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15 ABITRACTY

A Fortran computer program to calculate radar maximum range, written for the NRL CDC-3800
computer but adaptable to any computer with a Fortran compiler, is described. The computsation follows
previously established principles, with the pattern-propagation factors set equal to one, so that the range
calculated is for free space in the sense that earth’s surface effects are not taken into account. However,
the effects of a standard atmosphere are included in the calculation. Reflection-interference effects can be
separately described by utileing the calculated {reespace range as an input to computer plotting programs.

The program calculates the range for any specified probability of detection, false-alarm probability,
and Swerling fluctuation case by utilizing a slightly modified subroutine written by Fehlner and coworkers
of the Johns Hopkins University Applied Physics Laboratory. Postdetection (noncoherent) integration is
assumed. The system noise temperature is computed including effects of galactic, cosmic blackbody, solar,
and tropospheric nolse, and the tropospheric molecular absorption for oxygen and water vapor is calculated
for a standard atmosphere. The effect of refraction on the ray path is included in the absorption calculation
by ray tracing, assuming a negative-exponential refractivity-height profile. The range of validity of the noise
temperature and absorption aalculations » approximately 100 MHz to 100 GHz. The computation requires
a few seconds with the CDC-3800 computer.
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ABSTRACT

A Fortran computer program to calculate radar maximum range,
written for the NRL CDC-3800 computer but adaptable to any computer
with a Fortran compiler, is described. The cor:putation follows previously
established principles, with the pattern-propagation factors set equal to one,
so that the range calculated is for free space in the sense that earth's sur-
face effects are not taken into account However, the effects of a standard
atmosphere are included in the calculation. Reflection-interference effects
can be separately described by utilizing the cclculated free-space range as
an input to computer plotting programs.

The program calculates the range for any specified probability of detec-
tion, false-alarm probability, and Swerling fluctuation case by utilizing a
slightly modified subroutine written by Fehlner and coworkers of the
Johns Hopkins University Applied Phycics Laboratory. Postdetection
(noncoherent) integration is assumed. The system noise temperature is
computed including effects of galactic, cosmic blackbody, solar, and tropo-
spheric noise, and the tropospheric molecular absorption for oxvgen and
water vapor is calculated for a standard atmosphere. The effect of refrac-
tion on the ray path is included in the absorption calculation by ray trac-
ing, assuming a negative-exponential refractivity-height profile. The range
of validity of the noise temperature and absorption calculations is approx-
imately 100 MHz to 100 GHz. The computation requires a few seconds
with the CDC-3800 computer.

AUTHORIZATION
NRL Problems R02-64 and R02-55A
Project PO-0-0038 and SF 11-141-005-15483

PROBLEM STATUS

A final report on one phase of the problem; work is continuing on
other phases.

Manuscript submitted June 1, 1972,



A FORTRAN COMPUTER PROGRAM TQO CALCULATE THE RANGE
OF A PULSE RADAR

INTRODUCTION

The program to be described performs a calculation of the free-space range of a
moncstatic pulse radar, following the principles presented in NRL Reports 6930 and
7010 (1). The range calculated is “‘free space” in the sense that the effects of the eurth’s
surface, such as reflection-interference and below-the-horizon shadow, are not taken into
account. However, the absorption and noise of a standard atmosphere, galactic noise,
and solar noise are taken into account. For detailed definitions of some of the quantities
involved in range calculution and for a discussion of the theory, the reader is referred to
those reports. In NRL Report 6930, a Range-Calculation Work Sheet was presented to
systematize the calculation and thus to simplify handling the rather large number of
quantities and computational steps involved. The use of a computer prograin represents
a still further step toward simplification of the calculation, and also minimizes the possibility
of error. The computation requires punching one card with the input data (radar parameters
and related quantities). To guard against error in punching this card, the program prints

out all of the input data as well as the calculated results. The program has been given the
Fortran name RGCALC.

Specifically, this program is a Fortran formulation of Eq. (12) of NRL Report 6330
(Eq. (3) of this report), with the pattern-propagation factors omitted. The signal at the
target is therefore assumed to be due solely to direct-path propagation, and if the specified
transmitting and receiving antenna gains are those of the bearn maxima, the target is assumed
to be in the beam maxima. As discussed in NRL Report 6930, the equation is based on
the assumption that the detection range is limited by the normal system noise — i.e., that
there is no interference from manmade signals or noise, and no clutter signals caused by
echoes from extraneous targets, such as rough sea or terrain, rain, or any profusion of
other targets in the vicinity of the target whose detection is being considered. The range
thus calculated may be called the “basic” detection-range capability of the radar.

The Range-Calculation Work Sheet of MRL Report 6330 requires some auxiliary
calculations and the use of some sets of curves to determine the visibility factor (minimum-
deteciable signal-<to-noise ratio); the antenna, transmission-line, receiver, and system noise
temperatures; and the atmospheric absorptior. loss. Calculations equivalent to using these
curves and auxiliary calculations are performed within Program RGCALC. The only
auxiliary calculation required is that of number of pulses on target, for a scannirg radar.

It was not considered feasibie to do this calculation in the computer program because the
number of pulses is sometimes determined by a signal processor rather than by the scanning.
However, the ca'culation is not difficult, in the scanning radar case, as will be discussed

later in this report. Postdeteciion (noncoherent) integration of the puises is assumed.*

*See Refl. 1 (NRL Report 6930), p. 18. ]
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2 L. V. BLAKE

The computer program can also be adapted to calculating the range of a CW radar
and of a bistatic radar by suitable redefinition of some of the input parameters. For CTW
radar, the pulse length 7 can be interpreted as the effective sampling time of the detection
processor 1n microseconds; or if such a processor is not used, the parameter © can be in-
terpreied us Lhie cociprocal of e vcceiver predetection bandwidth in megaheriz. or as the
length of time a scanning beam remains on the target, whichever time is the shorter. The
bandwidth correction factor can be used as a correction for non-optimum processing or
fillering of the signal. The “‘number of pulses integrated” should be set equal to 1. The
transmitter power P, is defined for this calculation as the average transmitted power in
kilowatts.

If the radar is bistatic, the only reinterpretation required is in the meaning ot the
calculated range number. Instead of representing the monostatic range, it represents the
square root of the product of the transmitter-to-target range R, and the target-to-recciver
range R,. In other words, the calculated number is the geometric mean of R, and R, .
The transmit and receive antenna gains are already specified separately in the program
because they are actually different even for some monostatic radars. The target cross
section ¢ must of course be the bistatic value.

The frequency range over which the program may be used is from about 100 MHz
to 100 GHz, but it could be extended downward to about 30 MHz and upward to perhaps
150 GHz without incurring gross errors. (Below 30 MHz the occurrence of ionospheric
effects and above 150 GHz the multiplicity of water-vapor absorption resonances invalidate
the equations used in the program.)

The program is written with the option of calculating range for either specified
detection and false-alarm probabilities, or for a specified signal-to-noise power ratio (expressed
in decibels). The latter option is useful in calculating the maximum range of a tracking
radar (as distinct from a search or acquisition radar) when the minimum signal-to-noise
ratio for successful tracking is known.

Except for the fact that the external noise from celestial and terrestrial sources and
the absorption that occurs in the earth’s atmosphere are taken into account, the free space
range of the radar is calculated. Actually it would be more accurate to call this range a
quasi-free-space range because of the inclusion of celestial and terrestrial noise and absorp-
tion effects. Because the absorption by the troposphere is dependent on the elevation
angle of thie ray path, the target elevation angle is one of the input quantities for the
range calculation. The radar is assumed to b2 located at or near the earth’s surface —
within say a thousand feet of sea level. Range calculations applicable to extraterrestrial
locations (e g., satellite or space-ship radars) can be made by setting the elevation angle to
a high value, eg., 90 degrees. At this elevation angle, the absorption is usually negligible
for frequencies apprecisbly below the 22-GHz water-vapor resonance line. Also, the
computed absorption, in decibels, is printed out, so that the computed range can be
revised to correct for it if a true free-space range is desired. The ray path for the absorption
calculation is computed by a ray-tracing algorithm, assuming an exponentitl decrease of
the refractivity with height (CRPL Expeonential Atmosphere), with surface refractivity of
313 N units (2).

The principal non-free-space factor not taken into account is the effect of the reflec-
t'on and absorption by the earth's surface. These effects may modify the free-space range
greatly under some conditions, but they cannot be readily taken into account by a single

|
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range calculation. To depict the non-free-space performance of n radar, what is needed is
a graphical representation of the detection-range contours in a vertical plane, or, for a
target at constant altitude, a plot of the variation of signal strength with range, relative
to the signal required for detection,

Programs to produce such plots have been written, and have been described in a
separate report (3). One of the inputs required for these programs is the free-space range
of the radar. Hence, the present program supplements the plotting programs. They could
be combined into a single package. However, this has not been done because ordinarily
it is not objectionable to calculate the free.space performance and to plot the non-free-
space detection curves as two successive operations.

For radars whose antenna pattemn is a narrow elevatable beam, no significant reflection-
interference effects occur when the beam is elevated by one beamwidth or more, and the
quasi-free-space range calculation then applies directly.

The program to be described has been used and extensively tested over a periud of
time. Results agree with manual calculations using the range-calculation worksheet of
NRL Report 6930 (1). The program was used to compute the ranges of actual Navy
radars for a forthcoming NRL Radar Division report.* The execution time for a single
radar range calculation, for all five Swerling fluctuation cases, is approximately 2 sec on the
MRL CDC-3800 computer,t not including compilation time which is about 100 sec.
{(Compilation can of course be avoided by having an “‘object deck’ or machine-language
deck punched, and using it instead of the Fortran or “source deck.”)

COMPARISON WITH OTHER PROGRAMS

Some years ago, a computer program was deveioped for the calculation of maximum
radar rays by a contractori for the Scientific and Technical Intelligence Center of the
Office of Naval Intelligence (ONI-STIC-50). The work was completed about 1966. This
program was based on NRL Report 5868, an earlier edition of NRL Report 6930 (1).

It utilized some curves published in that report by reading a finite number of data points
into the computer and interpolating between them; this was done for the ‘visibility
factor” (minimum-detectable signal-to-noise ratio), the antenna noise temperature, and

the atmospheric absorption loss. DBecause of this the program was limited to calculating
the range for 0.5 probability of detection for a nonfluctuating target, and to the frequency
range 100 MHz to 10 GHz.

Another computer program has been described by Boothe (4). This program
computes the probability of detection as a function of the range, rather than computing

*This will be the fifth edition of NRL Report 5637, 4th ed., June 21, 1961, ““Navy Ralar Systems
Survey,” R.D. Tompkins.

1The execution timie depends partly on the number of pulses integrated sand on whether 0y not other
immediately preceding calculutions have been made for the same number of pulses and the same false-
alarm probability.

1The contractor was Control Data Corporation, and the programming was done by Mrs. Irma Wachtel.
Consultirg assistance on the radar-equation aspects of the work was furnished by the author of this
report. The project was initiated ardd monitored by LCDR William Barron of ONI-STIC. The program
is described 1n an interral UN] document STIC-CW-05-1-66 titied “Computer Program R-50, Radar
Maximum Range Calculation,” Feb. 23, 1967.
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4 L. V. BLAKE

the range for a specified probability. Howeveir, the maximum range for specified probability
is found by computing probability for decreasing range values until the desired probability
is reached. The program also makes use of atmospheric absorption curves from NRL
Report 5868, entered as data into the computer; consequently it it limited to the frequency
range 100 MHz to 10 GHz, plus perhaps a few *‘spot’ frequencies up to 100 GHz. The
report does not state the method used for evaluating antenna noise temperature, and a
program listing is not given. The effect of target aspect variation on cross section is taken
into account deterministically, rather than statistically using Swerling’s theory. The signal-
to-noise ratio and the resulting probability of detection are calculated at ranges that
decrease in steps corresponding to observation of a target approaching the radar. The
target is assumed to be changing aspect according to some known prescription, during this
approach, and the corresponding cross-section variation is calculated. (A missile target is
assumed in Boothe’s analysis.) As the target approaches, when the probability reaches the
specified value, the range is printed out or otherwise recorded. Either single-scan or
cumulative probability can be specified.

D. M. White has described a comprchensive program (5) to analyze 1adar performance
in a dynamic situation, computing signal-to-noise ratio and detection probability as a func-
tion of time and targot position, taking into account the effects of multipath interference,
clutter echoes from the sca or rain, and target motion. In short, the program simulates
in as much detail as is practical the complcte radar-target engagement, for a single target.
This program utilizes a subroutine written by L. F. Fehlner* of the Johns Hopkins Applied
Physics Laboratory, and described by Fehiner in a previous report (6), to calculate the
probability of detection {or a specified signal-to-noisc ratio, false-alarm number, number
of pulses integrated, and target fluctuation characteristic. Any one of five fluctuation
cases can be specified: the nonfluctuating case and the four Swerling fluctuation cases (1).
White mentions other programs that have been written by Kirkwood (7) and by Nolen (8).

Killinger (9) has developed a computer program that calculates the ratio of signal to
noise-plus-clutter as a function of target runge. Probabilities of detection and false alarm
are also computed. Maximum detection range can be found for a specified signal to noise-
plus-clutter ratio.

The philosophy of the program to be described in this report is somewhat different
from those discussed above. It is not intended to simulate the radar performance in a
dynamic situation. Instead, it is intended to provide, for a specified target size, fluctuation
model, and detection probability, a single number that will serve as an index of the radar’s
range capability — a “figure of merit."” The geophysical environment is taken into account
as realistically as possible except that effects of clutter, rain, and multipath interference
are omitted. The factors that are believed to be more realistically or accurately calculated
than in other programs are the system noise temperature (or more specifically, the tropo-
spheric, solar, and galactic contributions to the antenna temperature) and the tropospheric
absorption loss (due to collision-broadcned absorption resonances of the oxygen and water-
vapor molecules). The antenna noise temperature and the atmospheric attenuation are
computed directly rather than by interpolation using data entered from precalculated
curves or tables; consequently, the permissible range of frequency is much greater than
for most prograins using precalculated temperature nnd ahenrption data.

*Assisted by R.G. Roll and G.T. Trotter,
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The program t> be described in this report computes the detection range for either
a steady (nonfluctuating) target or for any of the four Swerling fluctuation cases (or for
all five cases), for a specified probability of detection and a specified false-alarm probability.
Fehlner’s subroutine (which he named MARCUM) has been incorporated into the NRL
program, with slight modifications, for this purpose. The principal modification has been
to provide for calculating on the basis of false-alarm probability, rather than Marcum’s
false-alarm number. Another modification insures that when successive calls are made to
the subroutine with the same false-alarm and number-of-pulses parameters, the bias-level
calculation is not repeated. This saves an appreciable amount of computing time in the
iterative procedure used to determine signal-to-noise ratio for specified probability. (Sub-
routine MARCUM actually does the inverse problem of computing probability for a specified
signal-to-noise rutio.) Because of these and other changes, the subroutine as actually used
in the NRL program has been renamed MARSWR (acronym for Marcum-Swerling); but it
is basically Fehlner’'s MARCUM subroutine. The calculation is made assuming a square-
law detector, whereas most radar receivers employ a linear-rectifier detector,* but the
difference in performance or the two detector types is about 0.2 dB al most, depending
on number of pulses integrated.

DATA INPVUTS

The inputs to Program RGCALC for a single radar range calculation are punched on
a single data card. The format specifications for this card are as follows. Each of the
listed quantities is discussed briefly in the following paragraphs,

Data Item Format Specification Card Columns

Transmitter power, kW F6.0 1-6 3
Pulse length, usec F6.0 7-12

Transmit antenna gain, dB F4.0 13-16

Receive antenna gain, dB F4.0 17-20

Target cross section, m?2 F6.0 21-26

Frequency, MHz F6.0 27-32

Antenna ochmic loss, dB F4.0 33-36

Receiving line loss, dB F4.0 37-40

Transmit line loss, dB F4.0 41-44

Antenna pattern scan loss, dB F4.0 45-48

Miscellaneous loss, dB F4.0 49.52

Bandwidth factor, dB F4.0 53-56 N
Receiver noise factor, dB F4.0 57-60

Number of pulses 15 61-65

Probability of detection F4.2 66-69

False-alarm exponent F4.0 7073

Swerling fluctuation case n ¢ .
Target elevation angle, deg F4.0 7678 X
Galactic noise code 12 79-80

¢See Ref. 1 (NRL Report 6930), p. 29.
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The data items of the preceding list denoted ““‘probability of detection™ (Cols. 66-69)
and “false.alarm exponent™ (Cols. 70-73) are actually so defined only if the “‘case’” paiameter
(Col. 74)is 0, 1, 2, 3, 4, or 5. If the casc parameter is 6 ¢. 7, as will be discussed sub-
sequently in more dctail, the range is calculated for a specified signal-to-noise ratio in
decibels (Case 6) or ratios (Case 7). If one signal-to-noise ratio is to be specified, it goes
in card columns 66-69 in place of the probability of detection. The second signal-to-noise
ratio goes in Cols. 70-73, in place of the false-alarm exponent.

Data items shown as having an F format specification can be cntered as a number
including a decimal point, with the number positioned anywhere within the card-column
field. If an F-specification number happens to be an integer, it can also be entered without
a decimal point, but in that case 1. must be right-adjusted within the card-column ficld.

The specification F6.0 means a nuimber of 6 characters or less including decimal point and
sign, if any (positive sign is implied if no sign is given). The decimal point can be positioned
anywhere in the field. Data items having an I format specification must be integers (no
decimal point), and must be right.adjusted in the colvmn field.

This single card contains all the numerical data required for a radar range calculation.
However, two data cards are required for each radar calculation; the other (first) card
contains any alphanumeric material that may be required to identify the radar. This
material is punched anywhere in the 80-column fie'd of the data card, and it will be printed
out at the top of the page preceding the listing of input-output quantities.

Calculations for any desired number of radars can be made in one computer run by
stacking the data cards in the following manner:

Cards 1, 3, 5, 7, . . . Alphanumeric material identifying the radars

Cards 2, 4, 6, 8, . .. Data cards giving numerical parameters corresponding to the
preceding identifier cards.

If it is not desired to provide alphanumeric identifying material, blank cards should be
inserted at positions 1, 3, 5, 7, . . . of the data deck. The last card of the deck is an
end-of-file card. When this is encountered, the job will be terminated.

In the discussion of definitions that follows, a basic principle should he kept tn mind.
In any radar system, the partitioning of the svstem into sections called “‘antenna,”” “‘trans-
mission line,”” “receiver,”” and ‘“‘transmitter’’ is somewhat arbitrary (see NRL Report 6930,
p. 47, Fig. 10, and NRL Report 7010, p 38, Fig. 5). The points in the system at which
1".is arbitrary partitioning is done determines the numerical values of losses, gains, power,
and noise temperatures to be assigned to the factors which will subsequently be identified
as L,, L., Ly, Py, Gy, Gy, Ty, Ty, and T, (NF). The range calculation will come out the
same no matter how this partitioring is done if the assignment of values to all these
quantities 1s consistent with the partitioning selected. Values of losses in decibels are to
be entered on the data card as positive numbers.

Transmitter Power. See NRL Report 6930 (1), p. 11. Symbol P;. This is the pulse

power of the radar in kilowatts.
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Pulse Length. Sce NRL Report 6930, po 11, The symbol ¢ s used for the duration
between 3-dB points of the transmitted RE pulse, in microseconds.  If the radar is of the
pulse-compression type, the uncompressed pulse length applies, assuming that P, s the
power of the uncompressed pulse. The basic rule is that the product ez must equal the
transmitted pulse energy. (More specifically, the pulse jower in kilowatts times 103,

multiplied by the pulse lengtl. in microseconds times 10—6, must equal the transmitted
pulse energy in watt-second.)

Jntenna Gain. Sce NRL Report 6930 p. 12, The power gains of the transmitting

antenna (G,) and receiving antenna (G,) are in decibels. Power gain GG is to be distinguished

from directive gain D; these quantities are related by ¢ = LD, where ks the radation
efficiency (k < 1). The radiation efficiency is a measure of ohmic or heat loss in the
antenna. and should not be confused with aperture efficiency, which measures the relation-
ship between the directive gain actually obtained and that which would have L ron obtiained
if the aperture were uniformly illumi. ited.

Target Cross Section. See NRI Report 6930, p. 13. The symbol 7 is used for the
radar cross section of the target in square meters. For comparison of the performance
of competing systems, the value o =1 m2 is often used.

Frequency See NRL Report 6930, p. 14. The symbol fyqq;, is for the radar frequency

in mepyahestz.

Antenna Ohmic Loss. See NRL Report 6930, p. 48. The symbol L, is tor the ohmic
loss of the antenna expressed in decibels. Even though this loss is taken into account by
the fact that G represets the power gain rather than the directive gain of the antenna, it
must also be entered separately bLecause of its contribution to the system noise. (Its
inclusion in the power gain accounts only for its effect on the transmitted and received
signal powers.) If there are separate transmitting and receiving antennas. L, refers to the
receiving antenna only. This quantity is negligible for many types of aniennas, particularly
for parabolic reflector types, for which the approximation L, = 0 dB is usually justifiable.

Certain types of siray antennas, especially those that employ frequency or phase scanning,
may kave appreciable ohmic loss,

Receiving Line Loss. See NRL Report 6930, p. 70. The symbol L, is used for the
loss of the receiving transmission line il decibels. This loss usuwally includes duplexer or

circulator losses; the prefatory remark concerning partitioning of the receiving system
applies.

Transmitting Line Loss. See NRL Report 6930, p. 70. The symbol L, is for the
loss of the transmitting portion of the transmission line in decibels (not usually identical

to L;). Duplexer loss is usually included. The remark concerning partitioning of the
system applies.

Antenna-Patterii Scan Loss. See NRL Report 6930, p. 70. Symbol L;,. This loss
reflects the facts that (a) the number of pulses integrated for a scanning radar 1s somewhat
arbitrarily taken to Le the number occurring while the target 1s within the half-power
beamwidth of the antenna, and (b) th> beam does not have full uniform gain within this
beamwidth and zero gain elsewhere. For a nonscanning radar aimed directly at a target,

L, = 0 dB. For a simple azimuth-scanning radar, L, = 1.6 dB. For a simultaneously
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8 L. V. BLAKE

azimuth- and elevation-scanning raday, L, = 3.2 dB 1s a reasonable assumnption, although
this result i1s based on a crude rather than a sophisticated analysis,

Miscellancous Loss. See NRL Report 6930, p. 82-84. Symbol L. Among the
possible losses that may he included here are collapsing loss, signal-processing loss, array-
fill-time loss, beam-squint loss, polarization-rotation loss, and rain-absorption loss (if the
rainstorm extent is less than the radar-to-target range). The decibel value of this loss is
obtained by directly adding the decibel values of individual contributing losses.

Bandwidth Factor. See NRL Report 6930, p. 14. Symbol Cg is for the decibel loss
resulting from a mismatch, in the North-filter sense, between the pulse characteristics and
the recewver filter transfer charactenstic. For a simple pulse radar, this relationship can

be analyzed adequately in terms of the pulse length and shape, and the filter bandwidth.
For most radars of this type it is reasonable to assume Cy = 0 dB, in the absence of
specific knowledge to the contrary. For pulse-compression radars, there is usually some
loss associated with the compression filter, ranging from perhaps 0.5 dB to several decibels,
depending on the technique employed and the compression ratio. As is done with the

loss factors, Cy is to be entered as a positive decibel number.

Receiver Noise Factor. (Also called receiver noise figure; althcugh *‘fio: re” is perhaps
the most common usage, JEEE stanaards give preference to *‘factor.””) See NRL Report 6930,
p. 50. Symbol NF or F,;. The re-eiver noise factor and receiver noise temperature are
alternative ways of expressing the same property of the receiver, but the noise factor has
been chesen here because it is the quantity more commonly given in receiver specifications.
The decibel value of the noise factor is to be entered on the data card.

Number of Pulses. See NRL Report 6930, pp. 71 and 72, Symbol M. If this number
1s determined by a signal processor, it must be found by reference to the characteristics
of the processor. When it 1s determined by the scanning action of the radar antenna, and
if a simple azimuth scan is employed, the appropriate formula is

y = PRE
7 6-RPM - cosn,’

(1)
where ¢ is the az.mutkal half-power beamwidth, degrees; PRF is the pulse repetition
frequency, hertz; RPM is the rotation rate of the antenna, revolutions per minute; and
0,15 the elevation angle of the target. (The term cos 0, is significant only when a target
v 21 elevatan angle of about 10 degrees or more. For vertical-fan-heam radars the

. ¢ 1s usually calculated at an elevation angle low enough so that cos 8, = 1))

For simultanecus azimuth- and elevation-scanning radars, assuming a sawtooth-motion
elevation scan and a uniform-speed-rotation azimuth scan, the appropriate formula is

0 . PRF
M= L ’ (2)
6 w,-r.-RPM.cos 0,

w which ¢, PRF, RPM, and v, have the same definitions as before, 7 is the vertical beam-
width, w, is the vertical scinning speed in degrees per second at the target elevation angle,
and t, 1s the verticai-scan period 1n seconds, including the dead time 1t any.

e e o
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The number of pulses to be used for radars of other scan types must be analyzed cn
an individual basis, as discussed in NRL Report 6930.

The number of pulses is entered on the data card a> an integer (I-format). Consequently
the number must be right-adjusted in the field of columns 61 through 65. If the number
calculated from the above formulas is not an integer, it should be rounded off to the
nearest integer. (The subroutine that calculates detection probability requires an integer
for the number of pulses integrated.)

Probability of Detection. See NRL Report 6930, pp. 18 and 19. Symbol P,;. Prob-
ability is here given in the mathematical sense of a number between 0 and 1 (not as a
percentage figure). Values larger than 0.99 should not be entered because computational
difficulties result. Also, values smaller than the false-alarm probability P, are meaningless;
for practical purposes, Py should be at least an order of magnitude larger than Pr,. (Ordi-
narily it is many orders of magnitude larger.) Typical values of Py of interest range from
about 0.1 to 0.95.

False-Alarm Exponent. See NRL Report 6930, pp. 18-19. Symbol —log; o Py,.
‘Typical values of false-alarm probability range from 10~4 to 10712, The number to be
entered on the data card is the positive value of the exponent (pawer of ten). Thus, for

P, = 1075, enter the number 6.0 on the data card; for Py, = 2.5 X 10~ 6, enter 5.6.

Swerling Fluctuation Case. 3ce NRL Report 6930, p. 28. Five cases are considered,
with O representing the nonfiuctuating target and integers 1 through 4 representing the
4 Swerling cases as defined in NRL Report 6930 (and clsewhere). If the numbers 0, 1, 2,
3, or 4 are punched on the data card in Column 74, the corresponding fluctuation case
will be calculated. If § is punched, all 5 cases will be calculated.

Further options are provided by a 6 or a 7 punch in Column 74. A 6 punch signifies
that the range is to be calculated for a specified signal-to-noise ratio rather than for
specified probabilities of detection and false alarm. For this case, the signal-to-noise ratio,
in decibels, is punched in Column 66-69, where probability of detection would ordinanly
appear. If a 7 is punched in Column 74, the calculation of range will be made for two
different signzl-to-noise ratios, one given in Columns 66-69, the other in Columns 70-73.
When either 6 or 7 is punched in Column 74, the number-of-pulses entry, Columns 61-65,
is ignored. Likewise, if 6 is punched, the false-alarm exponent entry, Columns 70-73, is
ignored.

Target ~ ..sation Angle. See NRL Report 6930, pp. 48, 68, 69, and 72 through 80.
As mention.d in the Introduction, this factor enters into the “quasi-free-space’’ range cal-
culation because the effect of the earth’s atmosphere on the antenna noise temperature
and on absorption loss is taken into account, The elevation angle is to be entered in degrees.
If a range calculation applicable in empty space is desired, a close approximation can be
obtained, except at {requencies near the water vapor and,near or ahove the oxygen resonances
{22 and 60 GHz, respectively) by setting the elevation angle to 90 degrees, because for
this setting the absorption is virtually negligible. Also, since the calculated absorption is
one of the printed-out quar tities, correction for it ¢can be made.

Galactic Noise Code. Sec NRL Repurt 6930, p. 49, Fig. 1i. As shown in the referenced
figure, the noise received from the galaxy to which the solar system belongs varies depending
on the part of the galaxy toward which the antenna is pointed. This direction is not

T Y T
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usually predictable. Therefore the options of calculating the radar range for three choices
of galactic and solar noise levels are provided. The codes are —1 for minimum galactic
noise, 0 for average noise, and +1 for maximum ~alactic noise. (The maximum and min’
values are shown by dashed lines in the referenced figure of NRL Report 6930.) The
number entered is to be right-adjusted in Columns 79-80

PROGRAM OUTPUT

The output of Program RGCALC is a single printed page for each set of data inputs
(two data cards). The alphanumeric material of the first data card is printed at the top
of the page. Then the numerical input data are printed, both as a record of the data and
to ensure that the data card was correctly punched. Next are printed some intermediate
output quantities such as the computed noise temperatures of the system components and
of the overall receiving system, and the tropospheric ahsorption for a two-way path through
the entire troposphere at the specified elevation angle. Then, if the number punched in
Column 74 of the numerical data input card was 5 or less, the calculated range or ranges
are printed for the Swerling case or cases specified. Along wi*h each range figure are also
given the calculated signal-to-noise ratic in decibels and the trcnospheric attenuation for
that range.

If the “‘case’ parameter of Column 74 s 6 or 7, the printed output is modified slightly
to refiect the fact that the range has been calculated on the basis of an assumed signal-to-
noise ratio rather than for specific probabilities of detection and false alarm and a specific
fluctuation model.

Figures 1 through 6 are illustrations of the input data cards and resultant printed
output for three different “case’ options, namely 1, 5, and 7. Cases 0, 2, 3, and 4 produce
output resules similar to that shown for Case 1, and Case 6 produces an output similar to
that of Casc 7, except that the range is then calculated for only one signal-to-noise ratio.
The radar parameters of these sample calculations are fictitious.

EQUATIONS AND ALGORITHMS
It has been mentioned that E«. (12) of NRL Report 6930 {1) is the basis of Program
RGCALC. The eqguation is

2 1/4
Prikw) usecGiGro F2F,

31, Ts Vo CxlL

Rpax = 129.2 (3)

The symbois in this equation have been previously defined in this report except for those
that follow:

F,, F, — pattern-propagation factors for the radar transmitter-to-target and target-to-
receiver paths, respectively. In Program RGCALC, F, = F, = 1.

T, — the recewving system noisc temperature, kelvins

V, — the visibihty tactor, or predetection signal-to-noise ratio required for the
specified probabibty of detection of the target echo
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L — the system loss factor, equal to the product of all the component loss factors.*
(In decibels, I. is the sum of the cumponent. decibel losses.)

. e Tt — T TS
-
<
~

) Program RGCALC is an executive routine which reads the data cards and then trans-
mits the data to a subroutine named RANGE. This subroutine calls other subroutines
which calculate the system noisc temperature T,, the sigral-to-noise ratio V,, and a table
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Fig. 1 - Data cards for calculating range of a UHF search radar, Swerling case 1 target fluctuation
(1 punch in Col. 74 of second card).

*Loss factor is sometimes expressed as a number less than one, in which case it would belong in the
numerator of the range equatidon.

gain is employed, so that I .1

Here (Lo correct engineering definition of loss as the reciprocal of .
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RADAR NAME AR DESCRIPTY]ON e-
FICTITIOUS UMWF SEARCH RADAR

RADAR AND YARGEY PARAMETERS (INPUTS) --

PULSE POhEa. KH 'OQIQQQ’.O.Q".!"'O:.OQ'.Q.IQQ 500.0
PULS& LENG'H' ﬁlCRQS&c v"""y!'o,lpcvn..o'!.o 20.0000
TQANSMIY ANYENNA GA!No DB '0"0000'1000-.|c|\00 22|’
RECE‘VE AN7EN~‘ G‘lND DB ||o|.'000'000o0|...q-.
‘REQUENCYD MHZ LI Y oo.-vic"'.'0000.0¢|l.|0||00
RECE|VER NBISE FACTOR (FIGURE), DB oy, .y0eren.
GANDWIDTR CORRECTION FACTOR, NB ,cyererrnnsarss
ANTENNA OWMIC LOSSy) DB sepporonrrogvransqongnne
TRANSMIT TRANSMISSION LINE LO6SS, DB [.cvqeennse

[~ ]

» N

VA N
>

RECE|VE TRANSMISSION LINE LOSS, DB |, .qeene:
SCANNINGeANTENNA PATTERN | 8SS, DB iy 0uqveans
HlSCELLANEBUS LQSS. Dg '!.|00.1010'00|0|"0.!0
NUHBER OF PULSES 1NYEGRAT=D """'.0..0'.!.000
PR@BABIL[TY er DEYEC'IBN .Qo'.ﬂoooggouooggcgooo
FALSE~ALARM PREBABILITY, NEGAT]VE POWER OF TEN
TARGET CROSS SECTISBN, SQUARE METERS [, .peeqv0n 5.0
1ARGEY ELEVATIQN ANGLE. DEGREES 00|0;|00|.o|000

AVERAGE SOLAR AND GALACTIC NOISE ASSUMED
PATTERN~PROPAGATION + ACTOQS ASSUMED = 3,

= ]
OOODAMO O R BRAD

» B D DODIOON
e O Do a © o o

-
Vo
>

00000008000 0000EVOROPCCOOPROEOSEQORte

CALCULATED QUANYITIES (OUTPUTS) -

NMISE TEMPERATURES, DEGREES KELVIN i

‘NY&NNA ‘Y‘) 0.0000'0’.0QOOQOQQO/AQOO"‘ 25106
RECEIVING TRANSMISSION LINE (YR) ', ,.,... 35,4

RECEIVER (TE, QOOOQ.i'QQQOQ'Q' LN B 2R AN BN AR AN ] 22"’
TE X LINE«LOSS FACTOR & FEI ..o qpenone 253,2

SYSYEH (Y‘ e« TR o YE’) R R RN R 5‘0.2
TWO-WAY ATYENUATIOAN TWROUGH ENTIRE TREPOSPHERE, D8 1.0

I'd

SWER{ ING S10NAL - YREPOBSPHERIC RANGE,
FLUCTUATION T@-NQISFE < AYTENUAT|ON, NAUTICAL

CASE RAT1O, 0B ;/’ DECIGELS MILES

ececsgacge CEEX X R A X 3 Seso-orvseone soosvoew

1 1,90 0,97 209,9

Fig. 2 — Program RGCALC uutput for data cards of Fig. 1
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Fig. 3 — Data cards (or calculating range of a microwave volume-scanning radar, Swerling
cases 0, 1, 2, 3. 4 fNuctuation (5 punch in Col. 74 of second card)

(array) of tropospheric abs >rption losses in decibels at range increments along the (refracted)
ray path for the specified clevation angle. Then a system loss factor L, with tropospheric

absorption loss omitted, is calculated. The range equation arithmetic is then performed,
using the input data and the calculated values of T,, V_, and L. Then, in the table of

calculated absorption loss values, a value of this loss corresponding to the calculated range

is found by interpolation. The range is corrected by a factor corresponding to this loss
factor; then the new loss factor corresponding to this corrected range is found, again by
interpolation; this iteration is repeated until the last correction corresponds to less than
0.1 dB. in a subroutine named ITEF AT.
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RADAR NAME GR DESCRIPTION e

PIOTITIOUS MICROWAVE VOLLME~SCAN RADAR

RADAR AND TARGE?T PARAMETERS (INPUTS) o-

LR b adanil e L

PULSE Pahan “. .v.ou||-0|"'lO-!O‘O:ovo|000'\v ‘20000
PULSE LENGTH, MICROSEL suiqpvravesrtrionrnossnes 60,0000
TQANS"IT ‘N,ENN‘ G‘lN. DB .‘|‘|001|v0|0.|00.l00 34.0
RECE‘VE A~YEN~A G‘tNJ DB |.".q'!|'oto'ancogo'| 3‘.0
‘“EQUEchv M2 o.-'-colooo.Q'l'ctl'no.c'l.'l’io 2%%0,¢
REGCE|VER NJIDE FaCTONR (TLOYRE), DB EEEERERR R 3,0
”‘ND*‘DYh CQRPECY!QN rAcroﬂj De |0.00--0|'0||~l
ANTENNA QWM]IC ,8SS, DR -o..o'acol°00|c--vo~"--
1 TRANSMIT TRANSMISS|ON LINE LOSS, 2B ... veures
: RECEJVE TRANSMISSION LINE LOSS, DB ,.,.vqsereen
i SCANNINGSsANTENNA PAYTERN | B8SS, ]] EEEEEEEELEERE
1 "xSCELLANEQUS LOSS. DL ] ot'.i"!v"]'tavol""'t
NU"BtR -3 PULSES INYtOR“ED .'0ov'|-:.to'|-|-00
PRQB‘BIL‘Y' e‘ DEY&Ct'eN .'Q'."lh'!"".-..u.t..
FALSE=ALARM PRPBABILITY, NEGAT]VE PUWER 6F VEN
TARGEYT CROSS SECTIBN, SOVARE MEVERS , ., .., ¢q4:0:
T‘RGeY ELEVATlQN ‘NGLEO DEG‘EES 'v|';--v||-..c.
MAXIMUM SOLAR AND GALACT|C NBISE ASSymMED

PATTERN~PROPAGAT]AN FACTBRS ASSUMED s 1,

A ahad aliad
- & ® o o =

(=

>
- O> O [= PN - 7 N

oA - O
O DDON SN NJEDI B

oo

Q00000000000 CRCQROSIOOCEPQEOINEGRIQORRS

CALCULATED QUANTITIES (OUTPUTS) =~

NR]SE TEMPERATYRES, DEGREES KELVINM o
‘N?ENNA (T‘) oooovottoolptltcc.‘tcouocIo ’11|1
RECEIVING TRANSMISSION LINE (TR) ,,.y... 92,3
RECEIVER (TE) svvrnpronriorroranogpenres 288,56
TE X LINE=LOSS FACTOR o TEL ., ...0, 00 ee 380,23
SVSYEH ‘YA e« TR o 7t,) ...oqc;.o R ) 6030’
TWe-wAY ATYENUATION TWROUGH ENYIRE TYRAPOSPHERE, D8 3.6

SWERL ING SIGNAL- TROPESPHER]C RANGE,
FLUCTUATION TO-NBISE AYTENUAT]BN, NAUTICAL
CASE RaTle, DB DECIBELS HILES

cememncan ceecameaa cecccmansaas  eeas —eee
0 10,65 2,08 126,9 .
1 18,89 217 83,2
2 14,83 2,52 101,9
3 14,83 2,92 101,9

[ ] 12,80 2,09 113,0

Mig. 1 — Program HGUCALCU oulput 1or data cards o1 Fig. o
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RADAR NAME OR DESCRIFYION e+

FICTITIGUS MILLIMETERewWAYE TRACWING RADAR

RADAR AND TARGEY FARAMETERS (INPUTS) e»

e e il -

———

PULS& PGNER. KH 00'00000no'cQ!.clOootooog.c.o-o 50.0 i
PULSE LENGTW, MICROSEL .oupsrnnetnqgesenoqgoonnos 0,2500 i
TRANSMIT ANTENNA GAIN, DB .,y qqaraperonngarnnres $4,n i
RECE‘VE ANYENN‘ GAxNI De |'|"C|""-|-Q'0'|'.'O' 5‘.0 i
‘QEQUENCY. ”Hz LI 2 ) . -"""000‘:0(""."' 30000." 1
RECEJVER NQISE 'ACYOH (FIGUR&), DB i 15,0
U‘NDH‘DTb‘ c@RﬂEcheN r‘CTOR. DB LRI T A SO L I K B B B O O|° k
ANTENN‘ QHH‘C Less. UB 00."'.Q‘0.|0‘:.'0'.0.00. ﬂgl
YQANSMIT 7RANSH!SS"‘N LlNE LGSS' De -"|0.".'..' o.’
RECE‘VE ?R‘NS"‘SS!ON LiNE LQSS‘ Db ;.oo.go'.v| 2'2
SC‘NNING"NY&NN‘ PA’YERN LGSS. Da '0"‘000....‘0' 0.0 4
HlSCELLANEOUS LQSS. DB GQO'QQ.QQ'Q'C.:DID.O..I" 003
STGNAL-TEeNEISE RATIO DB 4 tyuverngrirnornoonees $,0 ]
SIGNAL-T@eNOISE RATIO, DB (. vsvenrgrrseopnenneo 0.0
TARGEY CROSS SECTIQON, SOQUARE METERS ,,..,..4v.4, 0.2000 i
TARGEY E‘EVAYIQN ANGLE, DEGREES Pe g e et 0,00 i
MINIMUM SOLAR AND GALACYIC NBISE ASSUMED i
PATTERN~PROPAGAT]AN FACTORS ASSUMED = {, ;
00000000000 EetEetetetesestsnncstoes i
CALCULATED OUANT]TIES (BUTPUTS) -~
NOISE TEMPERATURES, DEGREES KELVIN ry
ANYENNA (YA) oo'coo’tiyvqoill'o'oggigvvo ?5206 !
RECEIVER (75) coo00'0!00|!||0009-|.c|ovo 888006 ;
Yh X L!NE'LQSS F‘CYBR L YEt EREEENEEE REK) 1‘73801
SYSYEM (YA'TROYE‘) '.cll';o’o'.olo-c 15212|0
TWO~WAY ATYENUATION THROUGH ENTIRE YRAPOSPHERE, DB 34,4
RANGE = 22,4 N, M],, TROPQSPHMER|C ATYENUATIBN @ 7,27 DB
FAR SPECIFIED SIGNAL-TO-NB|SE RATIO s 3,00 DB
RANGE = 2%,0 N, M1,, TROPOSPMER]IC ATTENUATION @ 8,45 D8
FOR SPECIFIED SIGNAL~-TO~NN]SE RATIO 0.00 NB
Fig. 6 — Program RGCALC output for data cards of Fig. 5 l
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Figure 7 is a flow chart showing the sequence of events in the computation. As
indicated, checks are made at several points which permit certain portions of the calculation
to be omitted if more than one range calculation is being made and if results of some steps

in the preceding calculation can be used.

In the fol'cwing sections, the algorithms of the various subroutines of the program
will be described. The names in parentheses following the subroutine name are its parameters

in the calling sequence.

Subroutine ALPHA (FMHZ)

This subroutine performs the initial step in the computation of tropospheric absorption
loss and noise temperature; it computes a set of absorption coefficients in decibels per
nautical mile for a set of aititudes above sea level from 0 to 100,000 ft. The irst 21 of
these altitudes (from O to 2000 ft) are at intervals of 100 {t; the next 28, to 30,000 ft,
are at intervals of 1000 {t; the next 20, to 70,000 ft, are at intervals of 2000 ft; and the
last 6, to 100,000 ft, are at intervals of 5000 fl. This graduation of height intervals
reflects the fact that the absorption coefficient changes more rapidly in the lower atmosphere

than it does at higher altitudes.

The absorption coefficients are calculated at each of these altitudes for both oxygen
and water vapor, and the two coefficients are added to obtain a total absorption coefficient.
The resulting array of 75 coefficients, for the frequency FMHZ (first parameter of the call-
ing sequence) is named ALPH ¢J, 75), J = 3. Il is transmilled as output via a COMMON

block named PTR.

The computation is done using the theory of Van Vleck as described in NRL Report
7010 (1), except that in the previous version of the subroutine described there, Van Vleck’s
centroid approximation was used, and it is not valid in the region near the oxygen resonances
from about 50 to 70 GHz. The new version of the subroutine, as now used in Program
RGCALC, performs a more exact calculation by summing the separate absorption contribu-
tions of each of 46 individual oxygen resonance frequencies. Consequently, range calcula-
tions can now be made within as well as outside the frequency region 50 to 70 GHz.

The calculations are made for the standard dry atmosphere known as the U.S. Exten-
sion to the International Civil Aviation Organization (ICAO) Standard Atmosphere (10).
The model for water-vapor content of the atmosphere is based on a humidity profile
given by Sissenwine and others (11) as representative of the midlatitude mean humidity.
This midlatitude mean, however, has a surface water-vapor content of 5.947 gm/m3, and
it was desired (in accordance with prevailing practice) to adopt the surface water-vapor
density value of 7.5 gm/m3 for the absorption computations. Therefore, the values of
the Sissenwine model were all multiplied by the factor 7.5/5.947 = 1.261. The tabulation
given in Sissenwine’s report is for altitudes at intervals of 2 ki in the region of interest
here. The values corresponding to the altitudes specified in Subroutine ALPHA were
obtained by means of an interpolation technique developed for digital-computer plotting

of a smooth curve through a set of data points (12).

The sets of 75 values of pressure, temperature, and water-vapor density values defining
this model atmosphere are entered into Subroutine ALPHA in the form of Fortran DATA
statements (arrays PP, TT, and RR), thus obviating any necessity of reading them in from

[
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a scparate deck of data cards each time the program is run. The set of 46 oxygen reso-
nance frequencies is similarly entered via DATA statements; these frequencies are scparated
into two arrays, FTRP and FTRM, curresponding to two classes of quantuin-mechanical

state transitions of the oxyren molecule. The details of the calculations are described by
Meeks ana Lilley (13); their formulations of the oxygen absorption equations were emploved.
(The frequencies FTRP correspond to their symbol vy, , and FTRM corresponds to v __.)

The only deviation from the Meeks and Lilley calculations was the use of a slightly
different dependence of line width on altitude. The model of Reber, Mitchell, and
Carter (14) was used for this part of the calculation.

Subroutine ATLOSS (FMHZ, ELEV, ATMP)

The input parameters are FMHZ, frequency in megahertz, and ELEV, elevation angle
in degrees. The output parameter ATMP is the tropospheric noise temperature computed
for the specified frequency and elevation angle. Another output, transmitted via COMMON
block RGA, is an array of absorption values named ATTN (decibels) corresponding to a
set of range valies along the ray path at angle ELEV, corresponding to the altitude values
of Subroutine ALPHA. The corresponding array of range values RG is similarly transmitted
as output.

W

Subroutine ALPHA is called by Subroutine ATL@SS, and the resulting array of 75
values of absorption coefficients ALPH(J,75), J = 3, is used to calculate cumulative
absorption along the ray path at angle ELEV. The ray path in the refracting atmosphere
is computed by numerical-integration ray tracing, from the formula (15)

hy
R = [ (48) an )

/
o
in which
n(h)

]/ [no cosoo"l2. ®)
1 n (1-h/r,)

S5

Here R is the radar range corresponding to height h, as measured along the ray path of
the initial elevation angle 0, , n(") is the refractive index height profile, n, is the value of
nath=20,andr, is the radius of the earth (more specifically, it is the distance from the
earth’s center to the initial point of the ray).

The attenuation is then computed along this ray path by numerically integrating
the equation

" . & ds
(Ryy=2 2 (- Go- dh, (6)

)

”\”m-ﬁ.-or- .
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in which Ry = R(h|), and 1(h) is the absorption coefficient at height h, as given by the
array ALPH (J, 76), J = 3. The derivative ds/dh is equal to [1/n(h)] - dR/dh; that is,
R is the radar range measured along the ray path, and s is the geometric distance along
the same path. The derivatives ds/dk and dR/dh are computed in a short subroutine
named DDH(H), in which the single parameter is the height H. The derivatives are named
DSDH and DRDH and are transmitted to Subroutine ATLQ@SS via a COMMON block
named DRS.

The refractive index model used is given by (2)
n(h) =1+ 0.000313 e-kh (7)

where k = 4.3848 X 1075 if h is in feet. The earth's radius is assumed to be 6370 km, or
2.0899 X 107 it.

A special technique is used to perform the integrations in the vicinity of h = 0 for
the special case 0, = 0, because in that case dR/dh and ds/dh both become infinite. This
technique was described by the author in a paper published in 1968 (15).

The tropospheric noise temperature Ty, (Fortran name ATMP) is computed by
numerical integration of the equation

o R
Tatm = 0.2303 g 7(R) T((R) exp [—0.2303 5 v(r) d;l dR, (8)
o o _] :

where dR is taken alorg the ray path. T, is the thermal temperature of the troposphere;
its values are transmitted to Subroutine ATLOSS from ALPHA via COMMON block TMP.

The previously described modification of Simpson's rule cannot be used to periorm
this integration because it is an integration with respect to R (range) rather than h (height).
The h intervals, as described in the section on Subroutine ALPHA, are uniform (over each
of the four height regions); however, the corresponding R intervals are not uniform.
Another special modification of Simpson’s rule was devised to handle this problem; it 1s
embodied in Subroutine INTGRT, which is called by ATLOSS to perform the numerical
integration of Eq. (8). Further details of the absorption and noise temperature calcula-
tions will be given in a report to be written in the near future, in which curves for absorp-
tion and noise temperature as functions of frequency and elevation angle will be presented.

Subroutine TEMP (FMHZ, ELEV, K, ANF, ALA, ALR, ATMP,
TA, TR, TE, TEI, TSYS)

The input parameters FMHZ, ELEV, and ATMP are the same as those of Subroutine
ATLOSS. The other input parameters are
K — galactic noise code (—1, C, +1)
ANF -- receiver noise factor !T/IT‘, dB
ALA -- antenna loss factor L;, dB

ALR — receiving line loss factor L., dB.
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/

The outﬁut parameters are

TA — antenna noise temperature 1), Kelvins

TR — receiving-transmission-line noise temperature 7',
‘TE — receiver noise temperature T,

TEI — product of T, and L,

TSYS — system noise temperature T. \

The antenna noise temperature is computed by use of equations given in NRL Report
6930, p. 49, and Report 7010, pp. 40 through 44 (1). The sky temperature, named TAl,

is first computed from the equation
Tsky = (Tgal + Tbb)/l’atm + Ta(sun) + Talm 9)

in which T, is the galactic noise temperature, Ty, is the cosmic blackbody temperature
(2.7 K), Ly, is th-: atmospheric loss factor (expressed as a power ratio 2 1), To(sun) 18
the solar contribution to the antenna temperature (assuming that the sun is in an average-
level sidelobe of the antenna pattern), and Ty, is the atmospheric noisc temperature
(ATMP, obtained from Subroutine ATL®SS). The galactic temperature is given by

T al = T100 . (100/fMHz )2'5. (10)

g

The quantity T is the galactic temperaturc at the frequency fyp, = 100 MHz. Its

numerical value depends on the galactic noise code K according to the following prescription.

5 T100 (kelvins)
-1 500

0 3050
+1 18,650

The solar contribution to antenna temperature T, () is obtained from a table of
vaiues ol the solar noise temperature T, entered via a DATA statcment; the table corresponds
to frequencies in tne range 100 MHz to 10 GHz, and the values are taken from Fig. 6 of
Report 7010, p. 43 (1). At frequencies between the tabulated values, T, , is found by
lincar interpolation. Above 10 GHz, Ty, is assumed to have the constant value 10,000
kelvins. The solar temperature T, is related to To(sun) by the equation

To(sun) = Tsun X 4.7 X 1075 /Loy m- (11)

The numerical factor takes into account the assumed unity-gain average sidelobe level, the
ratio of the sun’s noise diameter to the total solid angle (4n steradians) viewed by the antenna
including its side and back lobes, and the assumption that the sun is on the average ten times
noisier than indicated by the referenced curve, which portrays the “‘quiet sun.” Then, T4(gun)
is decreased by a factor of 10 if K = —1 and increased by 10 if K = +1, where K is the galactic

(and solar) noise code,
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The resulting value of sky temperature TAl is multiplied by 0.876 to take into account
the fraction of the total antenna puttern subtended by the sky, and to this is added the
contribution due to antenna-loss noise, in accordance with Eq. (37) of NRL Report 6930.

The transmission line and receiver noise temperatures T, and T, are computed in
accordance with Egs. (40) and (41) of NRL Report 6930, n. 50, and combined to give
the system noise temperature by the equation

T, =1, +T, +L, T, (12)

where L, is the receivirg line loss factor. The product 1., T, is also reported to Subroutine
RANGE as the parameter TEI, and is printed as an intermediate output of the program
along with 7, T,, T,, and T.

Subroutine PDSN (PDT, PFA, NPULS, KASE, SDB)

The purpose of this subroutine is to find the signal-to-noise ratio required for detection
SDB, for the specified probability of detection PDT, false-alarm probability PFA (expressed
as a positive number representing the negative power of ten), number of pulses integrated
NPULS, and Swerling fluctuation case, KASE. Subroutine PDSN does not perform the
calculation; it merely manages it by calling other subroutines. The actual calculation
requires an ite:ation, waici it performed by Subroutine INVERS, called by PDSN. Before
calling INVERS, PDSN estimates a range of decibel values (lower value DB1, upper value
DB2) likely to contain the true value SDB. An empirical formula is used for this purpcse.
This procedure minimizes the number of iterations required. 3ubroutine PDSN is called
from Subroutine RANGE, and the resultant value of SDB is used as a factor in the range
calculation. When the *‘case’ parameter of Subroutine RANGE is 6 or 7 (Col. 74 of
the data card), PDSN is not called, since the signal-to-noise ratio is then a direct input
and need not bhe calculated.

Subroutine INVERS (XMIN, XMAX, XL, XHI, NSIG, LIM,
N@i, X, F), FT, F)

This subroutine performs an iteration to determine the value of the argument X of
a function F(X) which will, within a specified accuracy, cause F(X) to equal FT, a specified
value of the function. The accuracy parameter is NSIG — the number of significant figures
to which agreement is desired between F(X) and FT. LIM specifies a limit on the number
of iterations permitted, and NQI (output parameter) reports the number of iterations
actually performed. F1 is the actual final value of F. It is required that F be a monotonic
function of X within the permissible range of variation of X, which is from XMIN to
XMAX, and that tne value FT exists within this range. The input parameters XL{ and
XHI definc a region in which it is guessed that the desired value of X will be found. If
no knowledge exists by which to estimate this region, XLQ® and XHI can be set equal to
XMIN and XMAX,; however, the mcre narrowly the region is defined, the fewer will be
the iterations required.

If the slope dF:/dX hecomes nearly zero in some part of the range from XMIN to
XMAX, and if this region 15 contained hetweers XLQ and XHI, the iteration will converge
very slowly, or conceivably not at all. It is for this reason, as mentioned carlier, that
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values of probability of detection greater than 0.99 should not be specified. Ewvidently
Subroutine MARSWR, which is involved in the iteration, does not define well the slope
of the “function™ in this region,

Function PD (SNDB)

In order to define a function on which INVERS can operate, the Fortran FUNCTION
PD is used, with signal-to-noise ratio {dB) as the argument SNDB, This functiocn merely
calls Subroutine MARSWR, which calculates the probability of detection.

Subroutine MARSWR (SNDB, N, FA, KASE, PN)

As has been discussed, this subroutine is basically the subroutine of Fehlner {(6) which
he nnmed MARCUM. It was renamed MARSWR after a few changes in it were made to
adapt it to the requirements of Program RGCALC. The inpul parameters are SNDB,
the signal-to-noise ratio in decibels; N, the number of pulses integrated; FA, the false-alarm
exponent; and KASE, the Swerling fluctuation case.

As has been mentioned, Fehlner’s original subroutine calculaies the probability of
detection PN for a specified value of Marcum’s false-alarm number rather than on the
basis of false-alarm probability. The power-of-ten exponent of the false-alarm number is
named FAN in the subroutine. The relation between FAN and the false-alarm probability

Py, is

_ log, 0.5
FAN = log, ¢ [m . (13)

This relationship is used in Subroutine MARSWR to couavert the inpul parameter
FA to the internal parameter FAN.

In using Subroutine MARCUM, it was found that an appreciable portion of the
computing time is spent in computing the bias level YB. If succesive calls to MARCUM

are made with the same values of N and FA (hut with different values of SNDB and KASE),

it is not necessary to repeat the bias-leve! calculation. Therefore a provision for omitting
that part of the calculation, when successive calls to MARSWR are made with the same
values of N and FA, has been added to the subroutine.

Functions named DGAM, DEVAL, GAM, and SUMLODG are part of the MARCUM
subroutine, which was originally written in Fortran II for use with an IBM computer.
These functions are also incorporated inlo MARSWR. The only changes made in them
were those necessary to adapt them for use on the NRL CDC-3800 computer. (Some of
these adapting changes were made by Stanley Gontarek, of the Naval Air Systems
Command.) A further slight change was made in Function SUMLOG; the array named
A therein was given a dimension 1000 rather than 200 as in the original MARCUM sul,.
routine. This increased dimensioning saves compating time if successive calls to SUMLDG
are made with values of N greater than 200.
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FORTRAN PROGRAM LISTING

The Fortran program, subroutines, and functions are listed on the following pages.
The names of the listed routines and their computer lengths (number of locations required)
are as follows:

Name Locations Required

Octal Decimal

Program RGCALC 232 154
Subroutine RANGE 2030 1048
Subroutine TEMP 362 242
Subroutine ATLDSS 156 494
Subroutine DDH 112 74
Subroutine ALPHA 520 336
Subroutine INTGRT 211 137
Subroutine ITERAT 220 144
Subroutine PDSN 230 152
Function PD 63 51
Subroutine INVERS 714 460
Subroutine MARSWR 3123 1619
Function DGAM 216 142
Function LoVAL 106 70
Function GAM 206 134
Function EVAL 111 73
Function SUMLOG 4203 2179

Totals 16525 7509
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FHR2 ,ALADE,ALRDB,
TINE RANGE(PTSw,TAUNS,GTDH,GRDE,S]GS¥,
Sustgga!ALPnn.Agxoa,c;ne.Awrou,N-uLs.Pn.PFA.KASE.ELEV.NetS‘)
COMMON/RGA/Z RGIT?S), ATYN(I,?9)

1F (KASE ,E
10 IKASE s ¢

Ge 1o

12

°| s, 10011

KASE
:; é::EEYEHPl'HHZoELEV.NHISE.ANfonalLADGoAL'DFan"PnTlo'RIYEoYEl-
1SYS)
I1# (XASE ,GE, 6) 00,81
SNDBePD

UL

61
62

63
]

64
68

%A

21

53

G Te

62

CA POSNC(PD,PFA,NPULS,) IKASE,S5NDE)
rAt;ausvouoﬁéua-caba.ALThu-A;PGB.ALxDBuSNDa

F ’ 'ACDQ. 1)

a:g;tgz;téo(prxu;TAuns.slcsnoFAC/ (FMR2eFMHZeTSYS))0e 25
RNGASRNGO
CALL |TERAT(RNGA,ATT)

PRINT
PRINT
PRINTY
PRINT
PRINT
PRINT
PRINT
PRINTY
PRINT
PRINT
PRINY
PRINTY
PRINT

1

100,
101,
102,
103,
104,
105,
106,
108,
109,
110,
111,
112,

PIKW :
tayMs g
GYpRA

GRDB

Fuul

ANFDB

CapR

ALADB

ALTDR

ALRDB

ALPDB

ALxDb

1F (XKASE ,GE, 6) 63,64

PRINT

{1F (XASE

GE YO
PRINT
PRINT
PRINT
PRINT
PRINT

117,

45

107,
113,
114,
113,
116,

1f (NOISE)

PRINTY
GO '8
PRINT
GO 10
PRINY
PRINY
PRINT
PRINY
PRINT
PRINY
PRINTY
PRINT
PRINY
RPRINTY
PRINTY

%5
53
%6
53
97
58
60

rd
120
121,
122,
123,
1123,
124,
12%,

SNDR

€0, 7] PRINT 347, PFa

NPULS

PO

PFA
SIGSM
ELEY
50,51,5%2

TA
TR ]
TE &
TEl 7
15YS

ATIN(3,75)
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08/712/72

PROGRAM RGCALC

DIMENSTION NAME (10)

READ 3+ NaAME

1IF (E0F,60) 10.11)

sTOP

PRINT 22

FORMAT (18X o ®RADAR NAME OR DESCRIPTION ee o/)

PRINT 30¢ NAME

READ 4, PToTAUGToGRISIGoFM ALAIALRGALT 1ALP AL X 9CB ANF NP ,PDy
b} FAXAWELONS

CALL RANGE(PTITAUGToGRISIGeFMIALA*ALRIALT¢ALP1aLX1CBoANF NP PDY
1 FaomasBLINS)

PRINY §

a0 TC 2

FORMAT (§X414)

FORMAT (10A8)

FORMAT (10X910A8//)

FORMAY (2F6,002F4.002F6,0+7F8:0,15,2F0,0011,F4,0,12)

FORMAT {1H])

END
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170

¢

30
'3

100
101
102
103
104
105
106
167
100
109
110
111
132
113
114
113
116
117
58
54
57
58
on

1¢0
1e1
122
1e3
11¢3
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06/20/72

1F (RASE ,QE, &) o6,08/

PRINT 166,ANGA,AYY

PRINT 167, SNDB

IF (XASE ,EQ, 7) 170, §7¢

SNDBL o PIA

DIFF ¢ SNDBeSNDOI

ANG] # ANGOe10.90(D]Fte , 029)

CALL |TERAT(RNG],ATY)

PRINT 166, RANG], aYY

PRINT 167, SNDBY

RETYRN

PRINT 1950

PRINT 1%

PRINT 152

PRINT 153

PRINT 14, ]XASE,SNDB,ATY, ANGA

1F (XaASE ,EQ, 3) 20,21

DE 30 1s1,¢

CALL POSN(PD,PFANPULS,1.SNDBLY

DIFFeSNDBeSNDEY

FACe10,00(D][FFe 02%)

RNG [ eRNGOSFAC

CALL |TERAT(RANG[,ATT)

PRINT 44, 1,SNDBYL,ATT . RNG]

CONTINUE

RETYRN

FERMAT (19XeRADAR AND YARGEY PARAMETERS (NPUTS) eeey)
FORMAT(15XePyULSE POWER, MW .cocoo-||o:--o.o-0-~-oo.coon-oo.lriloi,
FORMAT(ISXKOPULSE LENGTH, MICROSEC 4, .7 cenrrnnrerrnnnrrs i ®fil, )
FOR"‘Ttlsx'YR‘Ns"lY ‘N'ENNA G‘lNl na ;t0'0000-'¢00!'|00'no.lrl‘li,
FORMAT(15XxeRECE]VE ANTENNA GAIN, DB .:........--oqovot--oo.lriilt)
re“q‘Y¢1,x.'RE°UE~CYI “Hz 0.0‘!"0’!':-"loto-'-Otoﬁoivcoi.Oftiox’
FOQNA7(15X°RECEIV€° Ne!sE 'ACYGH ('IGUQE). ca nl."'.l'!"."llll)
FORMAT(15XeBANDWIDTH CORRECTION FACTOR, DB 4. cvararsroo e ®sfit, 1)
FERMAT(19XNONUMBER ®F PULSES INTEBRATED L., vvvrcrrnntanss s s®18X019)
FERMAT(15XeANTENNA @WMIC | ASS, DO vr-:-~°|o~'~-o'ocooooo'o'orlloi)
FORMAT(ISX®TRANSMLIT THANSMISSIAN LINE 0SS, OB .eperrri-re®eF11,1)
FORMAY(1SXoRECEJVE TYRANSMISSION LINE LBSS, TB .vivvrrerrs®Ffle,1)
FERMAT({SXOSCANNINGeANTENNA PATTERN LBSS, DB ...uvvrrrsese®efit 1)
felnl?(;’xONtSCELLANEBUS L0588, D8 o'q..o-..-ocl-lnn||0--ov.l'11|1)
FbﬁMAY(lSX'PﬁOBASlLITY ar DE'eche~ l;oOO'oﬂot00'000’00000'0'1113)
FORMAT(15XeFALSE«ALARM PROAARILITY, NEGATIVE PAWER BF TEN o,F14,4)
FORMAT(15XKaTARGET CR®SS SECTION, SOUARF METERS ,.y.yqevsi0®iF11,4)
FORMAT (15X TARGEY ELEVAT]ION ANOLE, DEGREFS vheserrerrteree®ifl1,2)
FORMAT(15X,0SIGNAL-YO-ND]SE RAT(N, D6 .--'n-a~t~ooooc|ov-'o'r1‘|1’
FORMAT(15XeMINIHUM SALAR AND GALACT]C NGISE ASSUMEDe)
FGAMAT (1 5X9AVERAGE SOLAR AND GALACY[C NBISE ASSUMENe)
FERMAT (1L SXoMAXIMUM SOLAR AND GALACYIC NBISE ASSUMEDe)
FEORMAT(15XoPA 1 TERN-PREPAGAT]IEN FACTBRS ASSUMED = 1 ,e)

FEORMAY (/22X ,39H000000000000000000000000000000s0ss /)
FERMAT(15XeCALCYLATED DLaNTITIES (AYTPUYTS) -wse/)

FORMAT(15XeND1SE TEMPERATURES, DEGREES KELVIN -- o)

FEJEHAY(lSXO ‘NYE\’N‘ ‘Y‘) qno¢|o:.c~'a4qoool';lq'¢-.000'11.1)
FORMAT(15Xe RECEIVING YRANSMISSIAN LINE (TR) oe,.,s®Fl11,1)
f@‘?HAT(15X' ﬂi:CblVE“ ('E’ pvv’0:.--..-.co-o..p......’l'li.l)
FURMAT (15X Te X LINEeLBSS FICYOR 5 YEI ..., erere0.0%:F21,1)

PNPPUP NS,

[T IRRPUPS -3 X Vo S NP S F et A i 1 1 b R Mkt M B

28 kauine
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hNo/20 /72

3?4 FERMAT(1SXe SYSTFM (YA o Y& o T§]) teeeersrrans.eeet®aF11,1)
idsxflﬂﬂ:;(isloYue-ulv AVTENUAT[aN THRQUGH ENTIRE YTROMPSPHMERE, DS »,
v1/77)

190 FORMAT(15Ks SWERL ING STUNA[e TREPESHHER]E RANGE , )
191 FORMAT(15Ne FLUCTLATION THeNB]SE ATTENLAY]BN, NAUYIEALQ)
192 FERMAT(15Xxe CASE RAT!E, ©8 DECIBELS MiLESe)

193 FUQNAH;S]. ccmasvonna escccecgee ecpacscssare wescaconn/)

164 FORMATI20X,]8,9X,F6,2, N, FO,4,5%,F8,1/7)
108 FORMAT(/15XeRANGE s o,F8,1,+ N, M,y TYROPOSPHERIC ATTENUATIMN & o
1 FO. 2,0 LBey)

167 ;::nlthﬁl.-FeR SPECIFIED SIGNALeTOWNGISE RATIA o o, F§,3,¢ Ddes/)

[P
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SUBRBYUTINE YENMP (rnuz.ELEv.K.ANV.ALA.ALR.AYnP,YA.YQ,Yﬁ,y!:,?:v::

PARAMETER X DEYERMINES WWAT? NOISP CONDITIONS ARE ASSUMED, Kaeg 18

FER QUIET SUN AND LOWEST GALACTIC NOISE (NIGH BALN ANTENNA L 80X]NG

IN DIRECT[ON @F BALACTIC POLE), KeD IS FOR AVERAGE GalLACT?IC NolSE

(GEQMETRIC MEAN 8F LOWBSY aAND HWIQNESY TEMPERATURES), AND SUN N8 SE

TEN T{MES TWE GUIET LEVEL, sy IS FOR MAXIMUM GALACY]C NOISE

(GALACTIC CENTER, NARRON UEAM) AND SUN NOJSE 100 YIMES QUJEY LEBVEL,

DIMENSION Y300(3)

CONMON/RGA/ RGIYS), ATYN(3,?9)

DIMENSION FR(8),75(8) _

DATA(FRE1g0 .200.osoo-.400..900..xooo:.3000..10000.).(75-1.1!0o
1.356.1. E‘o‘-le°|loosooaa°esiacoe.a$-35"

DAYA (T10p @ 500.430%0,,186%0,!?

OAYTA (TBLKBYe2,7)

UATA (rLASYOO.)|CELASYCIOO.) ‘

1f (rnﬂz.eo.rgasv «AND ELEV,EQELAST) GO 1e b))

FLASTSF NN

ELASTQELEY

CALL ATLOSS(FMMZ,ELEV,ATMP)

De 10 '.2.0

1F (FMHZ-FR(1))206,30.10

Jaleg

TSUN @ (FMHZ-FR(J))e (YS(l)e?Sty))/ (FR(1)eFR(J)) @ S(J)

Gy 18 49

TSUN & TS¢1)

Ge 18 4p

CONYINVE

TSUNs Y, 0E4

ATYs10,00(ecATIN(3,75)0,0%)

TASUNG4 , 79C¢SaTSUNS (Ly,%eK) o ATY

YA1-(Yioo(Koz)o(100./rnnz)-oz.So?eLKBy)oAT?oYAsUNoatnP

ALAAZL0 00(wAlho, 1}

TAs { ,876eTAy & 254 )AL AA o 290,

ALRR3JD,%e(ALRe,Y)

TR {ALRR<1,) 0290,

ANthgo,oo(ANFO,g)

YEI(AN"?-;.)OZQO,

TelaTEeALRR

TSYS 8 TA ¢ TR o TE]

END

e el

oot it s ¢ ot ko P— . aaa

e



T ¢ T——

- -

30

59

L. V. BLAKE

06/20/72

SUBROUTINE ATLOSS(FHNZ,ELEV,ATNP)

COMMON /PYR/ PP(73), TY(?3), RY(75),ALPH(I,?5)
COMMAN/RGAZ RG(TS),ATTIN(S,75)

DIMENSION 168(e), DELN(4)

COMMON /RRG/REFQ,RAD,GRAD,U E
COMMON/DRS/ DSDMI,DRDMI, AN

DATACRG(1)80, ) o (ATTNCL 1)®0, )1 (ATTN(2,4)00,)sC(ATIN(I, 1)00,)
DATA (REFQS 0003332, (RADSZ20C989%0,13),(GRADe,00004309%)
DATA(FLASYsQ, ), \ELASY=100,) s (CONSTY,23025085)
DATA (1668010,14:10,3).CDELN®L00,,2¢00;,2000,,5000,)
ATYL(YY)=FAC2e(],250V102,9Y20,200YY)
ATY2(YY)SFAC2e(2,2%0Y102,07Y24],2%0YY)
RG1(DR)sFAC e (1,259 URDN e, eDRDHZ>,2500R)
RG2(DR)sFACY o (v 250DRUHLe2,eDRDN2eY,25eDR)
I1F (FMMZ EQ,FLASY ,AND ., ELEV,EQ,ELAST) RETURN
ELAST = ELEY

1$162§

TRETARELEY/57,2957798

SNsSIN(THETA)

CS2COS(THETA)

$SaSNeSN

RP1ay, ¢REFQ

US(RP§eSN)ese2 « 2,8REIN « REFQeREFO

Ib (FMM2,EQ, FLAST) Co Te 55

CALL ALPHA(FMKZ)

FLASTSFMNZ

WeQ,

RNG.O.

ATTENLSATTEN2:D,

K'.;

HMIN 30,

CALL UDH(WM]N)

DRDM1 $DRDMI

DSDmM1gDSDM3

ANLisAN

TPIsALPH{3,1)e TV (1)

TEMP ¢ ¢,

YisALPH(1,1)eDSDNH]

Yigevy

Y122APH(2,1)eDSDNY

D8 60 J=i1,4

FACLeDELM{J)/(3,06076,.11%Y)

FAC282,0FACY

IMAXs 166(J)

DO 61 lsa1,]Max

KeKe2

WeSHeDELH(Y)

WleH

CALL DDW(N)

DRDH29#DRDNMJ

DSOH2eDSDR3

AN2BAN

HEMeDELH(Y)

CALL DDH (M)

Y2sALPH(1,Ke))eDSDNH2
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06720/%2

Yei1sve

Y228 AL PH(R,Kel)eDSDN2

YdgALPH(1,Ke2)0DSDHY

Yo2uA PK(2,%X22)eDSDRY

AN AN

l‘ ‘ELEV .LYQ 1' .‘NDI H OLY' 2010) s‘ [}
CCasCSeCSe({1,/RADREFO*QRAD/RP1)

CCis1,/(CC26076,4159)

PRODsZ, eCCoHY

FOLLOWING IS APPREX[MAYION REQUJMED NEAR THETARQ AND Ms) FOR RANGE
CALCULATION, RANGE IS CALCULATED THUS FBR H s 100 AND W= 200 WKHEN
ELEVATIEN ANGLE 1S LESS THWAN 1 DEGREE,
RNGsCCLoPROD/(SQRTF(PHODSS) aSN)

0S1=RNG

APPROXIMAYTE ATTENUATIUN IS RANGE (Tw®-wAY) TIMES AVERAGE VALUE §F
GAMMA IN THE RANGE INTERVAL,

ATTENLSRNG®(ALPHIL,1) o ALPH(1,2))

ATTENZORNGO(ALPMIZ,1) o ALPHLZ,2))

FADAR RANGE 1S GEGMETRIC RANGE TIMES AVERAGE REFRACTIVE INDEX,
RNGERNGe(RF]1 o 3, o REFQeEXP(+GRADeONY)) o ,5

1S1Gs2

GO ta 7

DS=RGL (DRDNI)

ANGERNG+DS

DSts DS/((ANL1e¢AN2)e,5)

ATTENSSATTENLoATYL(YY)

Yievig

Y2svY22

ATTENGSATYENZ ¢ ATYL(Y32)
RG(Ke§)zRNG

ATIN(L )Kel)e ATTENL
ATTIN(Z,K23 )PATTENR

ATIN(I Koy )BATTENY o ATTEN?

Ge 18 (10,11) 181G

PREDeQ, e CCoN

RNGeCCLePRBD/(SQRTF (PREDeSS)eSN)
DS2aRNG-DS1

ATTYENLSRNGO(ALPH({1,1) ¢ ALPN(1,3))
ATYENGSRNGO(ALPHMIZ,1) o ALPHLZ,3))
RNGERNGe(RPY ¢ 4, ¢ REFQEEXP(*GRADSH 1)) o ,5
1S1Gs}

@ v0 12

DSsRGR(DRDMI)

RNGSRNG«D§

DS2808/7 ((ANQeANJ e ,8)

Yisvil

Y2syv2)

ATYENS® ATTENL ¢ ATT2(Y])

vievyiyg

Yaey22

ATTENZ® ATTENZ ¢ ATT2(V32)
RG(Ke2)sRNG

ATIN(L ) Ke2)OATTEN]
ATIN(2.,Ke2)SATTENZ

ATYN(3 Ke2)SATTENY o ATTEN2
ALOSSPL0.,00(-ATIN(I K*2)0e,05)

———
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n6,20/%2

TPISALPHII  Ke2)eTT(Ka2)oALBSS

DS1 = (RG(Ke1)eRO(X))/((ANL4AN2)Q,5)

DS2 « (RG(Ke2)*RG(Ke1))/((AN2¢ANY ) S

APPROXIMATION EMPLBYEL [N PLACE BF FIRST [NTEGRAT]AN STEP,

IF1ED 78 GIVE VALID RESULTS IN MIGHeATTENUATIAN CASES, ANALYTIC

APPROXIMAY]ION STARTS AT STATEMENY 70,

CEXa0,50CONSTe (ALPH(I,1)eA PH(3,2))

CEYRQ ,5eCUNSTo(ALPH(S,2)eALPHII,3))

ALOSYeEXPF (s CEXODSY)

ALOS2SEXPF (+CEYaDS1)

ALOSISEXPF (eCEYs (DS 60US2))

DVEHPo(o.SICQNSY)-((7111)07712))-(1,-AL851) o (TY(2)eTY(S))0{ALBS2
«AL053))

Q0 T8 72

ALOSSe10,00(<ATIN(3 Ke1)e,05)

YP2ALPH(F Kag)oTT(Key)oalBSS

CALL INTGRYT({DS1,DS2,TP3,TP2,TP3,DTENP)

TEMP 3 TEMPODTENP

DRDOM1#DRDNMY

TPy = TP

Yisyi13eyl

Y32sv$2

ANy « AN3

CONTINVE

CONTINVE

ATMPeTEMPAC@ONSY

END

Al ity s i

A B Mt Rt s I st et st e it i b

T Y e T X S
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SUBROYTINE DDNWIN)Y

CUMMON /RRG/REFQ,RAD,GRAD,y
COMMON/DRS/ DSDMWY,DADHS, AN
EXaREFOCEXP({«GRADOH)

ANuy ,o€x

VeEXe (2, EX)

WleK/RAD

WOhie(2,0m1)

DSOH3aANS (1, en1)/SORTF (UeVanaVen)
DRDHSPANSDSDKY

END

06/20/72

33
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06729772

SLHRELTINE alLPHA(FFHZ)

CEMMEN /PTR/ PPI?5), TT(25), RR{7S) ,ALPA(S,75)

CEMMPN /RH20/HMEFAC

CIMENSIAON FTIRF(23) ,FTRV(23),NELR(4),INAX(A)
CATA(CELN®1D00,,17M00,,2000,,5%000,)s{1MAX221:28,20448)

TATACAL2®,3), (AL 3% ,27),(k1egb0r0, ), (H2832000,)s(PuR=,5)
PATA(CSTHRCEZ 4,693 EsY),(FR¥gFPe22,23%),(UEL2EPB=17,99)
CATAUCONSTR S ,714R),(CEAST220,206N0E),(CVPE,7500A4),(5»X15,2n846)
FATALFTRP3%s,o64R,)52,44866,59,591":40,434R,61,1506:41,8007/,¢62,4112,
1#2,9960,68,588%,64 1272,68 6779,65 2240,A5,7626,66,2978,66,8332,
2€7,3667,67,8%23,68 420%.668,9470,485 ,4744,7(,0000,70,5249,71,0497)
FATA(FTROMEY 1R 7505,62,4063,60,30A1,59,1847,5R 3239,57 4125,56,0082
1:56,3€¢34a,5%% ,7039,95,2214,54,4728,54,1294,53,59619,53,0695,57,5454,
2%210259¢514529125U,9566450,483n,45,9730,49,464H,48,9582,288,453n)
CaTa (PP=
11001325F‘$'1|°0°59E‘101000g95e.3510Opzsla‘xl90086895.2l9095076F’?'

16,91 473E¢2)9,07BRUE+Z, G B4DI0E 2.1 5,60728BF*2,9,77187E2,5.7%17F+2,

19,700776+42,9,066548E2,6,64nz0%«2,9,5992,F¢?,9,%8023k¢2,9,92536F+2,

16,49058E+¢,9,45591C%,9,42105%E2,5,08130F2,R 75129F«2,8,431N9Ce2,
1F,3120976+2,7,81921F¢2,7,52710ke2,7,24391F0?,6 VE943E+2,6,77347Fe2,
14,44581E+2,6,19829F47,5,954%0E42,5,77065F02,5 49022F+¢,5,27513F+2,
15,06315E2,4,6582¢Fez,4,60n3ke2,4,4F046F02,4 78334F+2,4,1%449F42,
1Y, 93176842,3,76497Fe7,2 £DTGREL2,T 408862F2,2 29R74Ee2,3,15420F2,
13,01808k2,2,75110FZ,7,50441k02,2,27969F¢2,2,0714%2,1,83230k02,
11,710¢3Ee2,1,5542bE47,1,45241E2,1,2P352Fe2,1,16641E+2,1,050N00Fe2,
15,63319¢01, 4, 754720 ¢1,7,95650863,7,23119F 1,6, 57212E43,5,97303C0 ¢,
15,829G1E+1,4 93487Fe1,4 485GAEe1,3 53282Fe1,2,768%07F¢1,2,19421F+1,
11,73785g4,1,32270F¢1,1,10523E1)

CATA (TTx

12,BBI6NE*2,2 ,B7962F 7,7 ,87764E42,.,87966E¢2,72 ,730REez,2,87149F¢2,

17 . P6971E+2,7 ,E8773C¢2,,,86575E02,2,8F37/€¢2,7,R86179E+2,2,859R1F 2,

17.B57E3E*2,2,655790«2,2 85 ETEez .. ,B5180Fe2,2 K4999F+,,2,B84792F+>,

17 ,R4594E 02,2 ,64336047,2,P449RE42,¢8,822176¢2,7 R0P57E%2,2,78256F«2,

17,782/6E2,2,742%6E47,2,72%1Ak+2,2,7C337642,7 £83576+2,2,643878F42,

17 ,84399E¢2,2 ,60420E4+7,7 ,60442F ¢ ,2c,5R403F 2,2 56485k +,,2,54507F 2,

12,52529F2,2,50951F¢2,7 485748 2,6,4A0071 02,2 64R20E+2,2,87043F2,

12,4066AE2,2 ,3R67YF 4,7 307 13E+2,2,34737F02,2,32761€4¢,¢,307R35cC+2,
17,28909E42,2,248%9E+2,,,20000€+2,2,1¢9805Fa2,7 ,1666LE42,2,15660F+2,

12, 16660E02,2,1468UF+2,7 . 106R6NE&2,c,15680F 42,7 16A40E+2,2,146A0F¢2,

17,36600002,2,16060F42,7,16R80Ce212,1F0600F+2,2,16660NE42,2,14%660F«2,

17,16660F2,2,166508+2,2,10K60E«2,¢,1566(CFe?,7 166K0L42,2,19069F«2,
12,23002E+202,¢R134F 02,2 ,32h04k47)

TATA(RRs 7,90000F o, 7,43884E r, 7,37179% 0, 7,30779€E A, )
7.24387€6 g, 7,14074F 0, 7,19€3CF 0, 7,05267E U, 6.9R915F 0,
£,92975F 9, 6,F6247k 0, &£,799%3F 0, A,73F33F 9, 6,67347F -0,
£,610776 0, ¢.54PzZt 0, 0,4PSFSE 0, £,42384F 0, 5,3A3r20 o,
6,29978L 0, 5,24F14c 0, H,633%EF 0, 5,05440F 0, 4,953515F 3,
1,9R8%6k 0, 2,5G7CCZE ©, 22,0467 0, 2,82039% ¢ gxflﬁ?of 0,
1,90459F 0, 1,%1971t 0, 1,320%F 0, 1,1812r¢ 0,71,51091F 0,
8,6463%c <), 7,3B447E -1, 6,2917¢6E -1, 5,343115/,{. <,521n5F .1,
3,88598F <1, 3,22P24L -1, ¢,7574EF -1, 2,31430£ -1, 1,54717C <1,
1,56023k =1, 1,286078 -1, ©,4A5rZF 22, 7 08ndye -2, 55,2335 .2,
,8P433F .2, 1, 707FCE -2, 1,0%67LF -2, A 451G9E <3, 4, 012847 .4,
C,3FZ49F o8, 1, 406€FC0E T, 3,052%%E -3, 9,02707F -4, F,40642¢ .4,
7,91078F .a, 7, ,1446Ct -4, ¢,3766EF <4, 5, 7666k -4, H.91107F .4,

L N el o S S Ay Sy
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1 5,44382E o4, S5 ,%R5%E <-4, YH,64074k =4, 5,R79772¢ -4, 6,21432F <4,
1 7,08726E 44 B,738420 ~4, $,0O155E -4y 7,32574E -4, 5,851°2k -4,

1 ‘0")(?4" -q)

TATA(R™SFACE],)

FGHZ2sFMHle] €3

FOHZA2SFGHZFGh?

FRAT]CSFGMI/FANZ

FSUMZa{FGMZeFRM2 )ee;

FCIF28(FGH2<FRKH2M )00y

18

TE 3100 J1.4

Tezpraxid)

re 100 xs1,]¥

1311

~C SIN(]) o FH“PAC

PF«3sR( eTTt{)/778P,7H

PRIPP(]) ¢ PPu/CVP

TSNsTT(()reep

R3HeTELN(J)

IF (+,LE ML) 1011

ALtz , b4

CE TE 15

‘F (" QGTt N?) 1?,1‘)

AL121,1357

GE TE 15

LLtz,84 o ,797ssk10 /84000,

FALL2CANSTZoaL10PP (1) /TT(])

FOAJSRALLIOrAL)

FOosmaL1/7(FCHT7comnay)

:L”‘O'

€ S0 M231423

ANZQ oM,

AN1sANSY,

LhE2eANe(2,0aNed, ) /2N

LEM2zANIe(Z,080e], ) /00
L'\02=2.'(Al\'5.\oAio,.).(2..,\9\,}.)/(“\.‘\“
FAP3RALYI/Z/UIFTRP (™) el GHT Yoo ehCAt Yo L1/ CLFTRP (MY eF(HIY®O®2eHSAY)
FAMsRAL (70 (y TR (M) b CHDZ )OQEQhCA1)OpLLll((F?Av(p).rGHZ)..a‘ngA!)
TLAV (FNPOlLNB ep v MeihNTeF GeLhDD ot XPF (w2, hudd0avernNy /T (] ))
SLMgSLMsTERY

FENTINUE

ALPREZ 3 CINSTe(PR STV VYeed)efGhypeS yu
LLPE(L 1) RELPRED

T8930,/ (1)

TELF SLELZERJe(PRaeTIC PP (1) eLVP sSuYeTOos, 64)e) kY
NELF28DELFepFLF
FRRZ=FRAT[SeTELF o1,/ (FSUMDeNELFD)ey, /IFn]Fe0LLF2))
ALPHZCEFSTH 2 eF N erFaeTREee T, G0k XP; (2, 1440(1,=TRYY)FPR?
MLFQES2],361%=D0 ® €,k 7 ¢ N5 @ PO o TT{{)ews{-2,5)
ALPHI(2,1) & ALPHP¢ » ALFRLES

ALPH(Lsl) 15 ARS, CHEFF, FAR EXYSEN, ALH(2,1) wATFG VvAPFR,
ALPR(I,I) 1S TRTAL XESIHPTILN FSFFFIC[ENT

ALPRIJI|YE ALPR(La1) + ALPHI(D.1)

CENTINUE

FAD

o aaed

[ RN

s bt A b e 4 Rk bt o & il st S PUNRDIYE e

st e L e i i At N i
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SUBROYTIME [NTGRT (MYy,M2,YL,Y2,Y3,AREA)

W12z {eNl

H22eW2eH2

L LELIE LM

HPHEH] oH2

AFACE(Y1eM2 o YJoR1cYZ2eMPH)/ (HNOHPN)

AREA 8 (AFAC/J3,)e{Hg2eM2 o H{20MY) o (YJeY2-AFACeH22)e(H22-H{2)/
1 (2,%H2) & Y2eMPH

END
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SUBROYTINE JTERAT(RMX,ATT)

GIVEN PADAR MAX]|MUM RANGE IN NONABSORBING SPACE, RMX, THE
SUBROYTINE FINDS TWE ATMOSPHMERIC ATTENUAT]ON ATT, PROM A TABLE
SUPPL|ED WY ANOTWER BUBROVUTINE VIA THE COMMSN STATEMENT,

1T THEN CORRECTYS THE RANGE RMX BY A FACTOR QASED BN ATY, THlS
PROCEYURE IS [TERATED UNTIL SUCCESSIVE AYY VALUES DIFFER BY LESS
THAN §,1 DECIBEL,

COMMON/RGA/ RG(TS), ATIN(3,7%)

ATT_Leg,

DE 10 le2,75

IF (RG{I) « RMX) 10,9,11

Jeley

ATTR(ATINGS, 1) «ATTIN(S,J) )0 (RMXeRG(J))/(RG/[IeRG(J)) ¢ ATINEI,J)
Go Y6 12

ATYTEATTIN(3, ]

66 Te 12

CONTINVE

ATTgATIN(3,?5)

DIFF g ATY|, - ATY

RMX = RMX ¢ 10,00(D|Ft e, 025)

16 (ABSF(LIFF) LT, 0.,1) RETURN

1f (AMX ,GE, RG{75)) RETURN

ATTL & 1YY

GO Te 1

END

O T PUURRPE
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08/12/12

SURRCUTINE PDSN(PDT.PFA.NPULSoKASEoSDG)

EXTERNAL PO

NIMENSION DBO(S)oSLOPEQS)oPDFAC(S)

COMMON /PDS/ PFLASTcNLASTvKSLAST

DATA (PFLASTIO.).(NLASTOO)o(KSLASYO-l)

DATA (080'12Q5'l‘001~2|‘302'13.2)'(SLOPEOG.'7.'Q..7..G.),
1 (PDFAC16050200|200'l300130)
DAYA(DRNXN-'300)o(OBMAX'SO.)0(081!0-)0(082-6.)

1F (PDTJEC.POLAST) 1920

142 (PFALEC,PFLAST) 2+20

tF (APULS,EQeNLAST) 3+20

1F (KASE.EQeKSLAST) RETURN

POLASTePDT

PELASTaPFA

NLASTaNPULS

KSLASTeKASE

KsKASE ¢ 1

PULSSNPULS
celnnno(x)-sLope(x)oaLocxo(PULS)o(Pot-.S)-PnFAC(K)o(PrA-s.)-.s-l.
OB2sCR1e2,

call INVERS(DBM!N.OBHAX.Dal.DBZ.O.IS.NO!.SDa.Pol.PoT.po)

[-R7" B Ao

END
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0R/12/712

FUNCTYTION PD(SNODB)
COMMCN/PDS/FAYNyKASE
NPaN

FANSFA .
KASex2SE

CALL MARSWR (SNOB,NP4FAN,KAS,PD1)

POsPO}

END

it d e I R




.u‘udl‘

40 L. V. BLAKE

e

o 08/12/72
SURROUTINE INVERS (XMIN)XMAKoXLOsKNT oNSTGoLIMINOT o XoF 1 oF Tof)
THIS 1S A MO0IFICATION (APRIL 1970) OF A PREVIOYS SUBROUTINE NAMED

P e S IO

et 2

c

c INVERT, Th1S VERSION MAS ADOITIONAL PARAMETERS, Le Ve BLARE, NRL,

¢ ThlS SUBRNUTINE FINDS VALUE OF X TrAT RESULTS IN F(X) » FTe @Y

€ ITERATICN BASED ON LINEAR [NTERPOLATION/EXRTRAPOLATION FROM PREVIOQUS

C Two TRIALS. FUNCTION F MUST BE HOMOTONIC.
TEST = 10.**(=NSlG) 1
D 8 FT !
1F (FT otGe O¢) Fp = 1. i
wot o 1\ :
OELTA = Xl = XL O §
X18XL0 :
X28kpl
FlsF(xl)
Fre2p 22)

SLOPES(FCeFl)/ (X2=X])
1¢¥ (SLOPE LEYU, 0,) 10+2]
10 F vAXSF (XMaX)
bwltss (XMIN)
SLOPE ® (FUAX=FMIN)/ (XMAX=RM]N)
21 17 ({F2=-FT)1eSLOPE (LTe 041 22423
22 xl=2%2
£1:F2
N29X240ELTA
IF (X2 JGTe ANMAX) X28XMAX
F2ef (x2)
Q0 T¢C
23 IF((FT<F)1I1OSLOPE LTe 0e) 26929
24 x2ex)
X1sX1<NDELTA
IF (X LT, AMIN) X]BXMIN
r2srl
FlsFixl)
a0 Y0 ?)
2% xasx)
XAsx2
Fasfl
FARF2
1F (AQSF(F2<FT) «LTe ABSF(FLeFTI) Teg
Y F22%F2
F2uf
ciaF22
X228X?
x2ax}
X1ax?2?2
GO0 YC &
FilsF ()
xlsX /
TEST1 » ARS((FleFT)/FD)
1F (TEST] (LE. TEST) 246
RETURN
1F (NOT LGEe LIM) 12413
PRINT 40
CRINT 4l LIM
PRINT 4ze XMINy XMAXy XLO» Xwuly NSIGe LIMy NOLe Xo Fl, FTY
RETURA

D b ok e

e e

o s doie it 0K ik e ... .o .

ol
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18 IF (P LEC, F2) 18,16
18 1F (F1 LEGC, FB) 17,18
17 ngex)
120XA
a0 TC 19
18 xaeXx}
x2eXA
19 xs(XxAexpl)e,$
a0 TC )
16 Xo(X)aX2)0(FTeF2)/(F1=F2) ¢ X2
IF (X LY, XA} XSXA
1* (x .47, X8) Xxsx8
NOT ® NOT o 1
rarl
x2nX)
a0 T0 1

41

0s/12/12

A0 FORMAT (//®  MESSAGE FROM SUBROUTINE INVERS == #//)
4] FORMAT (@  SUNCTION INVERSION NOT ACCOMPLISHED WITWMIN SPECIFIED e

1 +13¢ @ ITERATIONS.?/)

42 FORMATY (/e INVERS PARAMETERS WERE @94 {£104392%)03(1302X) 91063

1 2(2%,€E10,3) /)
END

T

e iD= — 28 s e N ORI SR e B R e RS

ST e “_.,.‘w
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42 L. V. BLAKE 4
. i
0s/12/12 :
SUBRCUTINE MARSUR (SNDO NoFaRASE,PN) 5
E INPUTS ARE == SnDBs SI10MAL-TOSNGISE POWER ®eTI0 IN NECIBELS -
- Ne WUNBER OF PULSES INTEGRATED -~
¢ €4y FALSE alafn BROSABILITY. EXPRESSED A8 ARSOLUTE YALUE OF S)weEm
¢ oF TEN (€800 PA © 80 MEARS 10.°%(oB,) FALSE ALAAY PROBABILITY -- L
¢ NaSCe SWEALING FLUCTUATION ODELs wITh NASE © ¢ POR MONFLUCTUAYING 3
¢ OUTAUT Sn 1S PROSABILITY OF OLIECTI0M ]
{
8 04320 On PROMan WAITIEN 4T 2PPLIED PwYSICS LABOBATORY, NawZD 1
¢ SURRUTING mAACUR, WCOTFIZC AY WRL @Y (., V, OLoRE. TYNIS vemsiON i
¢ QATED APRYL JOT) :
c aPL VERSICh OEFINED "p 48 FobBl sL0AE wumpE R (N ,ACUMN cONCEPT), ]
' wBL P00 CrahBED TwIS TO FalLSE alo0n ARERLEI\ITY (43 OFF IngOD AgOVE)
¢ SOME OTWER Crangl$s &L 30.
¢
NOUMLE PRECISION CPR,vEPS 08500 07D ,m,vp,C0,71 L), 37CP 70 00000200 ]
NOUBLE PRECISION 000®: DESale M 08, P, , Foi, th og 00309 {
¢ 00000420
4 COMPLTE SafCUP.Sull I00 PETICT IO PRgpeel, § LS 00080500 ]
¢
¢ CONVEART S/ I8 08 10 MUEESICEL 3N BaT08 ::3::383
¢ 40000000
SR o Q.00 (IMDPe, ) 00000900 .
e 90001000 i
c TO CCAVERT Twis VBB Tieg *3 . €T 95 48 Tulf WpACU” Fo N b
e ALARS NUREER - Crandl YA AER’ $TaTERgRT °2 @ad o~ «ON{ * o i
¢
=0ngey 2
¢ 17 ®0DE 1S lo CONVIRTY Fg TC o LAPONRS' @F F L3 oaL e edee1100
' OR0G2AILITY RaTug® Tugh Selwe /) g Nea, o™ Wiig,d 2000 1
4 40001300
17 (PODE) 000: 009. 90¢ 08001400
000 7aN SDLOG19I0L08(.5) /0000 | coileel) %0l 00001300
80 TC 999 €0001400
300 Fan o Fa 00001700 !
¢ 90001000 3
¢ TESY [PUTS 00001900 |
¢ 00002000 ;
808 1P (N) 99,9¢,2 00002100
2 1F(FAIN01990) 60002200
3 1P INASE) 99,400 00002300 [
o 1P (RASELe) 3,9,99 00052400 |
¢ 00002%06 5
¢ ESTIvVATE @1AS LEVEL 00002600
c 00002700
& FNPR o Q. 00002000
& ENPR @ FAN 00002900 1
EN ® & 00003000
YAPR » 0, 00003100
16 (APREV ,EQe N AND: FAPAEY LEQ, Fa) @0 TO 77y .
IF(N=12) 747¢0 00003200
7 YAPR u ENG () 402, 20ENPR/EN®®((2,0/3,0)0,7]30ENPRy; 00003300
60 10 11 00003400 ;
B YAPR ® EN®(]4%) ICENPR/EN®®(,5¢,0])1%NPH)) 00003%00
¢ 00003600

A

Wl

Lk vk AR RE* ? <awoiBe (PR Wt mmAWIE == O - AT 85 B SN
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(s NeXs)

o000

11

10

12
14

16

1A

20
22

24

7

100

102

110
112
114

NRL REPORT 7448

COMPUTE B1AS LEVEL

ENPR o 10,°¢ENPR

GAMPR w DGAM(YBPRyN=1l)

PYA o 898 (],/ENPR)

SUML o SUNLOG(Ne))

1F (0AMPRePYB) 104912412

M8 n)

30 YO 14

H e e,nl

Y0 s YAPR

FO = DEVAL(YOsNeloSUML)

vyl ® yOeN

E1l v DEVAL (Y]l eNe] SUML)

STEP s GAMPR ¢ H®(EQ¢El)/2,
IF(SlGNF(l.oSIEP-PVB)-SIONF(l:.H)) 18,20418
Yo s v

Fo = £}

GAMPR o STEP

80 TC 16

IF (M) 229241024

YR & Y] = WHeIPYReSTER) / (GAMPR=STEPR)
&0 T0 230

YA ® vo ¢ HO(PYReGAMPR )/ (STEP*GAMPR)
AIAS » YB

Yg ® B1AS

NPREV ® N

FAPREV s Fa

SELECT N=§ CASE
X s SNR

K ® KESEe]
RO TO 11000200430004004500)+ K

casSt o

SUM & 0.
P o ENOX
1F (YB=P=EA) 15041024102

KS » w(ENel1a)/2, o SARTF(((ENel,)/2,)%024Peya)

XS 8 XMAXQF (KS,0)

RS 8 1 ,eGAM(YBKSeN=]lTN)
TS s EVAL(PsKS)eGS

G = GS

XK & KS

TERM @& TS

TL ® TN

TEMP & SUNOTERM

1F (SUMaTE¥P) 11201169118
SUM & TEMP

1F(K) 116,1164114

TERM o TEQMOFLOATF(K)®(GeTL)/(P*G)
G & GeTL

X @& Kel

TL ® TLOFLOATF (KeN)/YB

08712772

43

00003700
00003000
00003900
00004000
00004100
00004200
00004300
00004400
00004800
00004400

00004700

000048C0
00004900
00008000
00008100
00008200
00005300
00008400
00008300
000086400
00008700
00008200
00008902
0000A000
00006100

00004200
00006300
00006400
00004800
00832200
000047¢0
00004810
00006900
00007000
00007100
00007200
00007300
00007400
00007500
00007600
00007700
00007800
00007900
00008000
00008100
00008200
00008300
00008400
00008500
00008600
00008700
00008800
0000R900

J——ry |
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44 L. V. BLAKE

08712772
60 TC 110 00000000
116 TL = TNOYR/FLOATF(KSeN) 00009100
X o KSe] 00000200
G » GSeTL 00009300
TERM & TSepPeG/ (GSOFLOATF (K)) 00009400
120 TEMP a SUNCTEHRM 00009%00
IF (SUNTENP) 12241904190 00009600
122 SUM & TEMP 00009700
TL & TLeYR/FLOATF (KeN) 00009a00
X ® Kel) 00069900
TERM & TEAMOP® (GeTL)/ (GEFLOATF (X)) 00010000
G e GoTL 00010100
a0 TC 120 00010200
180 XS & o], « EN/2, ¢ SQRTF (EN®92/¢.0eP0YR) 00010300
S axXMAXOF (KS40) 00010400
GS u GAM(YB¢KSeNe]TN) 00010800
1F(GS) 17a¢1744158 000106800
188 TS o EVAL (PeKS)eGS 00010700
A s GS 00010800
TEAN o TS 00010900
X s KS 00041000
W e TN 00011100
180 TEMP o SUMSTEFRM 00011200
1F(SUMTEMP) 16291660166 00011300
162 SUm » Temp 00011400
TF(X) 166,1660166 00011%00
164 TERN & TERMOFLOATF(K)®{(GeTL)/{POG) 00011600
G e GeTL 60011700
TL o TLOFLOATF (KeNe))/Y8B 00011600
K s Ka) 00011900
} a0 TC 160 00012000
: 166 TL = TINSYR/FLCATF (KSeh) 00012100
i X s KSel 60012200
: 0 o GS=TL 000121300
TERK = TSePeG/ (gSeFLOATF (K)) 00012400
170 TEMP = SUv o TERM 00212%00
IF (SUMTENMP) 17241744176 00012600
172 SUM & TEMP 00012700
TLU & TLOVR/FLOATF (KeN) 00012000
TERM o TERM®PR (T )/ (GO*FLOATF (K1) ) 00012900
G u CeTL 00013000
Ko Ne} 00013100
. Ao Tc 170 ¥0013200
174 SUM 8 | ,=GUM 00013300
i 100 PN = Siim 00013400
a0 TC 90 00013500
f [od 00013600
l d CASE 00013700
¢ 00013A00
200 1F(N=]1) 210+210,220 00013900
210 PN ® EXPF (=YB/(]seX)) 00114000
o TC 0 07014100
220 TEMP a8 ), ¢ )a/(ENOX) ) £0014200
PN ® 1, « GAM{YRiN=20UM) o glPF((CN.I.)CLOOF(TfNP).Yn/(l.ofnol)) 40014300
1 SGAM(YR/TEMP ¢ Ne2 o DUM) 00014400
680 YC 90 00014800

?
|
?




(2 Xo Ny

(2 X174

o000
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cast 2

300 IF(Nel) 310+310,320

310 BN @ EXPF (=YB/ ()1eeX))
00 TC 90

320 PN & 1, « GAM(YB/(1.9X) sNelsDUM)
00 TC 90

CASE

400 IF(N=2) 4104%20,430
010 PN 8 (1402.%KPYB/ (Ke2:)002)0EXPF (02,0787 (2,0K})
60 TC 90
420 PN @ (159Y8/71{1,0X) ) 9EXPF (oYB8/ (] ,0X))
a0 T0 90
430 C a 2,/(2,EN))
h e ).«
IF(YBen=EN) 440,4504450
440 SUM = g,
TeRn » ).
JeR
442 TEMP » SUNeTERM
TP (SUMSTENP) 444144069440
444 SUN » TENP
TERM o TERMaYBaD/FLOATF (J)
J e Jeol
G0 TC 442
448 PN ® 3, = GAMIYBIN=2eCUM) o FOYROEVAL(YRiN=2)
1 o DO®EVAL (YRIN®1)®(].oCoVRe(En=2s)8C/0D) OqUN
GO TC 90
48n PN @ |, = GAM(YBIN=II0UM) o YROEVAL(YBIN~))eC/D
1

s EXPF («COYP(EN=2,)9L0GF (D)) (1 ,0COVB~(Ehe2,)*C/D)

4 QAN (YDOD ¢ Ne I OUN)
a0 T0 90

CASE o

800 SUM = o,
C® 2s/(2,0K)
N s l,eC
0 e C/h
P v Covg

KS 8 (1,9ENe(YB®0))/2+SQRTIF((EN®]) o (Ya%0))202/4.0(YBe0) ®(ENe],))

w8 o XMINOF (KSyN)

XS & XMANOF (KS,0)

X » KS

J ® ANex$

FKS ® XS

X w XMINOF (KSoN)

1P (YB=EN®(]1+°D)) 580+5011501
01 AS » ), » GAM(P2¢N=]*KSy TN}

1F(GS) 826+526.502

€o2 1S » EXPF (FKSOLOGF (C) ¢ (EN=FKS)®LOGF (D) ¢ SUN{_ NG (N) o SUMLOGIKS)
1

«SUFLOG(J) *LOGF (GS))
A g GS

45

00014800
00014700
00014800
00014900
00018000
000198100
00013200
00018300
00018400
00019%00
00018600
00018700
00019800
00018900
00016000
00014100
000168200
00016300
00016400
00018300
000616600
00016700
0001480800
00016900
00017000
00017100

88817388

00017400
00017800
00017600
00017700
00017000
00017900
00016000
00018100
0001R200
00014300
00018400
00018500
00018400
00018700
00018800
00018900
00019000
00019100
00019200
00019300
000109400
00019830
00019400
00019700
00019800
00019900
00020000
00020100
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Sto
Si12
Sis

S16
S\

$20
822

S2e

526
S0

€52 TS @ FXPF (FKSELOGF (C) o (ENwFKS) oLOGF (D) eSUNLOG [N) «SUMLOG (KS)

1

840

862

S46
568

570
872

ST4

L. V. BLAKE

TERN a T§

L = IN

TEMP = SUNATERM

1F (SUMaTEMPP) $12+5164516

SUm s TEMP

TFix) 816,516+514

TL ® TLOP/FLUATF (2ON=K)

TERN o TERMSFLOATF (K)®(GeTL)/Z(QOFLOATF (NeKol) *G)
G s GeT

K u Kel

a0 TC 810

TP (KSN) 918,526,526

TERM = TSeQOFLOATF (N=KS)®(GS=TN}/{FLOATF (KSe)) *gS)
Q & GSeTN

TL & TNSFLOATF (29N=]=KS) /P

XK @ XSeo})

TEME B SUWeTERM

TP (SUMeTErP) S22+5261526

UM ® TEMP

IF (KeN) 524:526,528

TERM & TERMOQOFLOATF (N=K)®(GoTL)/ (FLOATF (Ke]) *G)
G = GeTL

TL u TLOFLOATF (2¢NaleK) /P

X 8 Ko}

6N TC 820

PN 8 SUM

R0 TC o

RS & GAM (P 20N =KSTh)

TP (3S) ST645764552

«SUML0G(J) *LOGF (3S))
G s GS
TERM g 1§
TL = TN
TEMP @ SUweTERM
1F {SUMTEMP) 56215660566
SUM » TEMP
TFIK) 56645669564
TL » TLOP/FLOATF (28NeK)
TERM g TEAMSFLOATF (K)® (GaTL)/ (QeFLOATF (NaKe1) Gy
G e GaT(
K 8 NKel
Qo TC %60
TF(KSaN] ®48185T76+576
TERN o TSeQeFLOATF (N=KS)@ (GSeTN}/ (FLOATF (KSel)egs)
G 8 GSeTN
TL = TNSFLOATF(2¢N=]1~KS)/P
XK 8 KSe]
TEMP s SUMSTERM
IFISUNTEVP) 87515761576
SyYm = TEMP
1F (KeN) 574,576,576
TERM & TEAMOQOF| QATF (A=K)®(GeTL)}/(FLOATF IXe1)*G)
5 8 GeTy
TL o TYLOFLOATF (20Na]=K) /P
X o Ke)

00020200
00020300
00020400
00020%00
00020600
00020700
00020400
00020900
00021000
00021100
00021200
00021300
00021400
00021800
00021600
00021700
00021400
00021900
00022000
00022100
00022200
00022300
00022400
00022%00
00022600
00022700
00022000
00022900
00023000
00023100
00023200
00023300
00023400
00023%00
00023400
00023700
00023A00
00023900
00024000
00024100
00024200
00024300
00024400
00024500
00024600
00024700
00024R00
00024900
0002%000
0002%100
0002%200
00025300
0002%400
00025500
00025600
00028700

RO
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: 08/12/172
: a0 Y0 870 00028800
876 PN & 1,=SUM 00028900
a0 10 90 00026000
[ 00026100
¢ SEY PROBABILIVY 00026200
c 00026300
90 IFIPN) 91,9492 00026400
' 91 PN @ 0, 00026200
a0 T0 94 00026600
! 92 1F(PR=],) 96194493 00026700
93 PN @ 1, 00026800
o4 RETURN 00026900
¢ 00027000
c €RAOR MESSAGE FOR AAD INPUTS 00027100
¢ 00027200
99 WRITE (81.9) NyFA SNRyKASE 00027300
@ FORMAT ()Mo /90M UNREASONARLE CALL SEQUENCE TO MARCUM, 2ERO RESULT00027400
1 THS GIVEN 776m N ® 188X SHFA & £16.R1SXISKSNR » 00027500
? £16.8,SKy6HKASE = 18) 00027600
PN ® 0. 00027700
alas s 0. 00027A00
RETURN 00027900

END 00028000
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08712772
FUNCTION DGAM(A,N) 00028100
NOUBLE PRECISION SUMy TERMY TEMP F Uy 00AMY NEVALs By SUML,SUMLOG 0002a200
c INTEGRAL & JeiSUMy JnQ TO Ny OF EXPF(Je_ OGF (B)=Bel 0GF (NFAC({ (282300
SUM = 0, (1(28400
X ap ({28800
1F (KeN) 10002005200 (((28800
100 J & he) ({(28700
SUML o SU¥MLOG(Y) ((t2an00
TERM & DEvAL (B4 JySUML) ({28900
10 TEMP u SUNOTENM (120000
1F (SUNTENP) 1%5,20420 (129100
18 SUM & TEMP (((29200
J = Jel (129300
Fl ey (1129400
"TERM = TERM®B/FJ (1(29%00
a0 TC 10 1129600
20 NGAM ¢ SU¥ (1eevre0
RETURN (((29R00
200 ) ® N (1129900
SUML & SUNMLOG(Y) (130000
TERM & DEVAL (BeJsSUML) t{(30100
30 TEMP = SUNeTERM ({30200
TP (SUMTENP) 35,4040 (30300
95 SUM = TEMP ({30400
1F(Jel) 40036938 (((30%00
38 F) e ) {1(30600
TERM s TERM®FJ/R t((3n700
J e Jel (((30R00
60 10 0 (130900
40 NGAM & ],=SUM t{t31000
RETURN (31100
END (30200

VS TS = cram—"— - v |
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20
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FUNCTION DEVAL {YoNySUML)

DOUBLE PRECISION XPONIENIDEVALY YoSUML
XPON 8 aY

TF(N) 20420+10

EN a N

XPON o XPCNeENODLOG(Y)eSUML

NEVAL & DEXP(XPON)

RETURN

END

0s/12/12

(te31do0
(1e31400
(11318500
({(31600
(te31v00
(31800
(131900
(1132000
(32100

49
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100

10

20

200

38

36

on

FUNCTTON GAM(E4NeTN;
SINGLE PRECISION VERSION OF CGaM

SUM = 0,

« s B

TF(K=n) 10002004200

) & Nel

TERM ¢ EVAL(BeJ)

TN m TERMeFLOATF () /8

TEMP ® SLMeTERM

1F(SUMaTENP) 15420420

SUM 8 TEMP

J = Jel

FJ = )

TFRM a TERM®B/F

A0 TC 10

6GAM 8 SUM

PFTURN

|} & N\

TERM » EVALI(BYJ)

™ & TERM

TFMP a SUNeTENRM

IF(SLMaTENP) 35,6040

SumM s TEMP

iFlJel) 40e36¢36

FJ =

TERM o TERMSFJ/B

J = =]

0 TC 30

GAM g |, eS8 M

RF TURK

FAD

08712772

({32200
({32300
({32400
(1132500
({32600
({(32700
({32800
(1132900
(1133000
(((33100
(33200
(133300
({33400
(1(33500
({{33400
(1¢33700
({{33R00
(((33900
(1(34009
(((36100
(138200
({36300
{1(34400
(((34500
(((34600
(((34700
(({34R00
({34900
(((35000
(35100
(((3%5290
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FUNCTION EVAL(YN)
XPON n oY
1F(N) 20920010

0 FN & A
! XPON a XPCNeENSLOGF (Y) =SUMLOG(N)

20 EVAL s EXPF(XPON)
RE TURA
END

T g P

TR W T T T -

Rl g

Y Wk I

[ S S e

08/12/12

({35300
(1(3%400
(1135500
(( (35600
(((3S7¢0
(((3%R00
(1138900
(136000
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10

20
30

40
80

60

70
12

80
A2

90

92

FUNCTION SUMLOG (N}

NOURALE PRECISION Ay B, SUMLOG
DIMENSION atluon)

DATA(DUMA & 04), (DUMB = Q,)
NMAX®1000 !

1F ({DUMA=DUMB) 20410420

NUMA = |,

NUMB & 0.

NLAST o )

Al1) = 0.

NN @ XABSF(N)

TF(NRa]) 3y.22.40

SUMLCG & 0,

RETURA

IF(NN=NLAST) S50,%0060

SUMLCG = A (NN)

RETURAM

XK @ NLAST.)

TF (NNaNMAY) T70,70,80

NO 72 18K NN

A7) ® A(I=]1) o OLOG(FLOATF(]})
NLASTY o NN

GO TC %S¢

TF(NLASTaAMAX) R2,90¢90

NC R4 TeK, NMAX

a{l} = A(1=1) » OLOGI{FLOATF(I))
NLAST = NMAX

R e A(NMAY)

X & kulxo,

NO €2 1sK NN

R e ™ o DLOG(FLOATF (1))
SUMLCG = p

RETURN

END

L. V. BLAKE

08712772

(ty3sl100
({35200

£1(36400

(36600
(it3er00
(136800
({36900
(37000
€Learion
(37200
({37300
(((37400
(37500
(((3T7600
(37700
({37800
(1137900
(1138000
{({38100
({38200
(138300
{(({IRaQ0
( ((IRS00
(38800
({38700
( ((IRAQD
(38900
(139000
(39100
({39200
(€(39300
({39400
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Appendix A

A FORM FOR LISTING DATA CARD INPUTS TO PROGRAM RGCALC

The following form has been devised for list.ng the input quantities needed on data
cards for Program RGCALC. The form provides a convenient reference for punching the
data cards, since it indicates the card columns for each input quantity. The *“case” options
(1 through 7) are also described in a footnote on the form.

DATA CARD FORMATS FOR PROGRAM RGCALC
(Reference: NRL Report 7448)

Cards 1, 3, 5,7 . . .: Name of radar (Format 10A8). Cols 1-B0. (Any other descnpuive
alphanumeric matenal can be entered in these columns.}

Cards 2, 4, 6, 8. . .: Radar data as below. (Note: A quantity with F format can he punched
without decimal point if 1t has an integer value and 1s gt adjusted. Non-integer nurabers
must be punched with decimal point: nght adjustment the. unnecessary. Integer-format
quantities must be right-adjusted ir specified column feld.)

I[_ DATA ITEM ‘-l P(;:SCAT { -I RADAR NAME TRADAK NAME ] RADAR NA‘_—‘
L—_—_____ t—_ T .- - = 'L - - LT _'_"_.T__T_dl"-—_ . L-".__—j:
Transmittet power, kW (P;) T re0 [ 16 | 1 T 1
T 0 8 A S —
M amenna g, 9B (G0 ] TR0 Taae T T A
! Receive antenna 5-m_9£(0 ) _i_ _F40 1720 L _ _'3____ 1_ B
|r Tuget cross section, sq m (o) | F6_0 ) 42‘26 | [ 4 —
Prequency. MHz (N o F6.0 27-32 : i
 Antenna ohmic los, dB (L) y B - R ﬁt‘)i ‘.:35% V__“——_‘i__-"“- L J
MReceving line loss, ¢B (L,) T Ve Tt T T T T B
T Transmit line loss, 4B (Ly) . F40 T elea; T T T T T /T I
[ Antenna pattern scan bow dR (Lp) T Fa0 S asas | T T T
| Mucelluneous low, dB {L,) . F4_0____L_49_~53_;_ o _____;___________ ]
Bandwidth/shape factor, dB. (Cg) I F40 53-56 ! |
“Receiver noise factor. dB (NF,  F40 _ s1e0 T TTToTT o mmmT T
TNumber of pulses (M) & T T Tt moymmeemm o e e e e
| See Report 6930, Eqs. (T1)and (712) | 1 61.65 ! i | I
iNCue:b_.'_) Proh.bnhly of detection - v ‘ T ) _—’i—. T ._-_—- _‘—-}
rﬂm 6-7: Signalto-noise ratio. dB i Fao | 66-(_5?__? _ oo ___“_*' S
Cases 0-5° False ularm exp't (—Iogm P,. ’ : ; :
' . Cue 6. Blank, Case 7, Signalinone, dB _~_F4.0 ; 7073 | o L L _I
Cme@wne T T e T i -
r'hr_gelﬁvmon angle, dezrees N o F4.0 . 7.‘?;7_8__i o o < _ _ L
; Galactic-noise-level code (-1, 0, 'l) i | ! | }
(mmmom, sversge, maximem) ) 2 M LA ]

°Cares ar¢ 0 to 4 - range 11 alculated for corresponding Swerl.ng Nuctuation case. 5 - calculaled for all five Swerling cases (0, 1, 2, 3, ).
8 - calculated for the S/N value 1n Coly 6689. 7 - calculated for two S/N values, uns in 66-69, other 1n 70 73
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1y ABSTRACT

This is a study of the penetration and craciing of tocks using lasers available at the Avco Everett Research
Laboratory. The objectives are: 1) to obtain data on the rate of rock damage for various laser conditions and
2) to present an analytical program to predict the temperature and stress in rocks for pointed and annular beams
of radiation.

The laser powet outputs used thus far was fiom 1 to 17 kW, CW, 10.6 nmicrons and pulscd lasc. power up to 1000
joules in 20 micioseconds. Data was taken with sharply focused as well as defocussed beams. Data is presented for
contiouous irradiation as well as pulsed, pointed beams and anaular radiation patterns. Three types of hard rock
were tested namely: quartzite, a Rhode Island granite, and Deesser basalt. Hole penetration enetgy ver cm of
peaetration was fourd to be independent of laser intensity over 6 orders of magnitude. The specific energy for rock
removal was found to depend on the fifth root of laser intensity over the same range.

A computer program was developed using the finite element method. It takes a radiation pattern, and delivers
curves for thermoclastic strain and stress in any direction. This program is capable of working with high intensity
laser radiation because it includes nonlinear heat conductivity, a temperature cut = off at the boiling point,
anisotropic elastic conditions and a speciual iterative procedure to avoid computation instabilities resulting from
too rapid heating. This program predicts that efficient cracking of rocks will be achicved by directing the radiation
in a large annulus. The beam is moved so that the temperature of any point stays below thc melting point. However,
thermoelastic stress builds up in depth.

These predictions have been verified by experiments. However, the experiments to spall away basalt and
quartzite consume more encrgy than predicted from the thermoelastic computer program. This is believed to be
because the computer predicts the condition of crack gencration whereas the experiments show the complete separation
of rock materia! when the cracks are extended (o complete spail.
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