot; the second page is for the angle calculations;

L=

and the third page is for the Cross-~section calculations.

The definitions of all the geometry output parameters

& “":

are listed in Table 4-5 in two parts: part I for the range and

angle calculations and part II for the cross-section calculations.

Erel e
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Name

LAMBDA
AR
GAIN
BETAH
BETAV
FSCH
TAU

N
PO

PAVG
PNOISE

PFA

pr et st < e

i

Table 4-4

PROGRAM OUTPUT: COMPUTED CONSTANTS FOR
ATRBORNE-RADAR/MISSILE-TARGET EXAMPLE

Definition

Wavelength in feet

Effective area of antenna in square feet
Mainlobe gain in dB

Horizontal beamdwidth in degrees

Vertica. peamwidth in degrees

- Horizontal scan rate in degrees/sec

Compressed pulse diength in seconds
Number of hits/scan

3

Power received at initial range in
watts/square feet

Average transmit power in watts

Noise power in dB above one milliwatt

plus rain backscatter power when RAIN = 1,

False alarm probability
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Table 4-5

DEFINITIONS OF GEOMETRY OUTPUT PARAMETERS, PART 1

Page 1: Geometry Range Calculations

Page

R Radar-to-target range in feet

Rl Radar-to-reflection-point range in feet
R2 jTarget-to-reflection-point range in feet
RDOT

R1DOT Respective range rates in feet/sec.

R2DOT

TDIR Propagation time of direct signal in secs.
DELT Time difference between one-way direct

signal and one-way reflection signal in secs.

2: Geometry Angle Calculations

ELAAT Elevation angle of radar/target line in
degrees

ELAAB Elevation of radar/reflection-point line
in degrees

ELAAC Elevation of radar/clutter-point line in
degrees

AZAAT Azinuth angle of radar/target line in
degrees

ALPHAB Angle of incidence of radar/reflection-point

line with respect to tangent at reflection
point, in degreess

ALPHAC Angle of incidence with respect to tangent
at clutter point, in degrees

THETA (1) Angle .between target plane of rotation and
radar polarization plane in degrees
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Table 4-5

DEFINITIONS OF GEOMETRY OUTPUT PARAMETERS, PART II

Page 3: Geometry Cross-Sections Calculations

ALP(1)
SIG(1,1)

S1G(1,2)

ALP(2)
S1G(2,1)

S1G(2,2)

ALP(3)
S1G(3,1)

SI1G(3,2)

Direct-path aspect angle in degrees

Target cross section for direct path and

horizontal polarization, in square feet (POL = 0)

Target cross section for direct signal
and vertical polarization, in square feet

Single-bounce-path aspect angle in degrees

Target cross section for single-bounce path
and horizontal polarization, in square feet

Target cross section for single-bounce path
and vertical polarization, in square feet

Double-bounce path aspect angle in degrees

Target cross section for double-bounce path
and horizontal polarization, in square feet

Target cross section for double-bounce path
and vertical polarization, in square feet
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The geometrical quantitites that these definitions describe were

previously illustrated in Figure 3-2.

t!w—-j h‘--'.;

The actual output for the geometry range calculations

\A

for the airborne-radar/missile-target example is reproduced in

Table 4-6. This Table indicates that the range R changes only

b

16,000 feet (2.7 nautical miles) from the initial range, increasing

from zero to 36 seconds and decreasing thereafter.

[ |

The geometry angle calculations are shown in Table 4-7.
] Note that all of the elevation angles are negative indicating

that the antenna beam is pointing down throughout the engagement.

fR)

The last page of the geometry output showing the target
cross-section values for the different signal paths is reproduced

in Table 4-8.

’ 4.1.4 Radar and Detection Output

] The results of the radar and detection calculations are

presented on two pages. The first page includes the output

parameters associated with the detection probabilities and the

. accuracy calculations which are defined in Table 4-9. The 4
! second page éresents the output parameters associated with the :

signal and clutter power level calculations which are defined in

Table 4~10. The corresponding two pages of output for the airborne-
radar/missile-target example are shown in Tables 4-11 and 4-12.

Some of the most important conclusions revealed by these two

tables are indicated below.

The fiirst measurable single scan de.. {ion probability

—_———— - .4

PD1, equal to .403, occurs 11 seconds after the missile launch.
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PD1 Single-scan detection probability for the direct
path signal
PDCUM1 Cumulative detection proktability
PDT Detection probability for direct and reflected
paths (when coincide)
PCUMT Cumulative detection probability of combined .
signal
CASE Marcum-Swerling fluctuwating-target model (0-4)
VB Threshnld level above receiver noise i
S/N Signal-to-(receiver) noise ratio in dB 5
C/N Clutter-to-(receiver) noise ratio in dB !
MC Number of correlated clutter pulses
FD1 Absolute target doppler frequency in cps !
DOPDIF Difference in doppler frequencies between direct P
and reflected paths, in cps
TDIF Time lifference between direct and reflected
signals in microseconds
DELR Search range accuracy in feet
DELD Search doppler accuracy in cps f
DELA Search angular accuruacy in milliradians
SIGNV Angular tracking accuracy in vertical plane
SIGNH . Angular tracking accuracy in horizontal plane
SIGT Total angular tracking accuracy in milliradians
T Altitude of target‘in thousands of feet

Table 4-9

DEFINITIONS OF DETECTION PROBABILITIES AND

RADAR ACCURACY CALCULATIONS
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SDD

SDB
SBB
CLOM
CLOS
CLO
SIGO
PHA

PHADEL
REFL

S/ (C+N)

Table 4-10

DEFINITIONS OF SIGNAL AND CLUTTER
POWER LEVEL CALCULATIONS

Signal power for direct path in dBm

(decibels above one milliwatt)

Signal power for single-bounce path in dBm
Signal power for double-bounce path in dBm
Mainlobe clutter power in dBm (surface clutter)
Sidelobe clutter power in dBm

Total resultant clutter power in dBm
Normalized clutter cross section in dB

Phase difference between direct and bounce
path in cycles

Phase change during one scan in cycles
Reflection coefficient

Sighal-to-clutter plus noise ratio in dB
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Reliable detection of the missile, however, does not occur until
19 seconds when the detection probability equals unity. From 19
seconds until the end of the engagement the detection probability
fluctuates between unity and .03. The latter probability value
occurs at 36 second: where the missile cross section drops to its i
smallest value of .42 square feet.

The missile is not detected reliabiy until 19 secconds.
because of the high clutter conditions. As shown in Table 4-12 H
the clutter power level CLO is composed of clutter echoes entering
the mainlobe of the antenna until 18 seconds. Afte ' 18 seconds
the clutter level decreases abruptly because at this point the
clutter echoes enter via the antenna sidelobes only. Thus the i
airborne radar in this particular engagement cannot detect the i
missile in a background of mainlobe clutter, but must wait unitil
the missile is high enough for reliable detection in sidelobe
clutter.

The effect of the high mainlobe clutter return is also vl
reflected in the signal-to-noise-plus-clutter ratio, S/(C+N) in
Table 4-12. As shown the ratio is less than unity below 19
seconds and greater than unity with fairly high values above 19
seconds.

After the radar detects the missile at 19 seconds its
location is determined in the search mode to an accuracy of two
feet in rangé, 358 KHz in doppler, and four milliradians in angle.
The poor doppler accuracy would force this particular radar to

determine velocity by measuring the range rate. The angle accuracy

o g
N i, A




s i R e s

THE JOHNS HOPKINS UNIVERSITY

APPLIED PHYSICS LABORATORY

S VER SPRING. MARYLAND

of the search radar in this case is high enough for the radar to

begin tracking with an angular accuracy equal to one milliradian.

4.2 Range Profile Example

The time simulation mode analyzed the performance of
the airborne radar in detail in detecting and locating the missile,
lavnched approximately 43 nautical miles from the radar. The
range profile output discussed here will indicate the detection
performance of the same airborne radar but this time against a
simplified, generalized target.

The target for the range profile run is described by
the input parameters listed in Table 4-13. As shown the target

analyzéd will remain at an altitude of 30,000 feet and will have

a constant cross section of .1 square meters (-10 dB/square meters).

The three input parameters shown are the only ones that are changed
from the previous time-simulation run. They specify calculations
to be performed every two nautical miles from zero to a maximum of
78 nautical miles.

The results are shown in Tables 4-14 and 4-15 in the

same format used in the time simulation output except that the

target range is incremented instead of the time variable. The

radar itself is operating in the same mode of operation as used

in time simulation run, that is, searching for the target over

a 26 by 30 degree sector in one second. This prodﬁces five return
pulses which are integrated by the radar to produce the detection

probabilities listed in Table 4-14. The corresponding signal-to~

noise-plus-clutter ratio is listed versus range in Table 4-15.
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The detection probability PD1 and signal-to-noise-plus-
clutter ratio are generally the most important quantities in the
range profile ontion and are therefore plotted with the CALCOMP
plotter as shown in Figure 4-1 and 4-2. These figures indicate
that the ajrborne radar would reliably detect a .1 square meter
target at an altitude of 30,000 feet out to a range of about 40
hautical miles. The target altitude of 30,000 feet is significant
in that the clutter returns enter the receiver via the antenna
sidelobes. If the target was much lower in altitude the clutter
would be in the mainlobe of the antenna which would preclude

target detection.
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V. SUMMARY AND CONCLUSIONS

The digital computer program for radar analysis and
simulation has been described. 1In this chapter some of the high-
lights will be summarized and some areas for future development

will be discussed.

5.1 Summary

The report started with a description of the basic
radar problem to be analyzed in this study: the detection,
acquisition and tracking performince of a generalized radar
against a single moving target in a clutter environment.

Chapters II through IV described the program inputs, the process-
ing, and the program outputs, respectively. Chapter II on inputs
described the manner in which the radar problem is defined by the
user. A flexible but detailed arrangement was indicated for
describing target mciion, target cross section, initial radar-
to-target geometry, radar characteristics, clutter and noise
environment, and program options. Any of the input parameters
my be changed for performing multiple runs on any one job.

The processing or calculations performed by the program,
as described in Chapter III, were shown to be arranged as a time
simulation of the radar-target engagement. The geometry calcu-
lations are performed with vector algebra permitting an accurate
simulation of the radar and target motion, and calculation of the
pertinent geometrical quantities between the radar, clutter, and

reflection points. The radar calculations are performed each

time step yielding signal-to-noise ratios, clutter characteristics,
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and search and tracking accuracies. The detection probabilities
are calculated for many target and noise models, and include the
cumulative detection probabilities. A program option permits the
target model to be greatly simplified for performing radar
comparisons with the target motion and cross section held
constant.

A few samples of the program's output were presented
in Chapter IV. 1In the time simulation mode the output is arranged
as a function of time with calculations being made every time the
radar antenna scans past the target. The output parameters are
quite extensive and include: single-scan and cumulative detection

probabilities for the direct and surface-reflected signals; search

accuracies in range, doppler, and angle; angular tracking accuracies;

clutter statistics and power levels; cross section variations;
signal-to-noise ratios; and many geometrical parameters.

In the range profile mode the target's motion and
cross section'hre held invariént to permit comparisons of radar
performance. The target model is grossly oversimplified in this
mode which is necessary to analyze the performance of a radar,
or radars, for a broad range of target cross sections, target
statistics, clutter conditions, and distances from the radar.
That is, the boundaries of the radar's performance can be found
by operating in the range profile mode with calculations being
made for all probable cross section values, clutter conditions,

etc., without regard to one particular radar-target engagement.
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Thus, the range-profile mode is used for calculating
general radar performance, while the time-simulation mode is for
detailed radar performance.

The actual program was written in FORTRAN II in a manner

to achieve considerable flexibility and growth capability. This
was accomplished by dividing the program into 22 subroutines
controlled by one main program. Thvs, if any changes are required,
or desired, they may be inserted into the subroutine in which they

apply without affecting the status of the other subroutines.

5.2 Areas for Future Development

The program as it now exists is a fairly complete
representation of the radar-target engagement. There are some
areas, however, which deserve future attention; some of these

i
were indicated in previous chapters. 1
i

i

Antenna. There are two antenna characteristics that j

are simplified in the present program that could be changed to i
achieve a more accurate representation of an actual antenna. They | |

are the antenna beam pattern and the antenna beam motion,

Presently, the antenna beam pattern has a constant
mainlobe gain cver the solid angle defined by the half power

points, and a constant sidelobe gain for all other angles. 1In

the future, it may be desirable to modify the radar-calculation
subroutine, or add an additionzl subroutine, to incorporate
antenna gain variztions with angle.

The motion of the antenna beam is presently arranged

to scan the given angular sector in the allotted scan time with
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the target assumed to be in the center of the sector. A more
accurate representation of the antenna beam motion can be incor-
porated by having the antenna beam follow a predetermined scan
pattern starting from an initial position specified on the input

or chosen randomly by Monte Carlo techniques. This method would
change the time increment of the output. That is, the calculations
of the radar detection probabilities would be performed only at
those times in which the target is in the antenna beam. This may,
or may not, occur once each sector-scan time as in the curfent

program,

Acquisition Mode. Presently the transition from the

search mode to the tracking mode is assumed to occur instantaneously.

This somewhat unrealistic assumption can be corrected by calculating
the time required to point the antenna at the target. The ca.-"1-
lation can be programmed using techniques by Barton® and quantities
available in the present program; namely, the time required to

scan the search sector, the ratio between the size of the search

sector and the tracking beam, and the signal-io-noise ratio.

Jamming. The present program does not consider jamming.
However, radar performance in the presence of certain types of
Jamming,. such as wide-band noise jammers, could be added in a
straigﬂtforward manner by modifying the signal-to-clutter-plus-

noise ratio to include the noise power received from a jammer.

'D. K. Barton, Radar System Analysis, Prentice-Hall, Inc.,
Englewood Cliffs, New Jersey, 1%63, Section 14.2,
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Other Areas. There are evidently other areas of the

program that could be improved or other simulations that could

be added, to represent more accurately the real situation. Some
of these areas are an improved simulation of the tracking mode,
clutter model for land (sea clutter model and rzin clutter already
included) , multiple target detection, sequential detection, and

target motion not confined to a vertical plane.
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APPENDIX A
LITERATURE REVIEW

The literaiure was searched for digital computer
programs and radar simulation techniques applicable to this
study. The pertinent literature can be conveniently grouped
into the following categories: war game simulations, computer

programs for radar analysis, and detection-probability algorithms.

War Game Simulations. Numerous programs exist which

simulate the radar only to the extent of determining the outcome

of a war game. Examples of war game simulations involving radars
are programs written by Andrus?, and Kennard?®. The program by
Andrus is designed to simulate the interactions between surface-
to-air missile éystems and aircraft. The different events of

the game are assigned probability values and during the operation

of the program the occurrence of an event is determined by comparing
the given probability with an internally generated random rumber.
The gross parameters of the system are fed into the program along
with the number and positions of the aircraft. The program

determines missile firing doctrines, optimum number and placement

of the radars, and target kill probabilities.

A. F. Andrus, "A Computer Simulation for the Evaluation of
Surface-to--Air Missile Systems in a Clear Environment,"
Naval Postgraduate School, TR/RP No. 67, June 1966.

'P..H. Kennard, "Effectiveness Studies of Manned Airborne Weapon
Systems by Digital Simulation”. Abstract: JInstruments and
Control System, vol. 32 (July, 1961), pp. 2171-1272.
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These types of war game simulations are considerably
different from the simulation in the Radar Analysis Program. The
only radar parameters involved in the Andrus® program are the
search radar maximum range, the probability of detecting a target,
and the time required to acquire a target with the tracking radar.
These are performance parameters of a radar and in the Radar
Analysis Program they are calculated, as opposed to being provided

as inputs in war game simulations.

Computer Programs for Radar Analysis. Three programs

were found. They will be discussed in order of their increasing
similarity to the Radar Analysis Program.

The first program by White and James® is an example of
how a digital computer nrogram can be used to simulate or model
a radio communication system, which is in manv ways similar to a
radar system. Their specific problem was to model the transmitter,
receiver, and atmospheric phenomena in order to study interference
problems. This involved deriving mathematical equations to describe
the operations of each significant parameter of the transmitter,
receiver, and propagation phenomena. Some of the techniques which
are used for modeling the antenna gain pattern and the propagation
phenomena are the same as those used'for the radar case and can

be incorporated into the Radar Analysis Program if desired.

®Andrus, op. cit., p. 4.

“D. R. J. White and W. G. James, '"Digital Computer Simulation
for Prediction and Analysis of Electromagnetic Interference,"
IRE Transactions on Communications Systems, vol. CS-9 no. 2
‘(June, 1961), pp. 148-150.

H
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In the second example of a program for radar analysis,
Wan briefly describes a completely analytical approach to a
radar program that he says will be developed.® Wan's technique
is to isolate parts of the problem, such as, the transmitter,
receiver, antenna, noise power, weather, and target and to write
a mathematical model of each in signal-space notation. The
transmitter, for example, can be modeled strictly in the signal
or frequency domain by representing it by the Fourier transform
of the transmitted time waveform. The model for the target, on
the other hand, is described in both signal and space notation;
the cross section as a function of the transmitted frequency
describes tle target in the signal (or frequency) domain, while
the range of the target from the radar describes the target in
the space domain. These mathematical models, or transfer functions,
of the different parts of the problem are combined to simulate a
particular radar-target engagement. For example, if the radar is
to operate in rain the transfer function which synthesizes the
rain would be inciuded.

The last program discussed in this section has the most

similarity to the Radar Analysis Program. This program, by Boothe,

is used to determine the performance of an acquisition radar through

application of radar detection probability theory.® Both programs

®L.A. Wan, "Tactical System Radar Signal-Space Model," Ninth
Conference on Military Electronics, September 22-24, 1965,
sponscred by IEEE, pp. 13-17.

®R. R. Bocothe, "A Digital Computer Program for Determining the
Performance of an Acquisition Radar through Application of Radar
Detection Probability Theory," Advanced Systems Laboratory, U. S.
Army Missile Command, No. R@F?R—64~2,.December 31, 19¢4.
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are arranged as time simulations of a single radar, single

target engagement. 1In addition both programs simulate the target

flexibility and use the standard radar equation for calculating

signal-to-noise ratio. Some of the notable differences between
% the Boothe program and the Radar Analysis Program are in the
b

l motion and cross section by means of external input for maximum
calculation of the noise power from all sources and in the

] calculation of the detection probability. The Boothe program

] ignores clutter but does have an option for including jammer

noise. The Boothe program incorporates a detection theory
] developed by Marcum’ in 1947 which is a method for calculating
the detection probability for a constant cross section target
in a background of receiver noise. 1In 1960 Marcum in conjunction
. with Swerling extended the theory to include fluctuating targets.a

A This theory is used in the Radar Analysis Program in a computer

program developed by Fehlner.®

Target Detection Programs. Two other scurces were found

i
|
which contain digital computer programs for calculating detection ;

probability. Both of these programs use Marcum and Swerling

detection theory.

3. I, Marcum, "A Statistical Theory of Target Detection by Pulsed
Radar," The Rand Corporation, RM-754, December 1, 1947,

®J. I. Marcum and P. Swerling, '"Studies of Target Detection by
Pulsed Radar,'" Institute of Radio Engineers Trarsactions on
Information Theory, Vol. IT-6, (April 1960).

°L. F. Fehlner, '"Marcum's and Swerling's Data on Target Detection 4
by Pulsed Radar,'" The Johns Hopkins University Applied Physics
Laboratory, TG-451, July 2, 1962,
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The first program, by Kirkwood, calculates the cumulative
detection probability for targets approaching a scanning radar.!®
In Kirkwood's program only two out of the four Marcum-Swerling
target models are used, and the single scan detection probabilities
are not available. The program is available in the reference and
is written in FORTRAN,

The other computer program for calculating detection
probability, developed by Nolen, et al.}! is very similar to the
work performed by Fehlner. Both of these programs were produced
for the prime purpose of generating a set of general charts to
be used by radar analysts for calculating the detection probability
manually. The programs were run for a large number of cases to
cover most conditions. The charts produced by the Nolen program,
however, are only available for 20 integrated pulses while Fehlner's
charts are available for up to 3000 integrated pulses. Tho program
developed by Fehlner was arranged in a subroutine and is the main

detection probability algorithm in the Radar Analysis Program.

19p, K. Kirkwood, "Radar Cumulative Detection Probabilities for
Radial and Nonradianr Target Approaches,' The Rand Corporation,
RM 4¢€:3-PR, September 1965.

13J. C. Nolen, et al,, "Statistics of Radar Detection," The Bendix
Corporation, Baltimore, Maryland, February 1966..
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APPENDIX B

RADAR ANALYSIS PROGRAM IN FORTRAN
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SUBROUTINE NAMES IN PROGRAM

MAINP

TARGIN
CROSIN

GEOM

TARGET
AIRCFT
UNIT
CROSS
TRIAD
MULT
Lot
ANGLE
RATSCT

DAVE

EDDIE .

PFA (f)
PFAC(£)
MARCUM

DGAM (£)
DEVAL(f)
GAM(f)
EVAL(f)
SUMLOG (f)

Furction Subroutine

Table B-1

LISTING
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Leu '
LRAUAR
l C | RAUAK ANALYSL1S PRULGRAM
LLNMENSTUN DEG) y
ULMENS TLN GPRLU)
i DINMERSLUN XXAA(Z)y YXAX(2Z)9 XYAX(Z)y YYAdK2)
DINLNSLIUN XPHiU<)y YPH(2)y XPVIZ)y YPV
' UIMENSLUN EPHU3L290) oCRUSEC(ILBULs2)eGT(8Y432),H(80,40},COM(100)
A CuMMLN TIML,y Kb'l'r.!";NHT,tPH.C'RCStL;ﬁ’TrH-.CUM
3’1 NULM = &u Ve
DU 5 I=1,100 _ g
5 Cerid) = e
ﬂ KeNC = 1
‘ ENCPLT = (+6HENDPLT)
KHEU =
B CALL TAKGIN( TMAX)
CALL ChUSIN
v kteAD InPUl TAPL 51LZ[NUUMA,NUUMB[KCISYM[A[B[(U(l,il=l|6’
] Le FURMAT (149129159A092ELS5e8,0A6) ‘
! IF{INUUMA) LuleiClelud
lul CALL TAROGINETMAX)
“ LuZ L1F(NUUMB) Lu3pludyluis
ﬂ lu3 CALL CRUSIN
Gu TL S
lua IF(NDUMA) 9910546
i 165 1F(KC) 154159100
L06 IF(KHED) 1391u7,913
Lu7 WKiTe UUTPUT TAPE 6,10
LU FURMAT (1HL 94X zZHALBL1S INPUT PARAMETERS //18H Il 12 I3 SYMBOL
i TX L3HNUMINAL VALUE 3X L7HCONVERSION FACTOR 8X
2 LUHOEFINLITION //7)
KHED = 1
l 12 wkiTt WUTPUT TAPE 0|l‘tpr)UMAlNDUMB1KC1SYM|A|B'(D(I’pl"’l,é,
14 FORMAT (2X9liol391492X9A092E20e892Xy6A0)
CUNM(KL) = A%8
I GU TU 9
L5 CUNTINUE
LFUSYM=-ENDPLT) 17910,17
1€ KENC = 2
l 17 KHEL = 0
KHT = 0
CUM(31) = CUM(Z)*CUSFICUM(3))%COSF(COM(4))
l CUM(34) = CUM(2)*COSF(COM{3))*SINF(COM(4)}
CUM(33) = CUM(2)*SINF(CUM(3))
LUM(34) = SINF(LCMI1U))
i CUM(35) = COSF(COMILO))
CIFICLM(61)) 2892818
18 TIME = TMAX
SNAML = (+S5HRANGE)
I TNAME = (+4HN M1)
NHT = (CUM(62)-COM(5)) /CCM(&1) + 1.01
NKREM = NHT
I 1S IF(NREM-NDIM) 21,21,22
21 NSTEP = NREM
NKEM = ¢
GU TO 23
l 22 NSTEP = NDIM
NKEM = NREM=NDIM
253 DU 20 K=1,NSTEP
I 8§ -




KSTEP = K

KHT = KHT+1
CALL GEUM
CALL QAVE
CALL tuult
HiKyi) = CuM(
NL = 4

Gu Tu 3uvl

4 SNAME = (+4HT

NREM = NHT

éS IF (NKEM=NDIM)

21 NSTEP = NREM
\ NKEM = 0
GU TL 33

32 NSTEP = NOIM

TIME = HTSO*F

£ K5Tek = K
KHT = KHT*L
i CALL GEOM
: CALL UAVE
3¢ CALL ELULIE
C
E c ALBIS CUTPUT
C
NL = 1
a0l LT = 1°
3ué LP = v
4ul WKRITE GUTPUT
I GU L sub
3 C4U2 WRITL LuTPLT
; Gu TLC 30H
4u2 WKITE OUTPLT
Gu TU 3ub
3L2 WRITE GUTPUI
6u TC sUb
Jue WRITE OGUTPUT
3u5 LL = o

305 KG = LT

!%L Gu TC »ub

GPR(5)

‘ GPR(4)
. LPR(S)
GPR(®I
GPr() GT(K

DU 5502 =17

S5ue LPRUL) = GPR{

CUM(c3) = CUMol)*FLUATF(KAT) + CUM(5)

03)/6u8l.

3 CUM(65) = CUML(S)

IME)

TNAME = (+3HSEL)
HTS8S = CuM(2S)
NHT = MINLF{TMAX,COM(0G)=COM(65) ) /HTSS + 1.01

31931932

NMREM = NREM=NUIM
33 LU 30 K=1yNST

EP
LUATF(KHT) + CCM(65)

GU TU (4015402 940345039304) 9N

TAPL 648ul
TAPL 6,807
TAPE 64803
TAPE 69390, SNANME, TNAME

TAPE ©93919SNANE, TNAME

GU TC (5019502950393 0069307)yNL
501 WRITE UUTPUT TAPE 0490l sGTIKGy1) 9 (GTENGs2 )9 I=6910)oGTIKG,23),

GT(KGy24)

o Sue GPR(1) = GTIKULZ)
| ; LPKL{Z) = GTINRGy4)
‘ b]‘KG,S,
6GTIKGy3)
GT(KGyle)
GTLKGy13)

Gyct)

L) %5T 42957795
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while GUTPUT TAPL 095029GTUKG L) o ({GPRULY 9I=1y7)
Gu TL oub
H503 UL oBL3 1=,z
5503 GPRELI) = 0T KOy I+15)%57,29577%5
Wi ITE GUIPUT TAPL 039u3sGT(KGpLl 9 (GPREL) yGT(KO2I416)4GT{KGy[+19),

1 I=143)
Gu TL Zuu .

B0 whlTe UUTPUT TAPL 693929 6H(LT1),1=1420)
Gu 1L 3u8

307 Wil b UUTPUT TAPL 093939H(LTo ) o (H(LToI)y1=21432)
e LT = LT+1L
LELLT=NSTEP) 3U9 305901
306 LP = LP+L
LF{LF=au) 31093024302
3l¢ LL = Lo+l
IF(LL=Y) 39995114311
311 WwiaTE LUTPUT TAPE 09394
oL TL 3uo
3Le NL = WL+
IFINL=5) 3Cliesdulsale
319 CONTIENUE
Bul FURMAT (5H11IMt 71X LHR 14X ZHRL 13X ¢HKRZ 12X 4HRDOT 1uX 5HRLDOT
IUX OHR<DOT oLX 4HTUIR 11X 4HDELT /S5HC SEC 7X 2HFT 13X

O C.

1

2 chET 13X 2FT LaX 6HFT/SEC 9X 6HF1/S5EC 9X SHFT/SEC 10X

Si AHSEL 1EX 3RSEC /7)) '
due FurRMAT (55HLTIML ELAAT ELAAY tLAAC AZAAT ALPHAB

i lsH  ALPHAC THETA(L) /5n0 SEC 4X T(3HDEG 7X) //)
dui FuridAT (o5hl1IME  ALP(1) SIG(ly1) SIully2) ALP(Z2) SIG(241)

5GH Sibldy2) ALP(3) SIG(E391) SIG(392) /5HU SEC

c 304X 3HUEL oX SHSQ FT 5X 2HSQ FT 2X) /7)

390 FURMAT (lHi Avby,4ordPOL  PCUML  PDT  PCUMT CASE VB S/N C/N

1 boH e Ful pOPLIF  TOUIF OUELR DELD DELA SIGNV i

< 16H  STGNH  SIO6T LT /1H0 A6.36X,2HUB 5X 2HDB 13X 3HCPS f

3 DX 3HLPYS 4X ZHUS 4X ZhFT 5X

4 3ThRCPS WMILS MILS MILS MILS KFT /7) |
391 FUsMAY (LHL Ace4cii SUD SC8 S8 CLOM CLUS CcLO SIGO E

i 30H PrA PHAVEL REFL DELFC S/(C+N)  // [

2 1 ALy 4BH UDBM pBn LM uBM: DBM 0oBM D8 |

> 34H CPS CPS CPS LB /7 )
gul FJRMAT {lh FHe193ELD.0)
gué FuiRital (IH  FbeleF9e290Fluel)
su 3 FURMAT (LH  FDelsFuely8FlUe2)

39 FARMAT (1n i").L,#Fc.b,l“nu,Fb.U.3F7.lgF9.u,FB.U,F5.l.Fb.O‘,FB.l,

L FO.U"""?.L’ i
oY 3 fUHMI\1 (l“ "’bol1FO0U1OF7.U'|’9.1)F7.1'F6031|’bo°1F7.1, |
394 FURMAT (iH ) y

TF(CLM(D9)) boo, 891,888 |
bbd DU d8Y KR=LyNSTEP 1

bTtRpeu) = Lue*LGOLuF(UT(Ky2L)/lueTe38T!

505 GTIRsla) = GTUIKy14)%5T.295T7795
PUNCH 090 (OTIRKs1) yoT(Kyla) sGT{Ky20)9K=1,NSTEP)
ByL FURMAl (//{FbelyFIelobluel)) !
oyl LUl InuE
PLLTTLING FUR VEKSIGN il
LELCCHIOL) ) Yus9LyTeu
Tue UL 1L K=1,NSTEP

H(K',Z) = kg2 *lu.
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Tlu HIKesl) = (RIRIZ)+L0Ued /Do
XHAX = (UMlbc)/b6uBue
UELTAR = XMAX/GCe®
LERUX = =-uelLTAX

ooy

"XYAX (L) = Ve ¢
)\YA)&(&) = Ve {4
YYAX(l) = Ue
YYAX(Z) = 10 e
AXAK(i) = XMAX f
XXAX{2) = Ue i
XPR{l) = =DeLTAK/Llue )
XPriz) = welLTAa/lLd. I
it UXL = —o l¥UELTAX i
e DXe = =o2%DELTAX
-3 DX3 = -4 3%0ELTAX -
e DA4 = —o4%0ELTAX ’}
DXE = =5%DELTAX s

NPV LuM{o2)/CuMloL) + 04
CALL PLINI (=L1s0RHUdHITEs=693)UXa 9L ZERUX s DELTAX g XMAX 9999 143H1.0) f}
CCALL PLALP (=09294UK397e992H08) :
CALL FLALP (~0929UX3956992H40)
CALL PLALP (‘01&10X315.9'2H.‘0’
CALL PLALP (~8y290UX391e9¢2He2)
3 CALL PLALP (=649140X1l9=elylHQ)
fo CALL PLFUN (2yUsXYARs29YYAXy1ls1)
A Du 72v [=1,41C
! YPF(1) = 1U.=FLUATF(I-1)
i YPR({<) = ¥PH(1)
140 CALL PLFUN (coUoXPHe29YPHelsl)
DU 7¢5 I=14NFV
XPV(1l) = CUM(6L)*FLUATFLI)/6uB0.
4 XPV(2) = XPV(l) 9
o ! LE(XMUDF (L 45)) 72157224721
= Tel YPV(L) = =.ub
j Gu TC 723
72 TEMP = FPBCDF(XAPV)
YPV(1) = -ol
CALL‘PLALP {(=4409 XPV+DX5 =025, TEMP)
723 YPV{Z) = =YPV(L)
CALL PLFUN { 29Uy XPVe29YPVelyi)
725 CONTINUE
YXAX(I, = Q.
YXAX(2) = G
CALL PLFUN(29UsXXAX929YXAXglel)
CALL PLFUN (290 oH(L1g1l) 4NSTEPyH(L92)91lyl?
CaLL PLENU (1)
CALL PLINI (=ly6HUWHITEs=69290X3919ZERUXeDELTAX g XMAX9Ge9¢1,2H30)
CALL PLALP (=b64290X397e992H2V)
CALL PLALP (=03£49UX3956992H10)
CALL FLALP (=0919UX293.991HQ)
CALL PLALP (=06934UX491le993H~10)
L CALL PLALP (=093 4UXey=ely3H-20)
8 CALL PLFUN (2+09XYAX329YYAXy1l9l)
g DO 73C i=1,11
YPR{L) = LUe~FLUATF(I-1)
YPR(Z) = YPH(1)
730 CALL PLIFUN (2409 XPH92¢YPHy1,41)
DO 755 I=1yNPV
XPVil) = CGM(ol)*FLOATF(1)/6G80,
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APVIZ) = XPVi(l)
IFIANUUE (L 45)) 731,732,731
131 YPVv{1) = 3.65
. GJd T 733 ]
T3¢ TeMP = FPBCUOF(XPV) ?
YPVIL) = 3.9
CALL PLALP (=4,03APV+UX5 93475, TEMP) : l
733 YPV(2) = be.=YPV{1) , '
SALL PLFUN (29U XPV32,YPV,1l,1) 1
13 CUNTINUE ]
YXAX{Ll) = 4, !
YXAX(Z) = 4.
GALL PLFUN ((J.U.M&AX.Z,,YXAX.I,H
CALL PLEUN (Z9vsH(Lel) oiNSTEP sHi14932)9141)
CALL PLENU (KEND)

SU TREINKEM) Y99491 )
Sl LF{CCM{OL)) 29449419
ENC
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SUERGUTINL TARGINI{TMAX)
DIiMENSION ThhAMe(<)
VDINMENSIUN EPH(32£96) yCRUSEC(ILECL92)90GTI8),332) yHIBU,4U),CUM(L1GO)
CUNMMGIV TIMEgKSTEP yKHT g FPHyCRUSEC 3 GT o HyaCOM :
TARGET INPLT \
LGl FURMAT (6X42A092Xe1392X91F3.0)
L0U¢ FURMAT (1393Xglb4eUg2{3X g lFTeCe4XgltTels2Xs1F6e2)) 7
20Ll FOKMAT (1lHL ,2A0429H BUUST TRAJLCTIRY COURDINATES,/Z/) {3
UU2 FURMAT (1H 524Xy LUHDUWN RANGEy20Xs8HALTITUDE,//)
uU3 FURMAT (1lH 4 1UHCARD TIME,2(4Xy31HPUSITIUN SPEED ACCELERATIUN, P
1)4/77) f
2uud FURMAT (lH 9 l49dXoF4eU 92 (4XgFBelolXyFTeig3XyF6e294X))

TMAX = Ve 4
LU KEAL L1nPUT TAPE 551001, (TNAME(J) 3J=192), AMAX, TAU L}
WRITe UUTPUT TAPE 6920Ul 9 ( TNAME(J) sd=1+2)
WRITE UUTPLUT TAPE b6,2u02 r
WRITE UUTPLT TAPE 02003
DU 11 K=1,NMAX
KEAD LivPUT TAPE 59iuC29LyTo(EPHILyJ) 9Jd=l,6) -
TMAX = MAX1F(T,TMAX) )
1L ARITE CUTPUT TAPE 6520049Ly Ty (EPH(Lyd) sd=1,6) :
CUMIS) = TAU )
Kk TURN ]
ENG L

it e A e L

et oo

1.2

D=y

SUeRUUTINE CKUSIN
DIMENSIUN EPH(3c290) yCRUSEC(LEDL,2)9GT(B0U432) yH{BU94C),COM(100)
CUNMMCN TimMmey ROTEPyKHT 3 EPHyCRLUSEC 6T oy CUM
C CRUSY=SELTIU INPLT
lovs FURMAT (15F60ed)
luve FURMAT (LlF6e391cA0)
Ul FURMAT (1H 9)a(F6elr3r)92X)
40ue FURMAT {1lHl,y i2A0)
DIMeNSiuN EX(L3) 4kNAME(L1Z)

s st S e

g 53U WEAD INPUT TAPE 395LluU6sDELALP g (RNAME(K) sK=1412)
Tk Wt 1E ULTPUT TAPE 094uuly (RNAME(L) yL=1412)
¥ K=y 4
= 31 REAU INPUT TAPE 55 luusstEX(J)sd=1,413)
- Irlex(l)=180e) 32434434
, 22 WRITE UWUTPUT TAPE 6s4uuus (EX{L)sL=1,13)
D3 350 d=146
Lri=g*d
LV=Lk+1
LE=K+J
CKCSELILEYL) = EAPFILEXILR)/L1Ue) *2e3G25851)%10.76387
33 CRGSECGLLEZ2) = EXPFL(EXILV) /10e) %243025651)%10,76387
A=Kttt
Gu TC sl
36 LUNI LINUE
CRLSELIRL) = CRUSECIN=L,41)
CChESLLIRG2) = CRLOECIK=1,2)
LuM(il) = DelLALP
RE TUKN
ENU

o I —— B ~— R e B ovvec) IR s S aie B ey B ey
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(N N olaN o

SUpnCLTINE GEuM

UDIMoleSTaiy AULT{I3 ) o VUuTE3) ghCUATA) g VUUAL 3) yUROLTE3) ,UVOUTLS)
Uirbholdlin RLATUS) pRUTALD) yURUATIS ) yUVOATE3) yUROTAL3) UVOUATS)
UIMERSIUun VECTLRLI) sUVER TSy TRIALAL2¢3) yHATL3) yHABL3) 4RO0BI(3)
UIMENRSIUN KUGLL 3) sRUABLA) sRLAL(5) s RUTBIL3) JUKCAB(3) JURLACL 3)
Ul¥eivaluiv LROTEBL2) sALPIS) o TFETALS) o SIGCRGL342)

LiMehsiun VubT (o) s RuTCUL3) s URLTCL3)

bikehalul VECTLI(Z) yVELTZ(3)

LIMENSILN HALC(3)

LDINENSLUN EPHI3c2y0) gCRUSEC LU s suTibuygdZ) sHOOMIBU940) ,CUM{100)
CUMMLN TIAEsRSTePshAT sePHs LRLSEC s GT o HCOMy CUM

CUuNSTANTS

KSTeEP

UVERT(L)=ue
UVERT(2Z)=L.
UVERKT(Z)=1,.

he=e 7876400
Pl=g.#ATANF (1)
RATLCE=LbU /P
CLlohT=uevoabTiviE+uy
VVA = CuMiZ)

ubLaLP = CiM(Ll)

LELMETRY

TARGET ANU AIRCRAFT

CALL TarGET (TIME,RUGT,VOOT)
CALL ALKCFT (TamebsRUUALVEUA)

CALL UNIT

(ROGUT y URCUT 4y RUT)

CALL

LALL
CALL
CALL
CALL
CALL
CALL

CALL
CALL

CALL

VO Z2cl J=1ly5
TRIALA(L,yJ)=UVULAL(J)
2¢1 TRIALA(Z9J)=VECTCR(Y)

DG éce J=193
cc2 TRIADA(3,49)=VeCTCR(J)

UNIT (VCUTUVLULT4VVT)

IF(TLIME) 224322349224
cc3 DO ce¢d Jd=1,3
UvCouT(J)
£25 URKCUT(J)
ed4 LUNTINUE
DU Zau J=1,y3
RUAT(J)=RULT (J)=RUUA(J)
RUTA(J)==RCAT(J)
220 VUAT(J)=VLLT (J)=VUUA(J)

UVERT (J)
UverT(dJd)

UNIT (RUAT,URCATRAT)

UNLIT (VUATUVGAT,VAT)

UNIT (RCTAPUKUTA,,SCALAR)
UNIT (VUUA,UVGOA,VVA)

CRUGSS (LVERT9UVUUASVECTLR)
UNLIT (VECTUR,VECTUOR 4 SCALAR)

CRUSS (UVUUAy VECTUR9VECTECR)
UNIT (VECTUReVECTUR 9SCALAR)

TRIAD (TRIADA,UROATSELAAT,AZAAT)

-9 -

|

e s o s e e e




et e et e b

i s i

s X o¥ o

(aX ol o

cul

€3¢

&3

1

BUUNCL PCINT = KLUUND CARTH WITH KEFRACTION

COSOURTHIRUATIL) %%+ ROAT (2 ) 2%g)
A=1l.

B=-l.9’°‘r\$
C==Re*(RULTI3)+KLUA(3) ) +Uus H#¥RS*ERS
U=RESRS¥RULA ()
KOL1=(hUUAL3)®RSI/ZIRULT(3)+RLUAL(3))
FarOl¥(RE1IX(RS1¥xA+p)+L)+D
FPahdi® KOs %A+ %) +(
UELKSL==F/FP

IFVAESFIULLRSL)=1e) £539¢252925%
KOi=R3L1+DLLRSL

6Gd it ¢ésl
ALPHAS=RUUGAL S V/ROL=-RSLZ (2o %RE)
H=RO¥R3/ (e ¥iciz)

H1=KS1*KSL/{2.%Kkk)

RSE=KS-RS1
KRESURTE(IRCIAL I =RKUITL 3 +HI%uZ+R-5%%2)
RI=SWhTE{{RUCA(D)+HL ) *%2+KS1%%2)
RZ=SURTHU(RO0OT (o) =HtH] ) %% 24RS2%%¢2)

ALPHAC = ARCSINURUJA(3)/RAT = (RAT##2-RUOA(3)%%2) /(2. *RAT*KE))

TIME VeRIVATIVES UF R3sR4R1 AND R2

RORSUT=rRUAT(L*VOAT( 1) +KUAT(2)#VUAT(2)
KSLUGT=RSRSOT/RS

BuCT==1e5%R5DUT
CULT=~RE®(VULT(3)+VUUOA(5) ) +RSRSVT

VDL =nE* (KSULT#*RUUAL 3 +RS®VLCA(3))

R3LLLI==(RSL1*(RS1¥BUUTH+COUT)+0DCUT)/(RS1*(RS1%3,%A+2,%B)+C)

nO2uLT=KSUUT-KELULUT

KROUT=(RUUALI3)=RGUT(3)+H) *(VOLA(3)-VOUT(3) +(RSKSDT/RE) ) #1SRSDT

RuULT=xRIUT/R

RINLUT=(RUDA (3 )+HL)*(VUOOA(3)+{RSL*RS1DUT/RE) ) +RS1*RS1DOT

KILUT=R1RIBT /R

REREDT=(AUUT(3)=H+HL) ¥ (VOUT(3)~KSRSOT/RE+(RS1*RSIDAT/RE) ) +

RSZ¥RS520UT
RELUT=REK20T/RE
TOlK=(2e*k )} /CLIGKT
TOLUB= (2, *%(R1+R2))/CLIGHT
TSING=UO¥(TLIR+TLUOUB)
DelT=TLLUub=TSING
VUPDIR=Z«¥RUCT
DUPL=rUUT+R1LUT+RZ00OT
DOPL=c« E(R1DULT+R2ZDUT)

BULNCE AND CLUTTER PUINTS IN FLAT EARTH COORDINATES

HAT(1)=KULT(1)~RGOA(L)
HAT(Z2)=RuUUT{2)-KCUA(2)
HAT(2)=0. .

CALL UNIT (HATHATSCALAR)

CALL MULT(RS1yHAT HAB)
ROGB(1)=RCUA(1)+HAB(1)
KRUUB(2)=RUUA(2)+HAB(2)
RGLB(3)=U,

XE = SURTF(RAT#*%2 -~ ROUA (3 )*%Z)
CALL MULT(XE yhATHAC)
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RUCCLL) = RULA(L) + HAC(L)
KUJLC () = RCLALZ) + HAL(Z2)

240

4l
242

Ruli(s)=0C.

DU 24y J=1,3
RUAB(J)=RUUB(J)-RUUA(J)
RUAC(J)I=ROUC(J)I-RUUA(J)
RUIC(J)=xUCUL LI I-RUUT(J)
RuTocd )=kLlo (J)=RULLT(J)

LALL
CALL
CALL
CALL
CALL
CALL

DIRLCT,

CatLl
CALL
CALL
caLt
CALL
CaLL
CALL
Call

UNLIT (RUAU,URUAB,RAB)
UNIT (KRGAC 9 LROAC yRAC)
UNLT (RUTByURKCTB,RTHB)
UNIT (RUTCoURUTC,RTC)
TRIAU (TRIADA URUAB e LAAByAZAAD)
TRIAU ( TRIAUAJUKUAL yELAACIAZAAC)

DLT (UVLUTURUTA,CGSALR)
CxUdS (UVULTsURUTA,VECTUR)
UNIT (VECTURy VECTUK 9 SINALP)
ANGLE (SINaALPLGSALPALP(L))
uUT (UVLCTyurUTByCUSALPY
CruSS (UVUUT yURKUTo s VECTUR)
UNIT (VECTUKy VECTURySINALP)
ANGLE (SINALPyCUSALP,ALP(3))

LECTiIME) cacycbl 24
ALP(Z) = ALP(L)
CuhlInvi

CALL
VALL
CALL
CALL
CALL
CALL
CALL
CALL

CRUSS (LVuuTyROTA,VECLTL)
CRUSS (UVERT RUTAZVECTZ)
UNIT (VLCTLl4VECTL oSCALAR)
UNIT (VECTZ4VECTZ,5CALAR)
wUT (VECTLl,yveECTZ,LUSTH)
CALSS (VECTLl,VECTZ,VECICR)
UNIT (veECTUKRVECLTUR$SINTR)
AGLE (SINTHeCUSTH, THCe T

D L4949 J=1,3

TheTACd)=THET
ALPLZ)=ALPLL )+ U SX(ALP(3)-ALP (L))
DU ébu J=1,3

ALFP=alP (Jd)*rAaTult

CALL

NATSLT (ALPPsSIGMAH»STuMAV, UELALP)

SINTH=SINFITRETA(J))
CUSTH=LOSH(THeTALJ) )

SICURULJ g a )SSTUMAARGUSTAX %2+ STUMAVRL INTHE®2
SILLRULWe2)=5TomMAHES L WiHB X2 +5 [ GMAVRECOS THR&,

STincu weWMETRIC VARLABLES

GTI(Kyi) = T1IME
UT(Ky2) = ELAAT
GI(Kyz) = ALAAT
OT(Ky4) = tLAAD
T K;0) = eLAAC
6T{Ryu) = R
GIilngl) = R1
CltKy8) = K2
GltkyY) = ROLT
OT(nglu) = RLILNCT

SINGL: ANV DUUBLE BCUNCE SIGNALS

b e
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LT(Kyil)
GTinple)
GIIKyL3)
LT(Ky14)
LI{K,15)
UT‘K)lO)
GI(Kyal)
LT Kyl0)
LI(nyly)
OT(Kyeu!
GTiKycl)
6Tinsce)
LGT(Ky23)
LGT(Rycu)
LI(hy25)
GT(K,y2¢0)
GI(Ky2T)
LI(Kyco)

R20GT
ALFHAD
ALPHAL
ALPL())
ALP(2)
ALP(5)
SluoCikitl,y1)
Stulku(g,1)
STolnGl3,1)
SIOCKL(L1e2)
SIGLRC(2,2)
SIGURG(3,42)
TLIK

DELT
ULPDIR
beprl

DiP2
THETA(L1)

L LR I O I O T R I T R T R I T I )

LT(RZY) RLCT(Z)
RE {UKIN

cNL

[ YY)

%)

——— - T T ————— - - - o= - -—— -

SUBKUULTINE TARLeT (TIMEy Ry V)

DIMENSTu R(Z2)4V(3)

ULINMENS LUN EPh(32£96) 9CROSEC(LBULy )y uTL3U9321 9HIB0,40),COM(L100)
COMMON UUMTyKRSTEP g KHT o ePHyCRUGSEC 36Ty H,CUM

TAL = COM(S)

K = 1IME/TAU + 1.0l

TI=TAURFLUATFLK=1)

TL=1 iME=II

K(1) = EPh{Kyel)®(CaM(35)

hic)
K(3)
Vii)

LPH(K 1) ¥CUM(34)
ePH(K y4)
LPHIKy2)¥COM( 1Y)

N

Vvic) LPHIK ) ®*CUML 34)

V(2) = LPHIK,S)

IF(CLMIOL)) 593,42

LF(TC) <9yl

ThelA=IU/TAU

THETAC=ThHETAR%RZ

THETAS=THLTAZ2*THETA

Ao 2THETa3-3.%THETAZ®].

bZ—=2*%THETAS+3#THETALZ
CETALR(THETA2=c o ¥ THETAZ+THETA)
LaTAUX(THETA3=THETALZ)

KizK+]}

A(32) = A#tpH(K,4)+5#EPH(KL,Q)+C*EPH(K.53+0*EPH(K1o53
VI2) = A*EPHUIK O +B¥EPHIKL ¢5) #C¥EPH(Ky6) 4+0%EPH(K1y0)
AR = ARCPR(Kya) +o¥EPH(KL o1 ) #C*EPHIK; 2) +U*EPH(K1, 2)
KV = AREPH(Ky )+ ®EPHIKLy2)+CREPHIK y 3 ) +U*EPh (K1, 3)
R(l) XR¥3COM{3D5)

niz) Ak¥*LUM(34)

viil XVELLM(35)

Vice) XvaL0N(54)

RETUKN

tNL
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- AL KN A LA

SUebUuUTIiiveE ALRUFT (T1IMEsK, V)
LIMENSIUN K(Z) v (3)

Ao

DINMENSION EPH(3cZe )1 CUSELILBUL 1) oOT(8uUe32) ¢HIBU 4G COM(100)

CuMMUIN DUMTyKoTEP o KT o EPHCKRUSEC» LT o, CUM

visl) = CuMisl)
Vie) = CuMl3e)
Vizd = LumMls3)

THETA = CLM(45)*(TIME-CUM(DB) )

Kti1) = CCM(os) + TrETa%*v(l)
Ric) = COM(O)+THETA%V ()
R(E3) = CUM7)+THETA®V( D)
RETURN
Eivl
2e3
SUBRLULTINE UNIT (XXyYYyLLZ)
DIMENSIUN XX(3),YY(3)
LLL=SURTRIXX{L) %24 XX L) T%k24 XX (3 )%%2)
TF(Lde) 1ele2
L YYLi) = ve
YY(Z2) = Lo
YY(3) = v
Gu TC 2
« YYLL) = xX(1)/LLd
YY(2)=AX(c)/LiL
YY{3)=XK{3)/cdld o~
2 RETUKN -~
eNG
ot
SULRUGUTLINE CRUSS (XX9YY,Z22Z)
ODINENSION XX(3)2YYU(3)422(3)
A 5 XXL2)%YY{s) - YY{(2)&XX(3)
b = Xxl3)xYY(l) = YY(3)%XX(i)
22(3) = XX(1)%=YY(2) = YY{l)%XxX{2)
2L(1) = A
Lite) = B
KETURN
ek
Leb

SULRUUTINE TKIAD (TRIZVECsELAZ)
VIMENSLION TRiE(3,43) ¢ VEC(3) yUVEC(3)
CALL UNIT (VEL,UVEC+SCALAR):
SUNMLs(.

SUNZ=U.

SUMs=C,

DU 1 J=1,3
SUNML=SUML+TRI(L1,JI®UVEC(J)
SUMZ=SUM2+TRI(Z,J)*UVEC(J)

1 SUMa=SUM3+TRI(3,J)%UVEC(J)
CUSEL=SQURTF(SUML*%2+5UM2%%2 )
SINAZL=SUMZ/CUSEL |
CUSAZ=5UML/CCSEL
EL = ATANF(SUM3/CUSEL)

CALL ANGLE (SINAZ,COSALZ,AZ)
RE TURN
ENC

e




S

SUBKUUTINE MULT (AXXsYYy2ZZ)

DIMENSTUN YYU(3)e2Z(5)

LLCL)=AXXRYY (1)

LLLI=ARXRYY ()

LL (3 )2 XARXYY (5)

Ke TUKN

[T

2q7"

: SUBKLUTLINE UCT (XX4YYZ222)

LINMERSLUN XA(3)9YY (3]}

LLLZRXCLIRYY L)+ XXAC) &YV (2)+XX(5)%YY(3) [}

= B 8| =

KETURN
:NL

.ﬁ---——-— - — - - iy S - — -~ - — S W W e A S T D S S =
2 ot

i

SUBRLUTINE ANGLE (SINCHI oCUSCHIoCHI)
Pl = 3.1415927
RESUKIFCSINCHI#% 24CASCHI *%2) {‘
SINCHI=SINCHI/R J
CUSLFI=LLSLHIZK
TE(CULSCHL) 449144 1
L LF(SLNLHL) 242,35 )f
b ¢ CH1 = (3.%P1)/2,
b GG 1L 1u
| 3 LHE = P/, {}
s 6L 1L 1L
N 4 CHIP=ATANF(SINCHI/ZCUSCAI )
i © LIF(SINCRI) d45,5 ?1
o 5 LF(LusSinl) 7.0.
- " €& LHi=(hI]P
g 60U TC iu
1 7 GHIE=CHIP+PI 8
5 Gu IC W
4 € IFLCCOCHI) 799,9
¢ 5 LRI = CHIP+2.%Pl [}
y G CUNT INUE
RETURN
ENC {}

o —c— - —— - L ™ - - - —— ——_— — " Y G " - -

g R SUBKUUTINE RATSCT (ANGLE s SIGMAH, SIGMAV,DELALP)

" DIMUNSIUN EPh(32246) ¢CRUSEC(L18UL92)96TE80,532) yH(BG+40)COM(L10U)
: © CUMMLN TIME,KSTEF ¢KHT ¢ EPHyCRCSEC s GToHy COM

0 , Kl = ANulE/UELALP + 1,5

| " STGMAH = CROSEC(KLlel)

3 ‘ SIGMAV = CRUSECIKL,2)
RETURN
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3euU
SUBKUUTINE DAVE
DINMENSLUN TPR(12)
LDINENSIUN EPB(3£240) 9CRUSEC(LE8GL2)96T(8U93¢) sH(B80,40),COM(10C)
CUMMUN TIMEgKSTEPyXKHT yEPHyCRUSECGToHyCUM
K = KSTEP

C

C 6eT INPUTS FRUM CUMMON

L
VVvA = CUM(2)
FMC = CuM(l2)
HAPER = CUM(13)
VAPER = CuM(l4)
AAPEFEF = CCM(15)
eTA = CUM(1lO)
PN = LLMZU)
PPEAK = CUM(Z3)
FR = CLM(c4)
Tuhell = CUM(¢)D)
SYSLF = CuM(Zo)
TLEEAM = COMI(2T)
FNLLSE = cuM(Zo)
HTSY = CUME2%)
VSC = GUM(30)
XI1HOEL = CCM(37)
X1vukL = CLM(38)
XIFZ = CUM(39)
XIve = CeM{40)
XxIh2 = CcOM(4l)
Xive = CUM(42)
Sed = CUM(43)
POL = CumMl4aq)
FNTRK = CUM(40)
CRL = LuM(47)
Bivsh = SWRTF{(LUM(4y))
FRS = Ccum(49)
bi = CLM(5V)
ATL1S = COM(bL)*%2
ATEPS = CLM(52) %%,
ATELS = LUM(S3) %%
SIGuPl = CLM(%0)
Sled = lU.**(CUN(’D.I)/Lu.,
RULANK = CLOM(o4)
RALIN = cum{cet)
SUNMSIG = lue*x(LUM(22)/104)

C

C 6T STUFF FRUM GtUM

C
L = K
KANGE = GTULL )
Kl = GI(LeT)
Re = GT(L,8)
IF(PLLY 149lcoela

12 SIGuL = G1(Ly17)
SiGeB = Gl{L,1l8}
SIGd = GT{L %)
Gu TL 1lo
L4 S1Gul = GTtL2v)




e e

[ ol ol o

5.1

S5¢v

53C
;1 o

el al (o}

71
711

11¢
12¢
el
122
13¢

SiCGJde = GT(Lycl)
Sluel = oT(Ly22)
ALFHAC = GTiLyi3)
ALFras = AUSFIGTI(L,L2))
AivL = 6TiLy )
UaPulr = GTlLycH)
VUFL = GTiLyZ20)
WP = LT1Lycl)

3 GliLyc)
GT(Ly4)
VELT = 6TlLy¢4)

"

-~

>

X~

c
no

C = GeoHil kY
Pl = 3.14l5%27

BULIL = 1438u4 £-23
STeME = 29¢.
ANTEANA

FLAAYB = L/ UFNMUXL . E6)

ANAKEA = AAPEFF®RAPCR*VAPER
AGAINA = 4 ¥PL¥ANARCA/ (FLAMB®%2)
BLTAN = FLAMB/HAPER

BLTAV = FLAMB/VAPER

hUkAmp = |,

VULAMP = le

Lr(ABSFAcLAAT~ELAAB)~BETAV/ 24 ) Sulsbul vl

BUcAMP =1,
U TC 5u3

¢ DOEAMP = (TA
3 CunTliue

FSun = R1hOEL*XIVOEL/(HISS*BLTAV)
TeMP = FSCH®(TINME-TZBEAM) + XIHZ

ALFG = TEMP = XIHOEL*INTF(TEMP/XIH2)

IF(VSC) D2ueSli,y52u

s X1ve = XIvi

GU TC »4y

TENP = XIVZ + BETAVRINTF((FSCH®(T

Xive = Temp - XIVUEL*INTF(TEMP/XI
CONT INUE

FGR NOwy, USE XIhT, XIVT

X1k = 6THL,2)

XIve = 6l(Ly2)

PRIVL = XIVC-X1lVG
KEFLELTIUN CUEFFICIENT

IFAPLL) TouyT1¢,720
IF(ALPRAB=Lel4d2) T114711,712
KEFL = l.=ALPHAB*,6/P1

Gu TL 3¢

ReFL = .8

6O Tu 730 :

LF (ALPRAB=408727) Telo 121,722
REFL = 10'ALPHA5*3Z.4/PI

60 TL 7au

IME=TZBEAM)+XIHZ) /X1H2)
vel

KEFL = 08=eFUIOREXPF (=10, UB%ALPHAB/P] )

IF(SEA) 73c90131,732
- 98 -
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ey

Paseane I Y A WO T A A 0 P 5 i, o R Y A 9

731 Tewve = |,

o N ol o

2 ol ot

<l
éll
len
Z3v

(o N o

1

coc

ol
¢ehé
<53

254

295
2%¢
291
1Y)

"FbE

Gu TC 753
TeMy 1ve
nEeFL REFLREXPF (0o % (PLETEMPXALPHAB/FLAMB) %%2)

SIUNAL PRCCESSING

PLS = PUN

ATNUSPHERIC ATTENUATIUN
ATNMLED

ATNMLLD
ATkhecy

l.
ie
le

TRANSMITTLR

P = (PPtAK*ANARtA**zDI(w.*Pl*FLAMB**Z*nANbL#*«)
Pave = PPtAn*TthLL*FK
Puldt = TUWELL/PCN

SI1CnAL

FLLDS = SYSLE*P(S

TeMP = PIZ¥FLLSS

SuL TLMP*SlbDD*ATMLuu*HbLAMP**c*VBEAMP**Z

Sut l:MP*Slqu*(RAka/(RL*NZD)**Z*KtFL**&*ATMLDB#HBEAMP**Z

i R¥VLEAMPXBILAMP

S thP*SleU*(KANuh/(Kl*kc))**%*REFL**4*ATMLBB*BBEAHP**2
LE(ULLT=PULSE) 21092104220

IF(SEA) ceuoill 226

STT1 = S0UD+SBB+4,*SUB

Gu L ¢3¢0

SIT = S0v

CUMnT LINUE

LUFPLER
LLPULR/FLAMY

UUPL/FLAMb
CUPZ/FLAMB

FuL
Fuls

PhaSt LlthRLNCt

PHA = (hl+h2'nANbc)/FLAMB

IF(PLL) «¢51y2929c51 :
LE(ALPFAB=oU8T2T) 222025244253

Phd = PHA+.>

FHAVEL = (DUPZ=UCPL)*LETAH/ (L AMB®FSCH)

CLLTTER

1E{alevRAC) 29&9454.295

Sl¢Z = Ve

GL TU s3¢

IF (ALPHAL=PL/24) ¢97925T0i50

ALFPRAC = Fl=pLPHAL
Le(ABSF(ALPHAC=PL/2e)=1leb=5) 296299,299
ALFHAL = PI/Ze=let=>

-89 -




CUNT InuE
LF{STOGPT) 3Ll 0023352
CLLITR = (.,
6u TL 2b¢
FEAEMC=30GLCs ) SUEpIUI U3
IF(StA) 3uEy2Lay 205
bStA = b
WU TL 3o
b>tA = 5,
Sl¢ce = d-*SlNF(ALPHAL)*lU.**(“b.Z*.b*BS&A)
U TC s0¢
FEASEA) 360,200,320
Ll = eLUSL L
Ce = 2498
L3 = e CO
GU 7L 23¢
3¢ (i e15b0
Ce = 206
A €5 = 427 \
| 330 Slge = ﬁl*(ALPHAC**C&)/(FLAMB**LB)
5 33¢ TEMP = RANGE*C*TUWELL/(d.*CUSF(ALPHAC))
ACr = TeMP*5ETAH
ALt '= TeMpapl
SICLM = S1GZ#aCM
SleLS = SIGZ#ALS
CCLV = BL® SLGCM*SYSLF
(LS = PZESIGCS*TARR2#SYSLF
CLLTIR = (LS |
IF (RoLANK) 3509333,35y
238 If(AQSF(PHlVC)-BETéV/Z.) 340y350,350
34U CLUTTR = CLUTIR + CLM - ETARR2R( LM
350 TeMP = XiHG + BE[AH*SIGNF(lo;XIHG)/4.
- CLBw = (4-*VVA*ABSF(CUSF(XIVG)*5INF(TEMP)*S!NF(BETAH/Go))+8-)
1l - /FLAMB

NOISE PLUS RAIN CLUTTeR

Heo

PNLISL = HULIL*STEMP*FNUISE*PCN/TDHELL '
g CLRAIN = PP&AK*SYSLF*ANAREA*C*TDWELL*SUMSIG*RAIN/(64.0
2 ¥3,2EL1*LCOF(2, ) *RANGE®#2)
CPNLISE = PNUISE + CLRAIN

TRACKING ACCURACY

con

TEMP = rNTRK*LRL*HNSRl(FKS*SQRTF(SUD*BII(PNUISE*CLUTTR!))
SICNH = TEMP#BETAH

SLENV = TEMP*BETAV .

TRKERR = SURTFISIGNH®¥Z + SIGAVE*2 + ATETS + ATEPS + ATED>)

6o o

SEARCH ACCURALY |

EN = INTF(BETAH®FRIFSCH + o5)

TEMP SQHIF(EN*SUD/(PNDISE+CLUTTR))

VELY 1.732051*FLAMB/(2.*PI*TDNELQ*TEMP)

Ctik Le732US1%PULSE*C/ (2. %PI*TEMP)

DELA FNTKK*CRL*SURTF(BETAHM*2+BETAV**2!/(FKS*TEMP)

" nu

c ¥ ¥
C . STCRE UETECTIUN PARAMETERS
C : :
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COMUILL) = PNCISE
CUM(SY9) = CLBW
CUM(S8) = BETAH
CUM(ST7) = PULSE
Car(S6) = FSCH
"CUNM(S5) = STT
Cuk(S4) ~ SLL
COM(95) = CLLTTK

STLRE LUTPUTS

H{Ky1l) = TiME

H{Kyil) = FUD

Hi{Kk,12) = FOU-FUB
H{Ky13) = LT(Ly2a) %] E6
H{Kyla) = DELK

H{Ky i5) = LELD

H{Ky16) = DELA

H{ky17) = SIGNV

H{ky 18) = SIGNH

H{ky19) = TRKEKK

DG 8L I=16,1%

80 HA(Kyl) = H(K, I )%, E3
HiRg2V) = GT(L9eS)*Lo~3
HiKyel) = SGC
Hiky22) = SiB
Hiky23) = S8B
Hikyc4) = CLM
HI{Ky25) = CLS
H{Kyco) = CLLTTR

DO 82 I=¢l,2¢

Be HikyI) = lUe¥LUGILF(H(Ky 1) %*1ak3)
HIK92T) = lue*LUGLIUFISIGZ)
H{Ky28) = PHA
H{Kky29) = PHAULL
Hiky,30) = REFL
H{Ky2l) = (LBW
H{kys2) = lCo*LUGlUF(STT/(PNUISbeLUTIR))
IF(KRT=1) 9C,90,59

9L IPR(1) = FLAMB
TPr(2) = ANAREA
TPRE3) = 10*LOGLUFLAGAINA)
TPR{4) = BETAH*57,2957795
TPR(5) = BETAV¥57,2957795
TPR(6) = FSCH¥*5742957795
TPR(S) = P2 '

TPROLU) = PAVS

TPRUT) = PULSE
TPR{LL) = Lue*LUGIUF(PNGISE®L.E3)
TPR(3) = EN ]

WRITE GUTPUT TAPE 0991, (TPR(E),2=1,11)

Y1 FURMAT (1hl 54X LBHCOMPUTED CCWSTANTS ///9H LAMBOA = EL3+4,4H FT./
L 9hu AR = El3e4yoH SUFTe 5X BHGAIN = El3e4,3H OB B8X
2 SRBETAH = El3.495H UEGe 6X BHBETAV = E13.4,5H DEG. '/
3 9FLFSCH = Eld.e,4H D/S X 8HTAU = £13,495H SEC. oX
4 BHN = EL13e4/9HUPY = El3.497TH W/SUFT «X 8HPAVG = E13.4,
5 oF wAITS 5X SHPNUISE = El3.4,4H DBM ) ;
$S CunTINLE S
‘RETURN ‘
.END




SUERLUTINE ELULE
e ) ODINMENSLIUN XBAR(<)9SONLL2)4PDIL2)
el UINENDIUN EPH(32246) ¢CRUSECLILBUL2) 96TL80432) 9yH(BU»40)COMLLGT)
1) ‘ CUOMMULN TIMEIKSTEPsKHT ¢ EPHoCROSECyGToH,COM

GeT STUFF FRLM VAVLE

acCce

K = KSTEP
IF(KHT=L) BuU,Bu,82
3L PULMLl = v
§ PCLMT = 0o
32 LU 5 1=14¢
Sobht(l) = CuM(l+G3)
CLLITH = CCM(93)
PNLISE = CLMILluu)

¥

g
oo
it
X
i
|
-I-
i

0 VELFC = LLMIS9)
& BeTAh = CuM(Ss)

A
o x
= Sy

PULSE = LLM{ST)
ESCLH = CUiM(SeE)

el STurF FROM CUMMUN

(g N o)

Frn = CLMLZ4)
TALFA = LuLMLl20)
KASe = LCM(5E)+.5
LF(KASE) 34394
KAaSe = 1

CUNTINUE

FONS = LUM(58)

L =K

ALPHAE = GTlLylz)

F S 3

[N o o

StTVU&TLCTIUA PARAMETERS

N = BETAH&FR/FSLE + o3
NC = LETAH®UELFU/ZFSLH + o5
IFINC) 79748
7 NC = |
E EN = N
cint = NC
EML = eN/ZENC
FAF = LN®PULSE#*.€93L4718/TAUFA
FAPL = LUGLUF(FAP)
LAk = CLUTTR/FNCISE
IEAFLMS) 5Ue€950
IF(LEAR=o L) 509945
S IFLLEAR=10) LuyplUuy iU

o

NelTFEK CLUTTEK NUR NUISE DUMINANT=-gQS. lo-17A.

{ R =k

T 1¢ CUNTINUE
T L EMUL = EMO*ZBAR
o VL = TexENELEAR
PLZ = LUULLUF(PFALININCZBAR VL))
Al V1 = VL + JULRVI*SIONF{leoPLL~FAPL)
PLL = LUGLUF(PFAININCyZBAR,V1))
IFUSLI0NF(Leg PLL-FAPL)=SIGNF(lesFAPL~PLL)) lcsl4el2

L P

[
[

i

=

B e &0 O OO e e



S T DRI et e

el el o

o060

lec

L4

P4V

3¢

3l

32

24

41

42

50

60

9%

- e . TS A WAL R

Vi = vl

PLZ = PLI

6L TC 11

Vu = VZ + (VIi=-VZ)*(PLL~FAPLI/(PLZ-PLL)
PDu 2 i=1ly¢

Kb (i) = SGANL(L)/PNUTSE

Al = EMN¥*XuAR(])
A2 = cMLL + Al
AS = 1. + A2

B = enNe¥LUUE(As) = LUGFEAZ) = (LNC=1.) ®LUGF(AL) - VB/A3
Pull) = EXPF(Y)

CORTINLE

HIKgsE) = Lo

Gu TC 99

CLUTTErR OUNMINANT-=EQS. 18~1Y

VL = (ENCHLue)*EML

PLZ = LOGLLF(PFACININC,VL))

Vi = VL + Jul¥VI%¥SIoNFliec,PLI-FAPL)

PLL = LUGLUF (PFACINGNC,V1))
IF(SIONF(le s PLL-FAPL)-SIGNF(leFAPL=PLL)) 32,34,32

Ve = V]

PLZ = PLIL

GU TC 31

VB = vZ + (VI=Ve)*(PLL~FAPL)/(PLZ=PL])

DU 4L I=1,¢

XBAR (L) = SONAI)/CLUTTR
IF(XEAR(L)=~1lek=C) 41942942
GU TC 4u

Al ENC#XBAR(])

Al (le+Al) /Al

A3 vB/EMC

IF(NC=1) 35435,37

PUOLL) = EXPF(-A3/(1l.%AL))
GU TU 40

SUM = (.

JMAX = NC-1

DO 3b J=lyJdMAX

R = Ue

DU 3¢ M=1l4J

K = Kk + tVAL({AZsM~-1)

SUM = SUM + EXPF(FLUATFINC=1=J)*LUGF(AZ2)+LOGF(R)~LOGF(AL))
PUCL) = SUM ¢ EXPF(~A3/(le+Al)+(ENC-14)*LUGF(A2))
CUNTINUE

H(Ky6) = =],

GU TC 99

NUISE DUMINANT==MARCUM=~SWERLING

CGNT INUE

FAN = LUGLUF(TAUFA/Z(EN*PULSE))

DU 6¢ I=1,2

XdAR(1) = SGNLUI)/(CLUTTR+PNOISE)

CALL MARCUM (NsFANJXBAR(I) ,KASE,PD(1),VB
CUNT INUE )
H(Ky&) = KASE

CUNTINLE
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A LF(ALPRAG) 369,259,295
' 15S POLL) = Ce

Pu(e) = v
256 CUNTINLE ‘
PUUMY = PLUML + (le=PLUML)*PL(L)
PLUMT = PLLMT + (l.—=PCUMT) ®*PD(2)
tH{rhyc) = pPU(L)
Mlkye2) = PLUNML
HiKge4) = FUlg)
HIKy5) = FCUMT
HiKky7) = VB
Hikhoo) = Lue®LUULIGFISGNLIZ2) /ENCISE)
HiKe9) = LCe¥LUM LUF(LBAR)

HEKylU) = EML

JF(KRT=1) duijgliieive
iuv WRITE UUTPUT TAPE G6GylulyFaAP
Lul FUKMAT (SHUPFA = El3e4)
l¢e CONTINUE

Ke TURN

ent
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4ol

FUNCTIUN PFAININCyZBARyVD)
CCMPUTES FALSE—=ALARM PRCBABILITY UF RECEIVER NUISE
AND CLUTTEK UNLYe N IS5 NCe UF PULSES, NC IS NO. OF
INDEPENLENT CLUTTER GROUPS, (BAR IS AVERAGE CLUTTER TO
NOISE RATIU, VB IS THE THRESHOLD. SEE BBD-1387.

s aXgEal gl

FAC = FLCATFUNI/FLUATF(NC)
FMCZ = FMC*/bBAK
FHMCLU = LlatFMUL
NNC = N=NC
FNNC = FLUATF(NNC)
SUM = Q,
Q = FNNC*LOGF({FMCZU/FMCLZ) - SUMLUGINNG-1)
DU 99 I=1,NC
NU = [~-1]
FNLU = FLUATF (NU)
R = C,
KK = N(C-NU
DU 4 K=1l,KK
4 R = R + EVAL(VS/FMCLZUyK~1)
IF(K) 99,99,5
TeRM = Q+SUMLUGINNC—=1+NU)=3SUMLOG(NU)=FNU*LUGF(FMCZ)+LOGF(R)
TERM = EXPF(TERM)
IF(XMULF(NUy2)) 1Ue20s1U
10 TERM = =TERM
20U SUM = SUM+TERM
99 CONTINUE
= PFA = SUM
g KETURN
ENC

A Wy O TR S S T G D I —— Ll - o T P . D e T S - - R . -

42

\n

-FUNCTICN PRACININCYC)

L S ¥
c FALSE ALARM PROBABILITY, SIMPLIFIED FUR THE CASE WHERE
¢ CLLTTER 1S OCMINANT. (CLO-4-)17, EQ. 18)

c .

| sl ] AL =i |

il |

enanin BRI 5= DO icacs |

e S e B woests SN mooeus N St B e R o




SUM =2 (.
Y = YC*FLGATFINC)/FLOATF(N)
DU lu I=1,NC

lu SUM = SUM ¢+ EVALI(Y,I-1)
PFAC = SuM
RETURN
ENE
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C
G
L
C

Cotn

cCcoocococo o gl cliolof - Nol oo
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LAt B

WL
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g = b
IS,

i | L
PR

e

Kk

(S 0 PO 8

i1

1¢

le¢
14

Lo

l&

it
¢
4
a

SUBRGUTINE MAKCUM (NyFANySNRyKASE,PN,BIAS)
CUMPUTE MARCUM=-SWERLING UETECTION PROBABILITIES
TEST INPUTS

IF(N) $9,56,2
VF(FAN) 95,99,3
LF (KASE) 9534444
LF(KASE=4) 545,99
LEUSNK) 9%,95,0

LSTIMATE BIAS LEveL

ENFR =
tiNPr =
EN = N
YBPK = {,

[TFIN=12) 747,8

VOPR = EN¥(Le+2e Z¥ENPRK/EN¥*(Zo/30+eULY%ENPR) )
6U TC i

YBPx = EN*(Io*lo3*CNPR,CN**(QE*OQIL*ENPR’)

U
FAN

CUMPLIE olAS LEVEL

ENPK = JuUo¥¥ENPR

CANMPR = DOAMIYBPRyN-1)

PYE = 5%2(l./eNPR)

LELGaMPR=PYU) ivelZyiz

H = o1

GU TL 14

H = =401

Yu = YuPK

tv = ULVAL(YGoN-1)

Yl = YU+H

Ei = UDcVALIYL, N-1)

STEP = GAMPR + H¥(Lutkl) /2.
IF(SIONF ( Loy STEP=PYB)=SIGINF()egH)) 18420918
Yu = Y1

tw = el

GANMPK = STLP

6Gu TL Lo

LFE(h). 229249924 .

YO = Y1 = HA%(PYB=STeP)/(GAMPR=STL})
Gu TL 2

Yo = Yu + R¥(FYB=GAMPR)/Z (STEP-GAMPR)
blAS = Y§

StECT M-8 CASE

X = SNK
K 3 KASL+]1

Gu ‘U.(lULQZCUpEULoQUU'SOU)l K

104

CASE U
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lud

i1c
11z
1l4

116

150

lol
loc

le4

loé€

17¢

17¢

P = EN®X |
IF(YE=P=EN) 1DUglLeriul

KS = =(UN+*1led/2e + SARTFUCULEN=Le) /24 )0024pP%YB)
KS = XMAXLF(KS, L)

GO = Le=GAM{YByKkS+N-1,TN)

> = EVALIPRSDIFGS

6 = €S

N = KS

TeExit = TS

TL = IN

TCMP = SUM+TERM

IF(SUl=TEMP) Lleolibollo

SUV = TEMP

I1F{N) 1163911l64114

TEKM = TERMEFLULATFIR)®(G=TL)/(P*y)

v = G-TL

K = k=1

TL = TL*FLCATF{K+N)/YD
wu 1C 110

TL = IN®YB/FLUATE(KS*N)
Kk = KS+l

G = GS+TL

TERM = TS#P*G/(GS*FLUATFIKY)
TeMP = SUM+TLEKRM
IF (SUM=TEMP) 12291900150

é SUM = TEMP
TL = TL®*YOL/FLUATF(KeN)
K = K+l
TErM = TERMEP*(G+TLI/(G*FLUATHIK) )
G = G+IL
Gu TL lcu
KS = =le = £EN/2s + SQURTFLEN®®2/4,+P*YB)

KS =XMAXUF(KSe0)
LGS = GAM{YBekS+*N-LoTN)
IF(GS) 17441744155

5 TS = EVAL(PKS)I*GS

G = GS

TERM = T3

K = K3

T = TN

TE¥#P = SUM+TERM

IFLSUM=TEMPY 16291069100

SUM = TeMmbP

IFIK) looslotyl64

TERM = TERMEFLUATFIKI*L{G+TLI/(PEG)

o = G+TL . :
TL = TL*FLOATF(K+N-1)/YB
K = K=l i :

60U TC lou L&

Ti. = IN*YUB/FLCATF{KS¢)
K = kS+1

G = GS-TL

TERM = TS*PRG/(GS“FLOATF(KY)

TEMP = SUM + TErM

IF(SUM=TEMP) 174491749174

Sukb = TeMP

TL = TL*YB/FLUATF(K+N)

TERM = TERM®PH{G-TL)I/IG*FLUATFIK+1))
G = G-TL

KA
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A

ot R it ey

s X w]

Xl e

(4 XaX o

)

N o= R+]
Gu IL 17w
L74 SulM = le=5uM
A9¢ Piv = SUM
GU TL wu
CASe L
el LFIN=L0) cllypeluecl
10 PN = LXPF(=YE/(Lo*+X))
Gu TC vy
22\ leNp le + lo/(EN¥X)

PN = lo = GAM(YDyN=250UM) + EXPF{(EN=Le 1 *LOGF(TEMP)=YB/(1s4+EN%*X))
1 HCAMIYU/TEMP g N=24yDUM)

ou TL SU
CALSE ¢
IVl LPIN-1) 3lueZluy a2e
3ly P = EXPFI=YE/(le+X))
Gu TC vu
32u PN = Je = GAM(YO/Z(le+X)gN=LyLUM)
Gu TL W
CASE >

400 IFUN=c) 4iUpb4cupb3L

GLU Fiv = (Loeti o3 XFYDL/ (X426 ) %2 ) REXPF(~2o&YB/(2e%X))

OBL TL Su
420 Piv = (LetYB/(LletX))*EXPF(=YE/(1o+X))
L. TC 45¢C
G430 C = 2o/l 2evLN%X)
U = je=_
LE(YERD=EN) 44U9450,950
G4, SulV = g,
TerRM = |,
J = N
442 TLMP = SUM+TERM
FEASUM=TLEMP) 444 4446,446
@44 SUM = JEMP
TekM = TekM®*YB2D/FLUATF(J)

Jd = J+]
; Gu TG 442
449t Piv = 1o = GAMIYuanN=2530UM) + CH*YB¥EVAL(YByN=2)
f + OFEVAL(YByN~L)*( [ +C*YB~(EN=24)%C/D)*SUM
GO iC SU
450 PN = Lo = GAM(YBeN-3,DUM) + YB¥EVAL(YB,N-3}#C/0D
1 + EXPFU=CH¥Yb~(EN=24 ) *LUGF(D) ) * (L. +CEYB~(EN-2,)%C/D)
2 *GAM(YBSUgN=3 yUUM)
GU TC SU
CASt 4

buv SUM = 09
C = 20/(2e4X)
D = l.-C
Q = (/u
P = CoYb

Ko = (3¥EN+(YB¥U) )/ 2e=SQRT - ((EN-Lo+(YB*D) ) %%2/4 .+ (YB*D) % (EN+1.))
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KS XMINGF(KS,N)
K> AMAXUF(KS,uU)
K = K$
J = NKS
FKS = K$
K = XMINGF(KSyN)
IF(YEB=EN%(1.40)) 5505014501
501 65 = Lle = GAM(P2%N=1-KS,TN)
IFLGS) 5£€45¢0,0502
902 TS = EXPHF(FKS®LUGH (C)+(EN-FKS) *LOGF(D)+SUMLOG(N) =SUMLOG(KS)

| =SUMLUG(J) +LCGF(GS))
G = G5

lekM = TS

TL = TN

Slu TEMP = SUM+TERM
IF(SUM=TENMP) 51295164510
512 SUNM = TEMP
IF(K) 5loy>5léy5l4
514 TL = TL*P/FLCATF(2%N=K)
TERM = TeRM¥XFLUATF(K)#(6+TL)/(Q*FLOATF(N-K+1)*G)

L = G+IL
K = K-1
GO Tu 510

Slc [F(KS=N) 518,526,526
SLE TeRM = TS*G*FLUATF (W=KS)*(GS=TN)/ (FLOATF(KS*1)*GS)

G = G>-TN
Ti = TN*¥FLUATF(Z2%N-1-KS$)/P
K = KS+i

520 TEMP = SUMSTERM
[FESUM-TEMP) 52445209520
522 SUM = TcMP )
IF(K=iN) S5c4952€4520
524 TeRM = TERMEGFFLOATFIN=K)*(G=TL)/(FLUOATF (K+1)%G)
G = C-TL
TL = TL¥FLCATF(Z¥N=-1=-K)/P
K = K+l
Gu TC 5¢C
Sce PN = 3UM
Gu TC sy
555U GS = GAMUIP,2%N—-1-KSy IN)
IF(GS) 5764957049552
Y2¢ TS = tXPF(FKb*LUub(C)+(tN—FKS)*LDbF(D!*SUMLUu(N) SUMLUG(KS)

i =SUMLUG(J)+LCLF(GS))
L = GS

TEkM = TS

TL = TN

So¢ TEMP = SUM+TLERM
"IF(SUM=TEMP) 5€Ec9560,5060
56¢ SUM = TEMr
1F(R) 3566950€&9 504
S04 TL = TL*P/FLCATF (2%N-K)
TERH = TEKM®FLCATF(K)*(6=TL)/(C*FLOATF(N=K+1)%G)

G = G-TL
K = K-=1
GuU TC 560

506 1F(KS=N) 568B,5704570

50€ TERM = [O®QRFLUATF(N=KS)*(GS+TN)/(FLOATF(KS+1)%GS)
L = GO+TN
TL = TN®FLUATF(Z2*N-1-KS)/P
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K = KS+1

TEMP = SUM+TERM

ITF{SUM=TEMP) 57245704570

SUFM = TEMP

LE(K=N) 57445764576

TERM = TERMEG*FLUATF(N=K)*(G+TL) /(FLOATF(K+1)%G)

o) &2 e N

G = G+TL
TL = TL*FLCATF(c¥N=-1=-K)/P
K = K+l
6GJd TU 57v
PN = |.=35UM
Gu TL SU
StT PRUCLAGILLTY ]
LF(PN) Y1l,954492 .
PN = e
Gu TL Y4 i
lF‘PI\'"lo) 9‘1‘,9‘0,93 sy
PN = 1.
94 ke TUKN
C
¢ tRRUK MESSAGE FOR sAu INPUTS ]
¢ L
i 96 WRITE GUTPUT TaPE 0999 NgFANySNKyKASE
: S FURMAT (lhy /5011 UNREASUNABLE CALL SEQUENCE TQ MARCUM, ZERO RESULT
1 i THS GIVEN //74H N = [595X95HFAN = E164895Xy SHSNK = !]
] é Eloeb92Xy6HKASE = J&)
PN = Ve :
BIAS = v, 8
RETURN
EnC
9. 4.301 8
. FUNG FLUIN DGAMLE9N)
i C INTEGRAL = 1-(SUMy J=0 TU Ny OF EXPF{J%LGGF(B)- S~LOGF{NFAC))
ﬁ:h (¥ K = B
: AFAIR=I) LLUy Lly 20
10C J = N+ 8
G Tbrm =0EVALIE,J)
C 1L TEMP = SUM+TERM
£ TEASUNM=TEME) 15420420
C 15 $0m = Tewmp U
J = J+l
¥ Fd = J
L TEEM = TErMEB/FY B
Ge 10 1v
D <&¢ LubhAM = SUM
RETUKN u
5, 2UL J = N
3# C TeckhM =0LVAL(ByJ)
B D 3¢ leNp = SUM+TERM
8l L IF (3UM=TEMP) 35,4040 u
L U 35 SUM = TeMy
IFlJd=1) av9s€y3c |
| B 3¢ td = J ' ’
v ! 0 vERM = TehkMeFJ/0
il J = uml
| - 110 - i'
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loeo

(=
AR

v

2vi

3.
l 3¢

4y

6U TL 2
VOAM = 1le=SUM
ke TURN

ENL

FUNCTICN LEVAL(YaN)

XPCN = =Y

LFINDY 2usctalu

EN = N

XPCN = XPUN+ENELULF(Y)=-SUMLOG(N)
Deval = cAPF(XPUN)

Re TUKN

eNL

FURLTILN GAM{paNyTN)
SINGLE PRECILISICN VECRSICON UF ULGAM
SUN = U
K = B
ITFIR=N) tuCrzuuy UL
J = N+}
TekM = EVAL(B,yJ)
Tiv = TerM¥*FLCATF(J)/B

. TedP = SUM+TERM

TF(SUM=TEMP) LHscuyeu
Sur = TEMP.

J 3 J+l

Fd = J

TERM = TeErMEB/FJ
60 TC

GAM = SUM

Ke TURN

J =N

TEKM = evaL{BydJd)
In = TERM

TEMP = SUM+TLERM
IF(SUM=TEMF) 3554040
SUlM = TEMP
1F(J-1) 4G,3¢&,5¢
td = J

TERM = TehkM*¥Fu/8
J = J-1

6u TC 3C

GAM = l.=5UM
RETURN

ENL

D I D G W SN GED GNP D D P s WD WD G G D S S P ED SIS WS G GEN D SN GP TP WP G D T D G TP TS R W WS WD

4e304

1¢

20

FUNCTILN EVAL(Y,yN)

XPCN = Y

1FIN) 2092unlu

EN = N

XPCEN = XPOUNCENZLOGF(Y)~=SUMLOGI(N)
EVAL = EXPF{XPUN)

RETURN

ENC
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FUNC L IUIN SUMLLGIN)
DIFMENSIUN Alauu)

NMAX = 20y
LF{LURA=UUMB ) Zuyluy 2u
DUNMA Lo

uunrg Ve

NLAST = |

All) = u.

WN = XA St ()

LE(NN=1) L TR IV TN
SUFLLLG = u,

KRETURN

LF(NN=NLAST) HUypduy00
SUMLLG = A(NN)

KETURN

K = NLAST+)

IF GhN=NMAX) TGy Tuy8u

DU 72 I=KyAN

AlCL) = All=-1) + LUGF(FLUATF(I))
NLAST = WNiv

6L Ty o

LECNLAST=NMAX) 82y5u,90
DL o4 I=KysNMAX

A(l) = A(L=1) + LUGFIFLUATF(1))
NLADT = NMAX

B = ALNMAKX)

K = NMAX+]

L
L
16
i
. ‘,g
() 3
Y ¥
D 5¢
.‘"’
¢
D 72
B
0l
U b4
C St
U vz
U
H
4
1
|
:
3
} fid
*

OU 9¢ 1=KoNN

8 = b + LLGFOFLUATFT))
SUMLLEG = b

RETURN

ENLU
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