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PROBABILITY OF DETECTING SHIPS WITH AN OTH RADAR SYSTEM

INTRODUCTION

This report is based on one phase of a study being conducted at the Naval
Research Laboratory (NRL) [1-6] to compare the cost and effectiveness of three dif-
ferent radar systems used for ocean surveillance. The three candidate systems are an
airborne radar, a satellite-borne radar, and a ground-based over-the-horizon (OTH) radar.
For this report, the probability of detection of one particular OTH system has been cal-
culated. The methods used, however, can be applied to any OTH system.

PROBABILITY OF PROPAGATION

The ability of a radar system to propagate to a given range at a given time of the
year was found by using RADARC, which is a computer program written by the Institute
of Telecommunication Sciences to meet OTH radar analysis requirements as specified by
NRL [7]. This program calculates the median clutter-to-noise ratio (C/N) for an OTH
radar. The size of the backscatter area is calculated from virtual height ionograms using
geometrical optics techniques. The noise considered includes atmospheric, galactic, and
man-made sources. Atmospheric and ionospheric losses are included and the C/N is
calculated from the radar range equation. This calculation was performed for sporadic
E, E, F,, and Fq layer propagation modes. If the clutter return and signal return are
assumed to be affected by the ionosphere in a similar manner, propagation is defined by
requiring the signal return from 1000-m2 target to be large enough against noise to yield a
probability of detection Pp equal to 0.9 and a probability of false alarm Pg, equal to 10-6
for a Type 1 OTH FM-CW radar system {6]. This system has the following parameters:

100-kw average power

0.1-s frequency sweep (prf = 10 per second)

20-us compressed pulse length

2.5-km horizontal aperture, receive (=~ 0.25° - 1°), transmit (=~ 6° - 10°).

We now calculate the C/N required for propagation.

First, in order to obtain a Py, = 10 and a Pp = 0.9, the integrated signal-to-
noise ration (S/N) should be 13 dB. The FM-CW radar system is assumed to have 10
frequency sweeps per second, a coherent integration time of 25 s, and a total integration
time of 250 s. From Rubin and Difranco [8], the noncoherent integration gain for 10
noncoherent pulses is found to be 7 dB. With coherent integration, the noise spectrum
extends from -5 to +5 Hz and is separated into 250 doppler bins of width 0.04 Hz. Thus,

Note: Manuscript submitted May 14, 1974.
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the required S/N per doppler bin is 6 dB, (13 dB ~ 7 dB), and the S/N in a cycle band-
width is -8 dB, or [6 dB + 10 log (0.04)]. Since the signal and clutter are assumed to
propagate in a similar manner, the signal-to-clutter ratio (S/C) is given by

S or
) = m = -33dB (1)
2
where
oy = target cross section (30 dBsm),
o, = relative sea clutter cross section (-17 dB)
fp = antenna beamwidth (1°)
R = radar range, 1000 n.mi.
¢ = speed of light

effective pulse width, 20 us.

s‘
Il

Now, the required C/N for propagation is calculated from

c
— = = 25 dB.* (2)
N

ala|z|u

Even though the madre antenna pattern is wired into RADARC, the received clutter and
noise powers are independent of the receive antenna beamwidth,t and consequently,
RADARC can be used to calculate propagation for the FM-CW radar system. The only
alterations made to the program were to eliminate printed output and to add the punched
output used in calculating the propagation statistics.

(S) The ability to propagate was found for four months, (January, April, July, or
October), two times (day or night), and three sunspot numbers (20, 45, or 75, which are
the 25th, 50th, and 75th percentiles). The radar is situated in Maine (latitude 45° N,
longitude 67° W). For each of the 24 conditions, the radar model RADARC was used
to calculate the C/N every 2 hr for three azimuth angles (14°, 59°, and 104°), spanning a
90° sector. For each set of parameters, one-bounce propagation via four layers (sporadic
E, E, Fy, Fy) was considered and the maximum C/N chosen. The number of occasions out
of 18 (6 times, 2 hr apart, and 3 azimuths) that the C/N exceeded 25 dB is given in Tables
1-24. We can interpret these numbers divided by 18 as a probability of propagation. If

*Specifically, a C/N of 25 dB is equivalent to our defined propagation at 1000 n.mi. for a 30-dB target and
the particular frequency that yields a 1° beamwidth. For other ranges, targets, and frequencies, 25 dB was
still used since C/N varies rapidly with range and hence a change in the threshold (25 dB) would have little
effect on the region of propagation.

TWhen the transmit beamwidth is larger than the receive beamwidth, the receive array is sampling an ex-
tended source. When the beamwidth narrows, the clutter (or atmospheric noise) patch narrows, but the
gain of the array increases.
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Table 1
Number of successful propagations out of 18 possible
opportunities, in January, in nighttime with SNS=20
as a function of range and frequency

MONTH = JAN NIGHT SUN SPOT » 20
FREQUENCY (MHZ)
6 9 12 15 18 21 24 27

CEPIPRICPC P00 034000000000 00t d P00 P00 34000000004 30000000000020230000238000000040

RANGE (NM)

500 16 13 9 0 0 0 0 0
1000 18 16 13 10 7 3 0 0
1500 17 2 0 0 0 0 0 0
2000 15 5 0 0 0 0 0 0

Table 2
Number of successful propagations out of 18 possible
opportunities, in January, in daytime with SSN=20
as a function of range and frequency
MONTH a JAN DAY SUN SPOT = 20
FREQUENCY (MHZ)
6 9 12 15 18 21 24 27
X X Y TR L R PR R R R A R R R A R R R R R R X R PR YOS R R RS L R RS X R RS XS XS R X ]
RANGE (NM)

500 18 18 9 0 0 0 0 ]
1000 16 18 18 14 4 0 0 0
1500 3 9 13 12 8 3 0 0
2000 2 4 ‘ 5 5 5 0 0
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Table 3
Number of successful propagations out of 18 possible
opportunities, in April, in nighttime with SSN=20
as a function of range and frequency

MONTH = APR NIGHT SUN SPOT = 20
FREQUENCY (MHZ)
6 9 12 15 18 21

24 27

CEPPPPPP00PH 0000000000000 0000 4000000300080 00000000030049%0003000000000400000000

RANGE (NM)

500 18 12 6 0 0 0 0 0
1000 18 16 12 8 3 0 0 0
1500 15 8 4 0 0 0 0 0
2000 12 10 5 1 0 0 0 0

~ Table 4
Number of successful propagations out of 18 possible
opportunities, in April, in daytime with SSN=20
as a function of range and frequency
MONTH = APR DAY SUN SPOY = 20
FREQUENCY (MHZ)
6 9 12 15 18 21 26 27
PPE00R200 0020000409000 000 0000000000000 03 0000000000040 043%00200000¢00000%0000000¢
RANGE (NM)

500 18 18 4 0 0 0 0 0
1000 8 16 15 11 2 0 0 0
1500 0 4 9 10 1 0 0 0
2000 0 2 5 7 5 0 0 0
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Table 5
Number of successful propagations out of 18 possible
opportunities, in July, in nighttime with SSN=20
as a function of range and frequency

MONTH = JUL NIGHT SUN SPOT = 20
FREQUENCY (MHZ)
6 9 12 15 18 21

24 27

(2222 22T 22 A X X2 2 R A A R R A A2 R R A 2 R A R A R AL R X P XX AR A S A R A2 XX R 2 X 22 2 R 2 4

RANGE (NM)

500 18 18 15 4 3 0 0 0
1000 18 18 18 17 15 8 s 2
1500 13 11 6 1 0 0 0 0
2000 7 11 6 3 0 0 0 0

Table 6
Number of successful propagations out of 18 possible
opportunities, in July, in daytime with SSN=20
as a function of range and frequency
MONTH = JUL DAY SUN SPOTY = 20
FREQUENCY (MHZ)
6 9 12 15 18 21 24 27
PPP 0000009000000 0800000000 00000300000 0000 0000000200000 000% 0000000000040 000000040
RANGE (NM)

500 17 16 16 2 1 0 0 0
1000 s 13 17 10 13 13 6 1
1500 0 3 9 8 0 0 0 0
2000 0 1 2 3 3 0 0 0
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Table 7
Number of successful propagations out of 18 possible
opportunities, in October, in nighttime with SSN=20
as a function of range and frequency

MONTH = oCT NIGHT SUN SPOT = 20
FREQUENCY (MHZ)
6 9 12 15 18 (3

24 27

PPOPPVPPP000 000902000000 000000803000 00080 8000008200000 00%0008000000%000000000000

RANGE (NM)

500 18 15 9 2 0 0 0 0
1000 18 18 15 12 8 4 2 0
1500 16 7 1 0 0 0 0 0
2000 14 10 1 0 0 0 0 0

Table 8
Number of successful propagations out of 18 possible
opportunities, in October, in daytime with SSN=20
as a function of range and frequency
MONTH = 0CT DAY SUN SPOT = 20
FREQUENCY (MHZ)
6 9 12 15 18 21 2 27
00000'00000'000.000’000.0'0.00000000000'000000000000.0000000‘0000000000000000000
RANGE (NM)

500 18 18 9 0 0 0 0 0
1000 1n 18 18 17 6 2 0 0
1500 3 7 14 15 8 2 0 0
2000 0 ) 6 9 13 7 0 0
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Table 9
Number of successful propagations out of 18 possible
opportunities, in January, in nighttime with SSN=45
as a function of range and frequency

MONTH = JAN NIGHT SUN SPOY = 45
FREQUENCY (MHZ)
¢ 9 12 15 18 21

24 27

GEEPOPIPPIP PP 0eP0 00000000t Pttt P00 0000000003400 00 0300000040000 000000

RANGE (NM)

500 16 13 8 0 0 0 0 0
1000 18 16 13 9 5 3 0 0
1500 17 s 0 0 0 0 0 0
2000 15 11 0 0 0 0 0 0

Table 10
Number of successful propagations out of 18 possible
opportunities, in January, in daytime with SSN=45
as a function of range and frequency
MONTH = JAN DAY SUN SPOY = 45
FREQUENCY (MKZ)
6 9 12 15 18 21 24 27
T N T Y P R T R R T Y R R Y P e X A 2 2 X R RS R R A S X R 2 X
RANGE (NM)

500 18 18 13 0 0 0 0 0
1000 15 18 18 16 7 0 0 0
1500 3 8 15 16 11 7 2 0
2000 1 6 9 5 8 7 5 0
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Table 11
Number of successful propagations out of 18 possible
opportunities, in April, in nighttime with SSN=45
as a function of range and frequency
MONTH = APR NIGHT SUN SPOT = 45
FREQUENCY (MHZ)
6 9 12 15 18 21 24 27

CEPCPIVIRIVIE V200000002000 000 0000000080040 008000040098%000000000000040%00000%00

RANGE (NM)

500 18 13 5 0 0 0 0 0
1000 18 17 14 8 3 0 0 0
1500 14 16 s 2 0 0 0 0
2000 12 13 8 . 0 0 0 0

(U) Table 12
Number of successful propagations out of 18 possible
opportunities, in April, in daytime with SSN=45
as a function of range and frequency
MONTH = APR DAY SUN SPOY = 45
FREQUENCY (MHZ)
6 9 12 15 18 21 24 27
00000'00000‘00000000000‘00000000000000000000000000‘0.0"0000000000000‘00‘0000000
RANGE (NM)

500 17 18 3 0 0 0 0 0
1000 H 13 18 9 2 0 0 0
1500 0 3 8 12 7 0 0 0
2000 0 2 s 6 8 . 0 0
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Table 13
Number of successful propagations out of 18 possible
opportunities, in July, in nighttime with SSN=45
as a function of range and frequency

MONTH = UL NIGHT SUN SPOT = 45
FREQUENCY (MHZ)
6 9 12 15 18 21 24 27

L Y P R R Ry R R Ry R PR YR PRy R R R Y R X )

RANGE (NM)

500 18 18 15 3 2 0 0 0
1000 18 18 18 16 is 8 5 2
1500 12 15 7 3 0 0 0 0
2000 6 14 6 6 1 0 0 0

Table 14
Number of successful propagations out of 18 possible
opportunities, in July, in daytime with SSN=45
as a function of range and frequency
MONTH = JUL DAY SUN SPOT » S
FREQUENCY (MHZ)
6 9 12 15 18 21 26 27
PEIEERIPPIPORF03 0000002005000 009 000000000000 00000000300¢0 200000000030 2000 000000
RANGE (NM)

500 16 18 15 2 1 0 0 0
1000 5 11 17 8 13 13 6 1
1500 0 2 6 13 1 0 0 0
2000 0 0 2 2 8 0 0 0
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Table 15
Number of successful propagations out of 18 possible
opportunities, in October, in nighttime with SSN=45
as a function of range and frequency

MONTH = OCT NIGHT SUN SPOY = 4S5
FREQUENCY (MHZ)
[) 9 12 15 18 21 24 27

P4 0000090 0000000020000 7000000000000 0800000000000 040% 0002000049200 0000000%00

RANGE (NM)

500 18 15 9 0 0 0 0 0
1000 18 18 15 12 8 4 1 0
1500 15 12 3 0 0 0 0 0
2000 14 14 5 1 0 0 0 0

Table 16
Number of successful propagations out of 18 possible
opportunities, in October, in daytime with SSN=45
as a function of range and frequency
MONTH = OCT DAY SUN SPOT = 45
FREQUENCY (MHZ)

6 9 12 15 18 21 24 27

0000'f000000000000000000000’00000000000000000000‘00000000"0.00000000000‘0000.00
RANGE (NM)

500 18 18 16 0 0 0 0 0
1000 10 18 18 17 13 1 0 0
1500 3 6 12 18 14 8 2 0
2000 0 2 5 9 13 13 8 1

10
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Table 17
Number of successful propagations out of 18 possible
opportunities, in January, in nighttime with SSN=75
as a function of range and frequency

MONTH = JAN NIGHT SUN SPOY = 75
FREQUENCY (MHZ)
6 9 12 15 18 21 24 27

PPPPPP 0000800000030 0 0000000000000 0000000000200 000000440080080320300000%40003000

RANGE (NM)

500 16 13 8 0 0 0 0 0
1000 18 15 13 9 4 1 0 0
1500 18 10 1 0 0 0 0 0
2000 15 14 2 0 0 0 0 0

Table 18
Number of successful propagations out of 18 possible
opportunities, in January, in daytime with SSN=75
as a function of range and frequency
MONTH = JAN DAY SUN SPOY = 75
FREQUENCY (MHZ)
6 9 12 15 18 21 24 27
I R XY I XX X R Y Y R Y Y R Y P PR OO PR R P P Y I YT T X R )
RANGE (NM)

500 18 18 12 2 0 0 0 0
1000 12 18 18 16 9 4 0 0
1500 3 7 13 16 13 10 5 2
2000 2 4 7 12 10 10 7 5

11
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Table 19
Number of successful propagations out of 18 possible
opportunities, in April, in nighttime with SSN=75
as a function of range and frequency

MONTH = APR NIGHT SUN SPOY = 75
FREQUENCY (MHZ)
6 9 12 15 18 21

24 27

L R R Y R L R R Y Y O R Y Py T T Y R R Y

RANGE (NM)

500 18 14 5 0 0 0 0 0

1000 18 18 14 8 3 0 0 0

1500 15 18 11 4 0 0 0 0
2000 1 15 14 6 2 0 0 0

Table 20
Number of successful propagations out of 18 possible
opportunities, in April, in daytime with SSN=75
as a function of range and frequency
MONTH = APR DAY SUN SPOY = 75
FREQUENCY (MHZ)
6 9 12 15 18 21 24 27
CPPPE P00 0 0000000000043 0000000 0000000000000 0000¢0000404208000 0000000000200 000000
RANGE (NM)

500 16 18 7 0 0 0 0 0
1000 5 14 18 14 ) 0 0 0
1500 0 3 7 12 1 5 0 0
2000 0 2 4 7 11 10 3 0

12
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Table 21
Number of successful propagations out of 18 possible
opportunities, in July, in nighttime with SSN=75
as a function of range and frequency
MONTH = JUL NIGHT SUN SPOY = 75
FREQUENCY (MHZ)
6 9 12 15 18 21

24 27

I I R T S T Ry Y Py R e R R X R R R R R A

RANGE (NM)

500 18 18 14 3 1 0 0 0
1000 18 18 18 15 14 7 5 1
1500 12 15 10 6 1 0 0 0
2000 6 14 13 7 4 0 0 0

Table 22
Number of successful propagations out of 18 possible
opportunities, in July, in daytime with SSN=75
as a function of range and frequency
MONTH = JUL DAY SUN SPOY = 75
FREQUENCY (MHZ)
6 9 12 15 18 21 26 27
XXX R X2 XY X R R PR X R XA A F R X R R T R X R X S PR X R R XX R R LAY PR PSR LA AR SRR A X & X 4
RANGE (NM)

500 14 18 17 1 1 0 0 0
1000 2 10 18 9 17 16 5 1
1500 0 2 5 13 4 0 0 0
2000 0 0 2 3 7 1 0 0

13
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Table 23
Number of successful propagations out of 18 possible
opportunities, in October, in nighttime with SSN=75
as a function of range and frequency

MONTH = OCT NIGHT SUN SPOT = 75
FREQUENCY (MHZ)
6 9 12 15 18 21

24 27

SEPPEP000 0000004040000 % 0000030080800 0000380003000000%400%00%02300004000%000000¢0

RANGE (NM)
500 18 15 9 0 0 0 ] 0
1000 18 18 15 12 7 3 0 0
1500 15 15 7 1 0 0 0 0
2000 13 17 12 3 0 0 (] (]
Table 24
Number of successful propagations out of 18 possible
opportunities, in October, in daytime with SSN=75
as a function of range and frequency
MONTH = OCT DAY SUN SPOT = 75
FREQUENCY (MHZ)
6 9 12 15 18 21 24 27
COEPC P02 0F0RCP000¢0 0000000000008 0000000000000 08000000408¢000%00000¢0300300%00000%00
RANGE (NM)

500 18 18 17 6 0 0 0 0
1000 9 18 18 18 16 7 0 0
1500 2 5 11 18 15 14 8 3
2000 0 3 6 9 16 13 13 8

14
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the tables are compared, the following general conclusions can be reached about
propagation when using the optimal frequency for a given range:

Better at night than during the day
Better in winter than in summer

For the sunspot numbers considered, better for the higher sunspot numbers

Propagation is very close to 100% for the shorter ranges.
The following conclusions can be reached about frequency preferences:

Higher frequencies during daytime
Higher frequencies during summertime

Higher frequencies for higher sunspot numbers

Higher frequencies for longer ranges.

PROBABILITY OF DETECTION

In the previous section successful propagation was defined in terms of detection
of targets against noise. Consequently, in this section we will consider only the detection
of targets in sea clutter.

The basic assumption is that the target return (small region) and the clutter
return (extended region) will be affected in the same way by passage through the ionosphere.
This allows us to calculate the S/C at the input to the processor from the target and
clutter radar cross sections. The principal signal enhancement is from doppler processing
with an additional noncoherent integration of the doppler cells.

The S/C was calculated from Eq. (1) with three different target cross sections,
1000-m2 and 3000-m2 destroyers and a 50,000-m?2 aircraft carrier; and four ranges, 500,
1000, 1500, and 2000 n.mi, for each target type. The doppler processing gain was cal-
culated for a set of radial velocities from -30 to +30 knots and a range of operating
frequencies from 5 to 30 MHz. We assumed the target to be in one doppler cell and a
2-dB loss for processing and target doppler spread. The clutter level in a given doppler
cell was obtained by normalizing a sample clutter spectrum. Two sample clutter spectra
were derived from a working paper by Dr. James R. Barnum of Standford Research
Institute [9]. One asymmetrical spectrum represents the type of clutter spectrum ob-
served with approaching (or receding) winds. The other spectrum is symmetric and is
typical of the spectra observed in crosswind conditions.

One observed clutter spectrum was used to generate both spectra. This
particular spectrum was chosen on the basis of its clean appearance, but all of the candidate
spectra from Ref. 9 have certain features in common, such as the Bragg scatter peaks, the
lowered level of clutter between these peaks, and the even lower level of clutter in the
doppler cells outside of the peak. The symmetrical (crosswind) clutter spectrum was ob-
tained by averaging the clutter cells symmetrically placed about the carrier frequency.
This process yielded a spectrum that appears to be a valid approximation to observed

15
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crosswind spectra. This approximation was used because there was always at least a
small asymmetry in the levels of the approaching and receding Bragg scattering lines of
the observed spectra (an asymmetry would favor either the approaching or receding
targets).

The asymmetrical clutter spectrum is shown in Fig. 1. This spectrum was ex-
tended to +5 Hz at a -42 dB level. The sea clutter, of course, does not have a plateau at
some particular level below the Bragg line peak but has been measured on the Madre
radar (with a 70-dB dynamic range) to drop off to at least 65 to 70 dB below the peak
at +5 Hz. The -42 dB plateau seems to be a feature of the radar on which the spectrum
was measured. This would make little difference in our results: If the target is not in a
Bragg line peak, it is detected. The two large spikes correspond to the Bragg scatter of
ocean waves. The relative amplitude of the two spikes is a function of the angle of
the ocean wavefront to the radar wavefront and hence depends on local wind direction
[10]. The doppler offset of these spikes from the carrier frequency depends on the
carrier frequency. The particular spectrum shown as measured at 20 MHz. At other
radar frequencies, the spectral line spacing expands and contracts with the square root
of the carrier frequency [11].

0dB

-50 !
-25 -2 -15 -1 -5 5 1 15 2 25

(U) Fig. 1—Typical clutter doppler spectrum

The doppler cell in which the target appears is calculated from the radial speed
V, and operating wavelength A by

2v,
(3)

Doppl Il = ——.
oppler ce X(0.00)

16
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The clutter energy in that cell is calculated from the normalized clutter
spectrum (shifted by the operating frequency). The S/C obtained for this radial speed and
operating frequency combination is interpolated into a table of values, giving the P; for
10 pulses [8]. For purposes of display, an array of symbols indicating the probability level
for each combination of speed and frequency is printed. The P, results for the approaching
wind clutter spectrum are given in Figs. 2-13 and the crosswind results are given in Figs.
14-25. In the figures, an integer N indicates that P; is between 0.1(N) and 0.1(N + 1) and
a blank indicates that P is less than 0.1. The following observations can be made.

®  Smaller targets can be detected only at the higher radial velocities, whereas
the largest target can be detected in all doppler cells except those occupied by the Bragg
scatter lines.

®  Better detection performance is observed in the nonsymmetrical spectrum.
This can be attributed (a) to the concentration of clutter energy in the larger Bragg
scatter peak where detection is impossible in any case, and (b) to the consequent reduction
of clutter energy in the remaining doppler cells.

®  Targets can be detected in more of the doppler cells at higher frequencies.
This is because the target doppler is proportional to frequency, whereas the clutter spec-
trum expands as the square root of the frequency. Thus, as the frequency is raised targets
obscured by the clutter peak move into doppler cells of lower clutter.

This last point may be the result of using one clutter spectrum taken at one
carrier frequency and expanded and contracted for other frequencies. The clutter spec-
trum is affected by both sea state and frequency, but we did not have available sufficient
data to make quantitative adjustment to the assumed spectrum. The doppler level in the
cells away from the Bragg lines increases with the carrier frequency, and our sample spec-
trum was measured at a relatively high frequency. This means that at low frequencies the
clutter levels used in our calculation are too high, but again, it would not affect our
results; if a target is not in a Bragg line peak, it is detected.

The preceding detection curves (Figs. 2-25) were based on the assumption that
0y = -17 dB. However, since there is some controversy over the value of 0, (Barnum has
data that indicate 0, = -23 dB [12]), additional detection curves are generated for o, = -23 dB.
These curves are displayed in Figs. 26-49. Obviously the only difference between the
results and the previous results is an improvement of 6 dB.

RESULTS

To obtain a composite Py, we multiply the probability of propagation (from
Tables 1-24) by the probability of detection given that propagation is successful (Figs. 2-49).
Two examples, one for 6y = -17 dB the other for 0, = -23 dB, are shown in Figs. 50 and
51, respectively. The composite P; for each of four ranges is plotted vs radial speed. The
target has a 3000-m2 radar cross section in April, in daytime under crosswind conditions,
with a sunspot number of 45. The operating frequency for each range is the frequency that
yields the best composite P; over the largest speed range. Only closing speeds are shown
because of the symmetrical clutter spectrum. From these curves it appears that it is very
difficult to detect a 3000-m?2 target at radial speeds below 15 knots if 0y = -17 dB and

17
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RADIAL SPEED(KNOTS)

=30 =25 =20 *-15 =10
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Fig. 2—P, of 1000-m?2 target at 500-n.mi. range in approaching sea clutter,
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Fig. 4—P, of 1000-m? target at 1500-n.mi. range in approaching
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Fig. 5—P, of 1000-m2 target at 2000-n.mi. range in approaching

sea clutter, 05 = -17 dB
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Fig. 6—P, of 3000-m2 target at 500-n.mi. range in approaching

sea clutter, 0 = -17 dB

RADIAL SPEED(KNOTS)

«30 =25 «20 15 =~10 5 0 5
999999999995 1477643
99999999999997) 269865
9999999999999983 14899861
99999999999999904 5999982
9999999999999999951 3799993
9999999999999999996 4899994
99999999999999999972 5999995
99999999999999999998 1999996
999999999999999999993 2799997
999999999999999999994 2799997
999999999999999999999 3899998
9999999999999999999996 999993
99999999999999999999961} 999993
99999999999999999999991 1599994
99999999999999999999992 1699994
99999999999999999999998 699995
99999999999999999999998 799996

999999999999999999969903
999999999999999999999994 899996
999999999999999999899994 299997
999999999999999999999995% 399997
9999999999999999999999991 399998
9999999999999999999999892 499998
9999999999999999999999992 499998
9999999999999999999099992 599999
99999999999999999999990961599999

799996

10 15 20 25 3o

37

5999

1699999

289999999

4999999999
59999999999
1699999999999
17999999999999
79999999999999
389999999999999
999999999999999
4999999999999999
9999999999999699
59999999999999999
169999999999999999
199999999999999999
799999999999999999
2899999999999999999
2999999999999999999
8999999999999999999
9999999999999999999
49999999999999999999
49999999999999999999
59999999999999999999
199999999999999999999
199999999999999999999

Fig. 7—P, of 3000-m? target at 1000-n.mi. range in approaching

sea clutter, 04 = -17 dB
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Fig. 8—P, of 3000-m? target at 1500-n.mi. range in approaching

sea clutter, 0y = -17 dB
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Fig. 9—P; of 3000-m? target at 2000-n.mi. range in approaching

sea clutter, gy = -17 dB
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Fig. 11—P, of 50,000-m? target at 1000-n.mi. range in approaching
sea clutter, 05 = -17 dB
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(8) Fig. 12—P; of 50,000-m2 target at 1500-n.mi. range in approaching
sea clutter, 0y = -17 dB
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(S) Fig. 13—P, of 50,000-m? target at 2000-n.mi. range in approaching
sea clutter, 05 = -17 dB
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(S) Fig. 14—P, of a 1000-m? target at 500-n.mi. range in crosswind
sea clutter, 0y = -17 dB
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(S) Fig. 15—P; of a 1000-m? target at 1000-n.mi. range in crosswind
sea clutter, 6y = -17 dB
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(S) Fig. 16—P, of a 1000-m?2 target at 1500-n.mi. range in crosswind

sea clutter, 0 = -17 dB
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(S)Fig. 17—P; of a 1000-m? target at 2000-n.mi. range in crosswind

sea clutter, 0 = -17 dB
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(8) Fig. 18—P, of a 3000-m2 target at 500-n.mi. range in crosswind
sea clutter, 0, = ~17 dB
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(S) Fig. 19—P; of a 3000-m?2 target at 1000-n.mi. range in crosswind
sea clutter, 05 = -17 dB
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(S) Fig. 20—P of a 3000-m? target at 1500-n.mi. range in crosswind
sea clutter, 0y = -17 dB
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(S) Fig. 21 —P,of a 3000-m?2 target at 2000-n.mi. range in crosswind

sea clutter, 0, = -17 dB
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Fig. 22—P; of a 50,000-m?2 target at 500-n.mi. range in crosswind
sea clutter, 0o = -17 dB
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' Fig. 23—P; of a 50,000-m2 target at 1000-n.mi. range in crosswind
sea clutter, 05 = -17 dB
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Fig. 24—P; of a 50,000-m2 target at 1500-n.mi. range in crosswind
sea clutter, 05 = ~17 dB
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Fig. 256—P, of a 50,000-m? target at 2000-n.mi. range in crosswind

sea clutter, 04 = -17 dB
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Fig. 26—P, of a 1000-m2 target at 500-n.mi. range in approaching

sea clutter, 0, = -23 dB
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Fig. 27—P, of a 1000-m? target at 1000-n.mi. range in approaching

sea clutter, 05 = -23 dB
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Fig. 28—P, of a 1000-m2 target at 1500-n.mi. range in approaching
sea clutter, 0, = -23 dB
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Fig. 29—P; of a 1000-m?2 target at 2000-n.mi. range in approaching
sea clutter, 0 = -23 dB
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Fig. 30—P; of a 3000-m2 target at 500-n.mi. range in approaching

sea clutter, 0y = -23 dB
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Fig. 31—P; of a 3000-m? target at 1000-n.mi. range in approaching

sea clutter, 0y = -23 dB
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Fig. 32—P; of a 3000-m?2 target at 1500-n.mi. range in approaching
sea clutter, 0y = -23 dB
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Fig. 33—P; of a 3000-m2 target at 2000-n.mi. range in approaching
sea clutter, 0y = -23 dB
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Fig. 3¢—P, of a 50,000-m?2 target at 500-n.mi. range in approaching
sea clutter, 0, = -23 dB
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Fig. 35—P; of a 50,000-m2 target at 1000-n.mi. range in approaching
sea clutter, 05 = -23 dB
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Fig. 36—P, of a 50,000-m?2 target at 1500-n.mi. range in approaching

sea clutter, 0, = -23 dB
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Fig. 37—P; of a 50,000-m2 target at 2000-n.mi. range in approaching

sea clutter, 0, = -23 dB
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Fig. 38—P, of a 1000-m?2 target at 500-n.mi. range in crosswind

sea clutter, 0, = -23 dB
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Fig. 39—P, of a 1000-m?2 target at 1000-n.mi. range in crosswind

sea clutter, 05 = -23 dB
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Fig. 40—P, of a 1000-m? target at 1500-n.mi. range in crosswind

=30 =25 <20 =15

sea clutter, 0, = -23 dB
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Fig. 41—P, of a 1000-m? target at 2000-n.mi. range in crosswind

sea clutter, 0, = -23 dB

37



JON DAVID WILSON

RADIAL SPEED(KNOTS)
=30 =25 <20 =]5 ~10 -5 0 5 10 15 20 25 3o

5 999999962 69999999996 269999999

6 99999999983 18999999981 38999999999

7 999999999995 29999999992 §99999999999

8 $999999999999] 49999999994 19999999999999

9 99999999999999] 599999995 199999999999999

10 9999999999999992 699999996 2999999999999999
11 99999999999999993 1799999997 39999999999999999
12 99999999999999999 899999998 99999999999999999
13 999999999999999995 299999992 599999999999999999
14 999999999999999999 399999993 996999999999999999
15 9999999999999999997 499999994 7999999999999999999
16 9999999999999999997] 499999994 17999999999999999999
17 9999999999999999999] 599999995 19999999999999999999
18 99999999999999999999 199999991 99999999999999999999
19 999999999999999999992 199999991 299999999999999999999
20 999999999999999699993 199999991 399999999999999999999
21 999999999999999999999 299999992 999999999999999999999
22 999999999999999999999 299999992 999999999999999999999
23 9999999999999999999994 289999982 4999999999999999999699
24 9999999999999999999995 9999999 5999999999999999999999
25 9999999999999999999995 9999999 §999999999999999999999
26 9999999999999999999999 9999999 9999999999999999999999
27 9999999999999999999999 9999999 9999999999999999999999
28 9999999999999999999999 9999999 9999999999999999999999
29 99999999999999999999997 9999999 79999999999999999999999
30 99999999999999999999997 199999991 79999999999999999999999

Fig. 42—P; of a 3000-m? target at 500-n.mi. range in crosswind
sea clutter, 0, = -23 dB
RADIAL SPEED(KNOTS)

=30 =25 <20 <«15 =10 5 0 S 10 15 20 25 3p

5 9999833 559999955 3389999

6 9999999951 179999971 1599999999

7 99999999972 289999982 27999999999

8 9999999999984 399999993 4899999999999

9 99999999999995 9999999 59999999999999

10 999999999999992 6999996 299999999999999
11 9999999999999972 179999971 2799999999999999
12 99999999999999983 189999981 38999999999999999
13 99999999999999994 8999998 49999999999999999
16 999999999999999995 9999999 §99999999999999999
15 999999999999999996 9999999 699999999999999999
16 999999999999999999] 4999994 1999999999999999999
17 9999999999999999997F 5999995 7999999999999999999
18 9999999999999999999]) 5999995 19999999999999999999
19 99999999999999999992 6999996 29999999999999999999
20 99999999999999999996 6999996 99999999999999999999
21 999999999999999699993 7999997 399999999999999999999
22 9999999999999999999¢3 7999997 399999999999999999999
23 999999999999999999904 1999991 499999999999999999999
24 999999999999999999999 1999991 999999999999969999999
25 999999999999999999999 2999992 999999999999999999999
26 9999999999999999999995 2999992 5999999999999999999999
27 9999999999999999999996 2999992 6999999999999999999999
28 9999999999999999999996 3999993 6999999999999999998999
29 9999999999999999999999 3999993 9999999999999999999999
30 99999999999999999999991 4999994 19999999999999999999999

Fig. 43—P, of a 3000-m? target at 1000-n.mi. range in crosswind
sea clutter, 0, = -23 dB
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RADIAL SPEED(KNOTS)

=30 =25 +20 <«15 ~l0

99994

999999961

9999999973
9999999999941
99999999999951
99999999999997
999999999999993
9999999999999984
9999999999999999]
99999999999999995)
999999999999999992
999999999999999997
9999999999999999993
9999999999999999998
9999999999999999999
99999999999999999995
99999999999999999995
99999999999999999999
999999999999999999991
999999999999999999997
999999999999999999997
9999999999999999999991
9999999999999999999992
9999999999999999999992
9999999999999999999998
9999999999999999999999

-5

116999611

0

3899983
4999994
6999996
7999997
2999992
2999992
3999993
4999994
5999995
6999996
1999991
1999991
1999991
2999992
2999992
2999992
3999993
99999
99999
99999
99999
99999
99999
99999
99999

S

10 15 20 25 30

49999

169999999

3799999999
1499999999999
15999999999999
79999999999999
399999999999999
4899999999999999
19999999999999999
159999999999999999
299999999999999999
799999999999999999
3999999999999999999
8999999999999999999
9999999999999999999
59999999999999999999
59999999999999999999
99999999999999999999
199999999999999999999
799999999999999999999
799999999999999999999
1999999999999999999999
2999999999999999999999
2999999999999999999999
8999999999999999999999
9999999999999999999999

Fig. 44—P, of a 3000-m? target at 1500-n.mi. range in crosswind
sea clutter, 0, = -23 dB

RADIAL SPEEL(KNBTE)

30 25 =20 <15 weip

$9961

99999883

5999999941
§99999999961
5999599999972
§9999999999983
$99999999999991
§999999999999951
§999999999999996
§999999999999999¢
§9999999999999998
§599999899999999984
§99999999999999999%
$5999999999999999995
$999999999999999994
§9999999999999999992
69999999999999999992
§9999999999999999997
$9999999999999999998
§99999999999999999993
$599999999999999999994
$§99999999999999999999
§9999999999999999999¢
§9999999999999999999¢
699999999999999996999%
§99999999999999999999¢

»3

0

37973
1599951
1699961
3899983
4999994

99699

69996
17999714
16899981
2899682
3999953

99999

99999

99999

99999

99999

65956
1709671

79997

89968

860998

89998

99999

96959

99969

99959

5

10 15 20 25 30

16999

38899999

1499999999
169999999999
2799999999999
38999909999999
199999999999999
1599999999999999
6999999999999999
29999999999999999
89999999999999999
489999999999999999
1999999999999999999
%999999999999999999
6999999999999999999
29999999999999999999
29999999999999999999
79999999999999999999
89099999999999999999
399099999999999999999
49999999999999999959¢9
999999999999999999999
$99999999995999999999
999999999999999999999
599$999999999999999999
6999099999999999999999

Fig. 45—P; of a 3000-m? target at 2000-n.mi. range in crosswind
sea clutter, 0, = -23 dB
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RADIAL SPEED(KNOTS)
=30 *25 <20 =15 ~=l0O S 0 ] 10 15 20 25 30

99999999999955 155999999999999999999955] 55999999999999
9999999999999971 37999999999999999999973 1799999999999999
99999999999999983 1489999999999999999984]1 38999999999999999
999999999999999994 269999999999999999962 499999999999999999
99999999999999999961 7999999999999999997 16999999999999999999
9999999995999999999]14899999999999999984119999999999999999999
9999999999999999999825999999999999999995289999999999999999999
9999969999999999999832699999999999999962399999999999999999999
9999999999999999999993799999999999999973999999999999999999999
9999999999999999999995899999999999999985999999999999999999999
9999999999999999999696%599999999999999956999999999999999999999
9999999999999999999999599999999999999959999999999999999999999
9999999999999999999999799999999999999979999999999999999999999
9999999999999999999999799999999999999979999999999999999999999
9999999998999999999999879999999999999789999999999999999999999
9999999999999999999999989999999999999899999999999999999999999
9999999999999999999999989999999999999899999999999999999999999
9999999999999999999999969999999999999999999999999999999999999
9999999999999999999999999999999999999999999999999999999999999
9999999999999999999999999999999999999999999999999999999999999
9999999999999999999999999999999999999999999999999999999999999
9999999999999999999999999999999999999999999999999999999999999
9999999999999999999999999999999999999999999999999999999999999
9999999999999999999999969999999999999999999999999999999999999
9999999999999999999999999999999999999999999999999999999999999
9999999999999999999999999999999999999999999999999999999999999

Fig. 46—P; of a 50,000-m? target at 500-n.mi. range in crosswind
sea clutter, 0 = -23 dB

RADIAL SPEED(KNOTS)

=30 =25 <20 =15 ~l0 =5 0 5 10 15 20 25 3o

999999999994 3999999999999999993 499999999999
99999999999995 155999999999999999551 59999999999999
9999999999999971 1799999999999999971 1799999999999999
99999999999999982 38999999999999983 28999999999999999

999999999999999994 1499999999999999941 499999999999999999
9999999999999999995 19999999999999991 5999999999999999999
9999999999999999996) 26999999999999962 16999999999999999999
99999999999999999997 799999999999997 79999999999999999999
999999999999999999982 13999999999999931 289999999999999999999
999999999999999999993 14999999999999941 399999999999999999999
999999999999999999999 599999999999995 999999999999999999999
9999999999999999999994 299999999999992 4999999999999999999999Fig. 47—Pj of a 50,000-m?2 target at 1000-n.mi. range in crosswind
sea clutter, 04 = -23 dB
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RADIAL SPEED(KNOTS)

«30 =25 =20 =15 =10 «5 0 S 10 15 20 25 39
5 99999999996 49999999999999994 69999999999
6 99999999999981 1169999999999999611 18999999999999
7 999999999999993 28999999999999982 399999999999999
8 9999999999999994 499999999999994 4999999999999999
9 99999999999999996 1599999999999995) 69999999999999999
10 9999999999999999971 699999999999996 1799999999999999999
11 9999999999999999992  279999999999972  2999999999999999999
12 99999999999999999982 389999999999983 28999999999999999999
13 99999999999999999993 9999999999999 39999999999999999999
14 99999999999999999999  14999999999994]1  99999999999999999999
15 99999999999999999999% 15999999999995] 599999999999999999999
16 999999999999999999996]1 6999999999996 1699999999999999999999
17 999999999999999999999] 6999999999996 1999999999999989999999
18 9999999999999999999997 3999999999993 7999999999999999999999
19 $999999999999999999997 3999999999993 7999999999999999999969
20 99999999999999999999982 4899999999984 28999999999999999999999
21 99999999999999999999993 1999999999991 39999999999999999996969
22 99999999999999999999993 1999999999991 39999999999999999939999
23 99999999999999999999999 2999999999992 99999999999999999999969
24 99999999999999999999999 2999999999992 99999999999999999699999
25 99999999999999999999999 9999999996 99999999999999999999999
26 999999999999999999999995 79999999997 599999999999999999999999
27 999999999999999999999996 79999999997 £99999999999999999699999
28 9999999999999999999999961799999999971699999999999999999999999
29 9999999999999999999999961899999999981699999999999999999999999
30 9999999999999999999999991 49999999994 1999999999999999999999999
Fig. 48—P, of a 50,000-m? target at 1500-n.mi. range in crosswind
sea clutter, 0y = -23 dB
RADIAL SPEED(KNOTS)
=30 =25 =20 <15 =10 -5 0 5 10 15 20 2s 30
5 99999999993 27999999999999972 39999999999
[ 9999999996995 399999999999993 5999999999999
7 99999999999997] 1599999999999995) 179999999999999
8 999999999999998] 16999999999996) 1899999999999999
9 99999999999999992 289999999999982 .29999999999999999
10 999999999999999994 399999999999993 499999999999999969
11 999999999999999999 4999999999994 999999999999999999
12 99999999999999999961 15999999999995] 16999999999999999999
13 9999999999999999999} 6999999999996 19999999999999999999
14 99999999999999999997 2999999999992 79999999999999999999
15 999999999999999999982 2999999999992 289999999999999999999
16 999999999999999999992 3899999999983 299999999999999999999
17 999999999999999999999 3999999999993 999999999999999999999
18 9999999999999999999994 1999999999991 4999999999999999999999
19 9999999999999999999994 199999999999] 4999999999999999999999
20 9999999999999999999995 1599999999951 5999999999999999999999
21 99999999999999999999991 69999999996 19999999999999999999999
22 99969996999999999999991 69999999996 19999999999999999999999
23 99999999999999999999996 79999999997 69999999999999999999999
24 99999999999999999999997 79999999997 79999999999999999999999
25 99999999999999999999997 39999999993 79999999999999999999999
26 999999999999999999999992 49999999994 299999999999999999999999
27 999999999999999999999993 49999999994 399999999999999999999999
28 999999999999996999999993 49999999994 399999999999999999999999
29 999999999999999999999993 59999999995 399999999999999999999999
30 999999999999999999999999 19999999991 999999999999999999999999

Fig. 49—P; of a 50,000-m? target at 2000-n.mi. range in crosswind
sea clutter, 0 = -23 dB
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below 13 knots if 0y = -23 dB. The composite P;’s are limited at long ranges by t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>