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ABSTRACT

The numerical values of the radar cross sections of combat
ships presented in an earlier report ares supnlemented by measured
values on ships of other types, The measurements are examined to
determine the -way in which they vary with frequency for a ship of
given type and asrectes It is found that the far-zone radar cross
sections increase roughly with the fourth or fifth power of the fre-
quency.

rbnormal voropagatlon conditions have heen observed to in-
crease the far-zone radar cross section by 10 decibels,

The reflections from the antennas of airesearch radars
have been measured on some of the larger ships. Because of its
elevated nosition, the reflectiouns from the antenna in its broad-
side asvect predominate when the .ship is partially below the hori-
zon, although not at closer ranges.
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1. I-TRODUCTION

1~1l¢ The work reported here has been conducted under the
suthorization of TRL Froblem S411R-S, and is a continuation of
the work previously reported in ¥RL Report R-2232.

1-2, In two previous KRL reports bearing the same title as
the present report, the analysis and measurement of radar reflec-
tions from ship targets have been presented., The first report,
Vo, RA-34=2134 (hereafter to be referred to as Report I), pre=+
sented a simplified analysis which led to definitions of the radar
cross section of ship targets. The second report, No. R-2232
(hereafter to be referred to as Report II), presented data de=-
rived from measurements on a number of combat ships. These data
were found to be in accord with the definitions of radar cross
section given in Revort I.

1-3. In Report I it was found that the variation of re-
ceived sivnal with rance could be divided into two zones, called
the near and far zones, and an anpropriate radar cross section
defined for each zone. These definitions are:

Far Zone:

\ R
(1) op =4 n‘sz'E_‘f . T
i h W
"'\ 1 } ©
Near Zone:
(2) o, =4 /rR? ?ﬁ
l.l'o
where

R = Range
hy z-Héight of radar antenna

Wp = Power density received at radar antenna

a

%o, ¥ Free~space power density at target

1-4. The measurements of radar cross section were made by com-
paring the echo from the ship with the echo from targets of calculable
radar cross section, These targets and the technique used in the
measurenents were described in Revort Il

1-5, Since the measurements collected in Rewort IT were made,
data on further tyres of combat ships have been obtained and are ore-
sented Liere, to.ether writh the vprevious data, These data have been
excn’ned to determine the way in vhich the radar cross section of a
ship varies with frequency.



2. [ETHODS OF BASUREIENT

2~1. The method of determinin; the values of radar cross sections
of siaips remains substantially the same as described in Report II. In
the standard target system and radar antenna locations, several changes
have been made to improve the accuracy of the measurements.

2-2. The beam of the 3000 lc SG radar vwas previously partially
obstructed in the radial runs down Chesapeake Bay, This was overcome
by moving the antenna to a new location,. in which an unobstructed view
is obtained over all the sectors normally used for these measurements.

2-3. The one~foot square corner reflector (at a range of 3900
vards) used as the SHF standard target for the measurements of Report
II was raised to 22 feet above mean water level, so that it would be
situated at the maximum of the second lobe for the 3000 Mc radars.
The - second maximum was chosen for reasons of mechanical convenience,
At its new height, this reflector is at the first maximum for the
Mark 12 radar.

2=l. L three~foot triangplar corner reflector was installed on
a mount of negli, ible reflection at a ranrse of 9700 yards from the
radars, and at a height of 17.5 feet above the mean water level,
which is nearly at the first maximum for the 3000 lc radars., The
chief uses of this target were to provide a check for the calculated
radar cross section of the one~foot square corner reflector, and to
provide an indication of propagation conditions,

2-5. The ratio of echo pourers to be exnected from the corner
reflectors at ¢700 and 3900 yards can he calculated very readily
under standard propagation conditions, and so can e compared with
measured ratios as a check on the calculated radar cross sectious
of these targets. On days vwhen nropagation conditions were con~
gidered "normal%, the measured wpover ratio was sufficiently close
to the calculated value to place confidence in the use of the one-
foot corner at 3900 yards range as a standard. On days when pro=
pagation conditions were not normal, the echo from the three-foot
corner at 9700 yards varied relative to the one at 3900 yards,
this variation amounting to as much as 15 decibels,

2-6, & further indication of propagation conditions was pro-
vided by Sharps Island Lishthouse, on which a two-corner reflector
had been installed at the heiiht of the first field intensity maxi-~
mum for the 3000 e radars. Propagation conditiens were considered
"not normal" when the echo from the li;hthouse faded badly, On these
days, some fading of the lighthouse echo was noticeable on all the
radar frequencies. The weather on such days was typically fair, often
slightly hazy, and almost dead calm., ¥When such conditions were en-
countered durin:; the ship measurements, several repeats of each type
of ship run were requested. Even thourh the received echo might vary
somevhat srratically with range on a ;iven run for a given frequency,
when 11 the runs for a given aspect were considered together, the



composite curve of echo power vs. range turned out to be fairly
regular in many cases.

3. DaTA OBTATNED

3«1, Radar Cross Section l'easurements,

3-1<1l. Since Report II, measurements of radar cross sections
have been made on the heavy cruiser Quincy, the light cruiser Miami,
the submarine Cathelot, the Essex class carrier Franklin, the escort
carrier Croatan, and the minesweeper Implicit. lNeasurements were made
at frequencies of 200, 400, 560, 700, 970, and.3060 Mc/s, except in
some instances when equipment failure developed. The values of far-
zone and near-zone radar cross sections obtained are given in Tables
I and II, resmectively. Alsc included in these tables are the values
for the ships given in Report IT, in order that all values to date
rmay Le available together. The least range to which a ¢iven value
of oy may be anplied can be obtained from Table III.

3-2. Variation of Radar Cross Section with Frequency.

3-2~1, It is importamt to know how the values of far-zone
radar cross section vary with frequency. This question was discussed
in Renort I, and it was deduced that Op should increase as the fifth
or sixth power of the frequency, derendin> on the shape of the target
horizontally. This conclusion was based on the assumption that all
nortions of the ship are illuminated in nhase vertically.

3-2-2, A discussion of this roint may hent to clarify the
phenomena involved, The values of of would be exnected to increase
at least as the fourth power of the frequency, since in the far zone
(effective top of the ship below the maximum of the lowest lobe of
the radar) the field intensity received from a small portion of the
target is pronortional to the square of its height in wavelengths;
the received power thus is proportional to the %ourfﬁ nower o:f the
height in wavelengths, or to the fourth nower of the frequency. If
the reflections from all portions of the target are phased at random,
then we should find op to increase as the fourth power of the frequeney.*

% Ve have been informed by kr, T, S. Kuhn of the Radio Research Labora-
tory, Harvard University, that he has carried through an analysis of ship
reflections alon: the lines of Report I, but under the assumption that
the scattering from the various parts of the target is purely random. He
obtains resultssimilar to those in Revort I insofar as the existence of
the far and near zones is concerned, but the variation of radar cross
section with frequency is not the samwe., It is important to note that

the suitability of the definitions of ¢f and o, given by (1) and (2)

is not impnaired. '



In such a case, howeyer, there would be no directivity to the scattering
from the target other than approximately a cosine variation; in other
words, for completely random scattering the radar cross section should
be proportional to the projected area of the target.

3-2-3. Tt is known from observation that the radar scattering
pattern of a ship has many lobes, the number of lobes and their sharpness
increasing with the frequency. The existence of scattering patterns of
this type is due to the existence of ceherent phase relations between
the various portions of the target, rather than phase relations which
are purely random. T%henever such directivity exists, the maximums of
the lobes are reinforced by the depletion of energy from the remaining
directions of space, most of the energy being concentrated in the lobes.
Since this concentration usually increases as the frequency increases,.
the effect is to augment the increase of the radar cross section with
frequency. If the concentration is only in one plane, either horizon-
tally or vertically, then the value of op will increase as the fifth
power of the frequency; if concentration takes place in both horizon-
tal and vertical planes, then Op will increase as the sixth power of
the frequency.

3+2~4. 1In comparin; the trend of op with frequency as deter-
mined from experimental data with theoretical expectations, one very
significant noint should be Leﬁt clearly in mind. Since the measure-
ments 1ead1nb to or were made by observing pip heiphts on an A-scope,
the probability that the full pip heirhts were missed somewhat by the
operator has to be conSIdered. Since the fadinz of the pip definitely
becomes more and more rapid as the frequency of the radar is increased,
it is qulte probable that the values reported may be below the theoreti-
cal maximums, increassinzly s¢ for higher frequencies. Thus the values
of Op may not be entirely appropriate for comparison with theory. The
values reported, ho~ever, should correspond to the pip heights of tacti-
cal importance.

3-2-5., The values of Op yiven in Table I have been examined
to determine their variations with frequency. This has been done by
plotting the values for each aspect on log-log graph paper, and fitting
2 line of .integral nower (fourth, fifth, or sixth power, whichever gave
the best fit) to the points, The bow, stern, and broadside aspects for
each type of shir have been rlotted on a single sheet, witn a few ex-
ceptions wiere this would lead to confusion. Plates 1-14 show the re-
sults for the entire series of combat ships covered to date.

3-2~6. Of the 36 lines fitted to the data, 22 fit best to a
fourth pover slope, andl4 to a fifth power.

3-2-7. 1If ve use the smoothed values of Op as given by the
strai ht lines fitted to the plots, we can formulate  the relationship
ass

s'_rfzx_fs



vhere s is the slope (4, 5, or 6), and f is the frequency in megacycles
per second. The values of K and s obtained from Plates 1-14 are tabu=-
lated in Table IV.

3-2-8. lost of the plots of op versus frequericy have one point
more than 3 db off the fitted straight line, mdny have two points, and
one or two have three points off the curve Ly more than 3 db. The 400
kc/s measurement is most frequently "out of line." This is probably
due chiefly to set difficulties. This particular radar has consistently
been afflicted with a jittery sweep of the 4 scone, making it difficult
to make accurate readings. Furtihermore, until recently, a nulsed signal
generator as not available for this set, so that gain dial settings,
calibrated by a ¢~w siznal generator before or after (or both) the ship
run nad to be used. It was found in some cases that the gain dial cali-
bration curve changed considerably between calibrations before and after
a run, so that a considerable error could result in the value of ¢ de-
duced. Furthermore, the absence of a »ulsed signal venerator mede it
inpossible to evaluate the effect of TR recovery on the standard target
echo. This could inject a further error of ahbout 2 or 3 decibels., It
is considered, therefore, that the earlier 400 I'c/s measurements are not
reliable.

3-2-9.. ‘The considerable scattering of the nmeasured values from
a straight-line slope is worthy of consideration. An immediate conse-
quence is that the estimation of values of racdar cross section at other
frequencies can be made only rou:hly, This is equivalent to saying
that the simple theoretical analysis used does not represent the situa=
tion well enough.

3-2~10. An explanation of the cause of these deviations from
a smooth frequency trend is not difficult to find. In addition to the
hull, many parts of the superstructure present surfaces whose dimensions
are large relative to the wavelen;th, In the far zone, reflections from
these elevated parts of the ship are enhanced because of their hei;hts,
so that the reflection from a surface such as the flat side of a gun
turret may be comparable with that from the hull. Since the distance
to such an elevated part of the shin differs slightly from the distance
to the hull, a rvhase difference betwveen the corresnondin: reflected
components results., If this difference in distance amounts to a
quarter of a wavelength (or an odd multinle of a quarter-wavelength),
the reflected components in question are in phase oprrosition. How=
ever, if the difference in distance is a half-wavelength (or a multinle
thereof), the components add in phase. Consequently, for a ziven
structure, such a mechanism will result in values of radar cross
section which oscillate or "scatter" with freguency about a smooth
value, The extent of this scattering demends on the relative amnli-
tudes of the reflections from individual parts of the shipts structure,
as well as the number of such individual reflectin; surfaces. It is
probably a hopeless task to attempt to assess the extent of these
fluctuations by means other than experimental measurement.



3-2-11. One case in which the above nhenomenon clearly
applied was that of the CVL. At 200 dc/s, the port broadside reflec-
tior was yreater than the starboard broadside reflection by &
decibels. it 700 lic/s, however, the starboard reflection was the
¢reater, although by only 1 decibel, This effect, no doubt, was
due to the island structure.

3-3. Effect of Propagation Conditions.

3-3-1. It was mentioned in naragrarh 35 of Heport II that,
on one occasion, abnormal conditions of propagation yielded values of
or aout 10 times those obtained during normal or “standard" conditions.
This phenomenon was confirmed durin: some of the runs made on several
other ships. The amount of increase occasioned wy the particular de-
zree of refraction present varied, buf,was of the order of 10 decibels.
“herever this vhenomenon was clearly recoenized, the values of radar
cross section corresponding to normal conditions were selected. Since
no systematic low-level meteorological data were available, it was not
possible to evaluate definitely the extent of abnormal propazation con-
ditions. Consequently, some of the values tabulated may deviate some-
what from the values which correspond to standard conditions.

3-4e Tffect of Air-Search Radar intenna.

3=4~1. It was noticed in some earlier measurements that on
certain frequencies the echo from the rotating air-search radar antemma
of certain large ships could be followed to several thousand yards
sreater ran.e than the ship echo itself. " hen this antenna is rotated
in normal searci operation, the echo from it "flashes" up on the A~
scope of the observing radar when the antenna is broadside to the
radar. I‘easurements were made of this flashing echo from the SK
antenna of the CL anc¢ the CVE. The shir was measured with and without
the maximum influence of the S¥ antenna by making certain of the ship
runs with the SK antenna trained constantly on the measuring radars,
and by making certain other runs with the antenna rotating at a con-
stant rate.

3-4~2. The effect of the SK antenna varied with frequency,
as expected, For 3000 lic/s, the SK antenna iras visible at greater
ranges than the ship proper, but the operator had to wwatch intently
to catch the "flash" as the narrow reflected beam swept around, If
the onerator were not expectin; the flash or if the SG radar used in
nmaking the measurements at this frequency had been searching, it is
almost certain that the flash would not have been observed, For the
lower frequencies tlie beanm reflected from the SK antenna was broader,
of course, and it was possible to measure the signal more readily.

3=4~3. The results of these measurements have been expressed
in terms of a far-zone radar cross section, and are presented in Table
V. Froa Table I, it can be seen that the values of op for the SK an-
tenna arc not as large as those for the ship itself in broadside

-6 -



aspects Thus, well within the horizon, wvhere very little of the ship
is screened by the curvature of the earth, the btroadside echoes from
the ship will predominate. Only at extreme ranges, ithere the lower
mart of the ship is below the horizon, will the SK antenna give the
stronger echo, and then only when it is btroadside to the radar.

4e CONCLUSIONS AND RECOMWENDATIONS

/=1, Conclusions.

4-1-1. The results of the measurements that have been made
show quite definitely the existence of the far and near zones.

4~1-2., The variation of far-zone radar cross section with
fregquency is not smooth. The best integer exponent of frequency was
found to vbe either 4 or 5.

4=1-3. Abnormal rropazation conditions increase the values
of far-zone radar cross section. This increase has been observed to
be of the order of 10 decibels.

4=1-4. The SK antenna, when broadside to the observing radar,
gives large reflections, which rredominate when the ship is partially
below the horizon, although not at closer manges.

4=2. Recommendations.

4-2-1. Tt is recommended that additional ships be made
available at the Chesapeake Bay Annex for radar cross section measure-
ments. These should include several shins of each class, in order that
more representative average values for each class may be determined,
as well as to allow measurements to be made under various degrees of
atmospheric refraction.



Ship

§E-246
Implicit

BB-26
Hew York

CA-71
Quincy

CL~=89
Miami

cv-13
Franklin

CVE=25
Croatan

CvLi-30

San Jacinto

DD-496
keGook

DE-322
Newell

IcT

IsT

Asnect

Bow
Stern
Bristd

Bowr
Stern
Bristd

Bow
stern
Bris'd

Bow
Stern
Brtst'd

Bow
Stern
Brtistd

Bow
Stern
Brtstd

Bow
Stern
3ristd

now
Stern
Bristd

Bow
Stern
Brist'd

Bow
Stern
Bri!s'd

Bow
Stern
Bristd

TABLE I

Values of of in Square HMeters

Frequency in kc/s

200

6.,01010

4401010
6.,001010

1.4°1012
2.5+1012
1.5+1013

1.81032
5.7¢1012
7.501012

1.q.1011
1.9¢ 1011
1.1-1013

5,61012
1.1°1012
5,7+1013

3.7.1011

1.3 +1011
5.5¢1011
6.1+1012

400

616'1011
2.601012
1.1.1013

3.3+10%%
5,101014
2,9¢ 1015
54310 15
3.9+1015
4,0°1014
Q ,101013

4,6+1013
Lob*10Y4
3,6°10L5

1.6°10M4
4e3°1013
1,2°1016

3.3-1012
2.9-1013
g 2.1011

9.2'1011
1. 1-10 13

560
1, 101013

1.6°1012
2,201013

3.3+1015

4e341014
4Le3°1

2.201015

001012
1013

2.
1.1°
2,3

8,70 1013
Le3°1014
5.4+1015
9,1° 1013
7,11

2.6°

10 15

1013
ol3

50401
7.5°1
1.,2¢1015

7.5+1013

1.5°104

700

6.2'10]‘2

451012
3.801013

.£+1015
1,201015
5,7.1013

1.7 015
1. -4e1016

3,2¢1014
6o A'101J

7.1°1014
5,6¢1014
3,21016

1.1°10%4
1.1°10%4
1.4°1016
5.5+1013
5.541013
3.4°1015
2.9+1012
2.2¢1013
6.9+1013

1.4°1013
5,1°1012
2,5+1013

6,60109
6.6°109
7441010

2.0.1012
50201012
1.0-1014

910

1.1-1014
1.7+1013

3060

2,3¢1015
1.1.1015
7.101015

1.0+1016
6.11017

9.201016
3,2¢1017
5.5¢1017

4.1+1016
1.7-1016
3.0.1017

4,1+1016
5,3¢1016
1.3 #1018

4.641016
5,3 .1016
1.4°1018

2.8+1016
7.7+1015
7,5°1016

5,4°1016
1.321017
1.3+1018

016

3.

3.
51016
Lol
501018

S
5.
1.

ot

o
e}
U

ol5
ol7

s

PJEJFJ
(S, RV IS |
‘,—l



TABLE I (continued)

TABLE II

Values of on in Square Meters

Frequency in ¥c/s

Ship Aspect 200
$5=180 Bow
Catchelbt Stern
surfaced Brtsid
§5-180 Bow 469107
Catchelot Stern  8.G+107
swash Brfs'd 1.3-108
Ship Aspect 400
AM~246 Bow 1.7-103
Implicit Stern 6.3°103
Br's'd 1.3+104
CA-71 Bow 7&-04
Quincy Stern 6.3+10
Brt'std
CL~-£9 Bow 1,1-103
Miami Stern
Br's'd  7.0°103
CVE-25 Bow
Croatan Stern
Rristd
GVL~30" Bow 7.2010%
San-Jacinte Stern 1,0°104
Bristd  1.2100
IST Bow
Stern
Bristd
SS-180 Bowr 7.1°101
Catchelot, Stern 8.0
Surfaced Brist'd  1.2102

700

6.6°103
1.6104
8.3

.3+104°

3.0°104
2.G10%
8.5°100

2,0103

560 700
.1010  5,3.1010 5,
«1010 31,8.1010 3,
«2011 g,7.1011 2
«1010 1,0.1011 3.
+1010 6. .1010 3
<1011 3,5.1011 ¢,

3060
432104
9.44°105
1.1106
1,7-108

1,3+107

6.8¢105

1.3+100
942=3107
944,100

2.1+104

2.4°104
1.2+107

5.4°105

970

3060
Lel+1013
2.1-1014

9.9-1013
4.6+1013

1.4+10%4



Ship
Al’=246
Implicit

BB
Hew York

CA=-T1
Quincy

CL~89
b iami

cv-13
Franklin

CVE=25
Croatan
CVL-30
)]

DE

1cT

TABLE IIT

least Range (in yards) to which Values

of of may be annlied

isspect 200
Bow 3,500
Stern 2,000
Bristd  3,000%
Bow <5,000
Stern <5,000
Bris'd <5,000
Bovr 5,000
Stern 7,000
Bris'd 6,000
Bow 3,500
Stern 3,000
3r's'd 3,000
Bow 12,000
Stern 12,000
Brts'd 7,500
Bow

Stern 7,500
Artstd

Bow < 5,000
Stern <5,000
pristd <5,000
Bow < 5,000
Stern <5,000
Sristd <5,000
Bow < 5,000
Stern <5,000
drtstd <5,000
Bow <5,000
Stern <5,000
Br's'd <5,000

FREQUIEITCY

40

540003
5,200
6,200

<8,000
5,000
5,000

18, 500%
1¢,000:
15,000

17,0003
10,000%
23,0003

11,000
8, 500
8,500

8,300%
9,600%
12,0003

3,000
5,000
5,000

5,000
5,000
5,000

560
5,000%
3,500

<8,000
7,000%

6,000
6 ,000%
2,000

7,500

7,000
10,000

3,500

3,500
3,500
3,500

I
700

6,700
5,100
5,700

<.8,000
8,000

10,000
11,000

8, 500%
7 45003
7 5 500%

12,500
12,500
7,500

7,000
10,000
8,000

&,000%
2 ,000%
6,000%

3,500
3,000
4,000

Mc/s
910

6,000
8,000
11,000%

18,000%
14, 500%
9, 5004

11,000
12,0003
9,500

11,500
11,000

7,000
10,0004
10,0003

12,0003
13,000%
13,0003

3060

16,000%
13,5001

9,000
10,000

22,000
15 ,000%
14,000

17,5003
14,000

18,000%
14,000%
15,000%

13,0004
15,000%

15,000%2#%
15,000 7%
15,0002

15,006 2%
15,0007#
15,0007+



Ship
LST

55-180
Surfaced

58-180
Awash

TABLE ITI (continued)

Aspect 200

FREQUENCY

400

Bow 25,000 .

Stern <5,000
Bristd <5,000

Bow
Stern
Br's'd

Bow 2,500
Stern 2,500
Bristd 2,500

5, 500%
8,000
3,500
4,000

4y 500%

560

45000
3,000
4,000

3,000

IN
70

6,000
6,000
6,000

4, 000%
5,000
3,000

5,000
5,000

¥c/s

970

4 4500%
5,000%
7,000

4,000

3,000

# Denotes that curve actually broke away from inverse 8th power.

Ship

Al=246
BB-26
Ca-T1
CL~-39
Cv=-13
CVE-25
CVL~30
DD-496
DE-322
ICT
LST

5S5-180 (surfaced)
SS~180 (awash)

TABLE IV

Values of s and K in formula; op =K » £S

o

ViU VT N I B e S

ASPECT
Bow Stern Broadside
K s L8 g K
52, 4 19 4L 1,6102
2.4+103 L 2040103 4 1,6°104
2.7+103 L he4e103 4L 1.2+104
0.52 L 1.8-10° L 104
2,1:103 4 1.6+103 4L 6°104
5,7¢10% L 5.74102 L 2.7+104
3,210° 4L 3.2°10%2 4L 5-103
0425 5  0.25 5 2.5
0.14 5 0.1 5 245
0,05 4L 0.06 4L 0.3
18. A 180 5 005
Liel*10~4 5 71074 5 41073
5¢10=4 5  3,610"4 5 10™3

10,000
10,000
10,0003

10,000:
10,0005
21,000

The
ranges without asterisk denote only the extent of the measurements.



Ship
CL~89

CVE=-25

TABLE V

Values of oy in Square Neters

Bow Aspect with SK Antemna Aimed Forward

200 400 560 700 970 3060
2.1410%% ¢,1-10% 5,8.1013 6,7°101% 5,41015

2,9 «1015 2,1+1015
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