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FOREWORD

This is the Final Report prepared by Teledyne Micro-
netics under Naval Air Systems Command Contract No. N00019-
79-C~0625. The work reported here covers the period of time
from October, 1979 through March, 1981. The work was admin-
i . istered by Mr. James W, Willis, Naval Air Systems Command,

4 o Code AIR-310B.

The project manager for Teledyne Micronetics was
3 Dr. Steven Weisbrod. The other principal investigator was
! Mr._Lee A. Morgan.

We wish to acknowledge the assistance of Dr. Juergen
Richter and Mr. Perry Snyder of Naval Ocean Systems Command
in making the necessary arrangement for the preparations and
utilization of the Point Loma site,

We are indebted to Mr. John C. Duley of NRL for his
continuing cooperation in the development of theoretical
models of sea clutter and targets.

We also wish to acknowledge many helpful comments and
suggestions by Dr. Robert C. Hansen who was the NAVAIR consul-
tant for this effort.
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1.0 INTRODUCT ION

1.1 Objective of the Effort

%? The immediate objective of the effort was to instrument
 :‘ an experimental capability to study RCS matrix of sea clutter
- and to collect some preliminary data from an experimental site
at NOSC to confirm experimental results obtained with the NRL
Four Frequency Radar datau taken some ten years ago. The long
term objective of this effort is to refine the NRL results and
to quantify the RCS matrix technique potential to improve radar
'i target detectability in sea clutter and to evaluate the appli-
- cability of this technique to target classification.

In order to make this report as much self-contained as
possible, a brief overview will be given of the earlier studies
and the basic concepts.

1.2 Background Information

During the past few years Teledyne Micronetics, under
the sponsorship of NAVAIR, and also within the past two years
under the sponsorships of NAVAIR and RADC, has been carrying
‘- out a series of studies aimed at the utilization of polarization
signatures to augment conventional radar techniques in order to
achieve improved target detectability and classification in the
presence of clutter.

The initial efforts carried out under NAVAIR contracts
were aimed at a systematic analysis of polarization signatures
of sea clutter and sea clutter with targets. The study was
motivated in part by the requirement to improving radar detect-
ability of targets in sea clutter and in part by scattered
. reports in literature that occasionally significant improvement
in target detectability was achieved by such techniques as
using horizontally polarized signals for target illumination
and vertically polarized signals for signal reception.
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It was therefore felt that useful information could be
gained if a systematic investigation were carried out on polar-
J; ization properties of sea clutter to establish if indeed there
| exist some properties which are stable in a statistical sense

over a period of time long in comparison with time on target

and also if the presence of a target causes a significant change
in these properties to allow identification of the radar return
for the presence of a target with reasonably high degree of
confidence and low probability of false alarm.

e e T e

T =

The results of these earlier studies have qualitatively
demonstrated that polarization properties of sea clutter are

: fr . statistically quite different from those of man-made targets
; _ and utilization of polarization signatures can effectively
.. augment radar detectability of targets in sea clutter.

The experimental data which was used was the NRL Air-
= borne Four Frequency Radar data which was taken by NRL in the
- late '60s and '70s. Radar operating at P, L, C, and X-band
1 were sequentially switched using alternately vertical and hor-
izontal polarizations. Returned scatter was measured on both
polarizations simultaneously and relative amplitudes and phase
were digitized and recorded on magnetic tape. As it turned
out, only the cosine of the phase angle was actually available
and a considerable amount of data processing was needed to
identify the quadrant with a reasonable degree of confidence.
It should be emphasized that this effort would have been
completely impossible without the tremendous assistance and
cooperation which we received from NRL.

Although there were some serious problems with the data
which limited the quantitative aspects of the study, the qual-
itative results demonstrated beyond any reasonable doubt that
sea clutter exhibits certain well-defined polarization character-
istics which were demonstrated by studying various properties
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i» of the RCS matrix. Furthermore, the NRL data also clearly dem-
‘ onstrated that these properties were significantly disturbed in
| the presence of a target. Because of the obvious potential
' impact of this discovery on the future design of airborne radar,
a supporting theoretical study by Dr. Jack Daley at NRL is now
being conducted in parallel with this effort to develop and to
define sea model parameters which explain the observed data.
I Results of this study have been very successful in explaining
the salient features of the experimental data and consequently
. provide a better insight to the physical phenomena which control
polarization properties of the sea clutter. These studies have
% also indicated that a rather substantial improvement in signal
to clutter ratio of as much as 10 dB may be possible at moderate
depression angles where sea clutter is especially troublesome.

The approach used in these studies was based on the
i changes in the properties of the radar cross section polarization
matrix or the '"RCS matrix".

The RCS matrix provides a complete description of radar
reflectivity of a target. Everyone who has worked with radar
targets is familiar with the concept of the '"radar cross section
area" commonly denoted by the Greek letter o. This quantity is
. very useful since it describes in a very simple way the reflec-
. tivity of the target to the given radar. Unfortunately o is not
a complete description since in general it is a function of
transmitter and receiver polarizations. For instance, if the
target is a large flat metal plate at normal incidence, a linearly
polarized radar will see a very large o whereas a circularly
polarized radar will see practically nothing since the reflected
energy will be cross polarized.

The RCS matrix generalizes the concept of v and converts
the observed relectivity of the target into intrinsic properties
of the target independent of the radar. Using RCS matrix param-
eters, we can by mcans of mathematical transformations, computc
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the target response to any radar whose transmit and receive
properties are known.

The method which is used here to present and to describe

experimental results presupposes familiarity with RCS matrix, the
Poincare Sphere, polarization space and polarization nulls. For

the convenience of readers who are not familiar with these tech-

niques, a brief summary of essential concepts has been included
in Appendix A of this report and we do recommend that this mater-
ial be reviewed before proceeding with the main body of the report.

ORI
" *

oo 2w SRS N : ..o RPN T




B DI L T
. R

I FvT n 7
T T o AWM 7 e s et oo =

2.0 DESCRIPTION OF EXPERIMENTAL PROCEDURES

2.1 Site Geometry

The equipment is located on Point Loma at an elevation
of 422 feet above mean cea level. Path profiles along three
radials are shown in Figure 1. The usable look directions are
West + 20 degrees. To the North the limit is set by the fact
that the coastline slopes Westward and only extremely low grazing
angles on the sea are possible. To the South there are several
large antenna installations close to the site blocking the view
of the sea.

Figure 2 is a plot of angle of incidence on the sea
surface as a function of range and delay for the actual antenna
height of 430 feet above MSL.

To the South and West the maximum incidence angle is
about 15 degrees but this is close to the shore. The maximum

usable incidence angle is approximately 8 degrees.

2.2 Experimental Equipment

The RCS matrix radar consists of a 10 KW pulse trans-
mitter, a three-channel receiver, and a minicomputer controlled
data acquisition and recording system located inside an equip-

ment van.

A ten foot parabolic reflector antenna with a dual
polarized square horn feed is used for both transmitting and
receiving., The antenna polarizations are 45 degree left and
45 degree right linear. The antenna is mounted on a pedestal
with manual pointing capability in azimuth and elevation.

A telescope aligned with the electrical axis is used for optical
tracking of the antenna pointing.
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FIGURE 2: Incidence Angle on Sea Surface as
Function of Range or Delay.
Radar Height = 430°',




The PRF is approximately 3 kHz with a one-half micro-
second pulse width. The transmit polarization is switched on
every other pulse, The received signal on both polarizations
are sampled just prior to switching of the transmit polarization.

The transmitter consists of a CW signal source with
approximately 10 mW output. A portion of this signal is coupled
off and sent to the receiver for use as a phase and frequency
reference. The remainder is pulse modulated. The pulsed signal
is amplified to approximately 10 watts in a medium power TWT
amplifier. The final stage is a water-cooled solenoid-focused
modulating anode traveling wave tube with peak power output
of 10 KW and a maximum average power output of 200 watts at
0.25% duty cycle. The operating range of the final stage is
3.1 to 3.5 GHz.

The transmitter output is fed through circulators to
the antenna.

The receiver consists of three phase and amplituae
matched channels., Each channel consists of a mixer where the
input is downconverted to 60 MHz, several stages of IF amplif-
ication, coherent quadrature detectors, and two stages of
sample-~hold circuits. The receiver is operated in a fixed gain
mode which provides ahout 40 dB of dynamic range when some
signal averaging is used to reduce the effective noise level.
The first local oscillator and 60 MHz coherent detection ref-
ereince signal are common to the three receiving channels. One
of the channels is used for phase and frequency reference and
i is fed by a coupled off portion of the CW signal. The first
sample-hold circuit is a fast attack circuit which uses an
3 externally derived trigger. This sampling time can be delayed
a variable amount from the external source thus providing an
adjustable range gate. The second sample-hold circuit is a
slow decay circuit which is triggered just prior to switching
of the polarization. The output of this circuit remains constant
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for the perioda of time required by the A/D conversion in the
data acquisition systenm,

The data acquisition and recording system consists of
a multi-channel A/D module, a digital tape recorder, and a
NOVA 2 minicomputer. A stored program controls the recording
sequence which is initiated by an interrupt pulse that is co-
incident with the polarization switching signal.

Table I contains a summary of the parameters of the
RCS Matrix Radar system as it was configured for these tests.,
The receiver noise figure is 12 dB and the IF bandwidth is
2 MHz resulting in a receiver noise level of -98 dBm,

2.3 Calibration Procedures

The on-site calibration and equipment check procedures
were described in the Second Quarterly Progress Report. Subse-
quently, it was determined that procedural modifications were
required in order to achieve self consistency in the system
calibration. For this reason, the basic calibration procedure,
with the modifications, will be reviewed in this section.

A knoll in the antenna fereground provides a suitable
site for locating standard calibration targets. The geometry
of this site is sketched in Figure 3. This site is remarkably
free of multipath. A field probe when illuminated by the radar
antenna essentially reproduces the antenna patterns with no
evidence of ground reflections. The background is rather high
but is sufficiently constant to allow its subtraction from the
calibration data.

The procedure utilizes measurements on three known
targets, the background, and no signal conditions, with a
fourth known target (a dipole) used for ambiguity resolution.
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TABLE 1

RCS MATRIX RADAR PARAMETERS
Py = (B,0.GpAt0) /(64T RL,Ly)
vhere
‘: PR = Signal power at input to receiver
; ’T = Power at output of transmitter = 10 KW = +70 DBM
(;.r » Transmitter antenna gain = 36.5dB
GR = Receiver antenna gain = 36,548
A = Radio wavelength = ,0%
R = Radar range
Ly = Losses between transmitter and antemna = 10 dB
LR = Losses batween antenna and receiver = 5 dB
¢ = Clutter bucklcattor‘ctooo section = ooA
o, " Clutter cross section per unit area of sea surface
A = Illuminated area on the sea surface
A = (aRB) (Cteecy/2)
B = 3 dB azimuth beamwidth in radians = ,037
o = A weighting factor 1//7

C = Velocity of light

-
L]

RF pulse width = 0.5 ue

and

¢ = Incidence angle in the sea surface.

.
i
!
:
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i_ The three known targets are a reference flat plate (a sphere
may also be used), a dihedral with its axis in the vertical
plane, and a dihedral with its axis rolled out of the vertical
plane. The data from these targets together with the background
and no signal condition data is adequate to completely determine
the system parameters. This is done in the following fashion:

Rt TP S

For a linear system the measured RCS matrix (o') when the true
RCS matrix is o is given by

o' = DoCer (1)

where T = receiver output matrix when there is no target
j D = transmitter coupling matrix
b, and C = receiver coupling matrix.

The matrix T represents the combined effects of D.C.
offsets in the coherent detectors, transmit to receiver leakage,
etc, The matrix D describes the transmitter coupling, differ-

ential gain, etc. That is, if the nominal transmitted polar-
ization is i then the field component with polarization j is
Dij' Similarly, the C matrix describes the response of the

receiving system to the field scattered by the target. Thus,
Ci' is the response in receiver channel j when the scattered

field has polarization i.

The offset matrix I' is determined by recording with no
targets in the range gate. The transmitter and receiver coupling
matrices are determined by recording data from a set of standard
targets whose RCS matrices are known. Although in principle two
properly chosen targets should provide enough information to
uniquely define the unknown parameters we have been unable to
find a set with fewer than three targets which leads to an
unambiguous solution,
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The three standard targets which we utilize are a flat
plate, a dihedral with its axis vertical, and a dihedral with
its axis rolled at an arbitrary angle © about an axis parallel
to the line of sight.

The flat circular plate provides an absolute cross
section reference and is used here also as a phase reference,.
When the orthogonal antenna polarizations are horizontal (H)
and vertical (V) the normalized flat plate RCS matrix is

1 0
0 1

Using the flat plate as a reference the RCS matrix of the vertical
dihedral (8 = 0) is

-1 0
o~ = A (3)
° 0 1

and the dihedral rolled through an angle 6 is

-cos28 =-sin29 ‘
o’ = Ay (4)
-sin2f6 -cos26

The constants Ao and A9 are complex numbers. If the dihedrals
are properly oriented their amplitudes are known and equal.

. Their phases, however, are usually uncertain because of the

. practical difficulties of positioning the phase center of

.. the dihedral coincident with that of the flat plate. In our
procedures we allow both the amplitudes and phases to the
unknown,

From Equations 2 through 4 it follows that

' F
1A 12 = -16°]/]6F|

Mgl = <% /165, (6)




Furthermore, these same relationships apply if we replace o by
+*=I' so that the unknown constants Ao and Ae may be determined
(with a phase ambiguity of 180 degrees) from the determinants

of the measured RCS matrices. In the following discussion we
will assume that this has been done and all of the matrices

have been normalized., We further assume that the offset matrix,
I', has been found and subtracted from the measured RCS matrices.

When Equations 2 through 4 are inserted into Equation 1
then we find 12 complex equations (not all independent) in 7 com-
plex unknowns. The cciplex unknowns are the elements of the C
and D matrices with the recognition that one of these elements
may be arbitrarily chosen since only products are of significance.
One form of the 12 equations is Equation 7 through 18 with the
e's set equal to zero. If there were no noise or measurement
errors it would be possible to solve these equations for the
unknowns, Since there are measurement errors and noise, how-
ever, a best fit solution is found. That is, the unknown
matrix coefficients and the angle & are determined by minimiz-
ing the quantity E where

12

E =z |e;f’
1

and the e's are given by Equations 7 through 18. Since the

minimization equations are nonlinear we use an iterative sol-

ution algorithm.

€1 = %11 - €105 (7)
e. = a0 . c,.D (8)
2 12 22012

i H
€3 931 -~ €210, (9)
e. = o0 c..D (10)
4 22 22022

D (11)

14
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€ ™ %12 - G120
v
€, = O3 - CypDyy
v
eg = 932 - C0p
e = 9.9 +D,.R,, + DR
9 11 11R11 * D3Ry
= 0..2 +D,.R,, +D,.R
€10 12 11712 12722
e.. = ¢..9 +D,.R,, + DR
11 21 21R11 * DRy
6
€12 ® %33 * DyiRyp * DyoRy,
where UH = (oF + oo)/Z

11

Ryg= C

R21 = C,,$ - C,,C

Ryp = C
C = cos(26)

and S = sin(20).

(12)

(13)

(14)

(15)

(16)

(17)

(18)

A figure of merit for the goodness of the data is the ratio of

E to the total power in the three target matrices.

15
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Equations 3 and 4 are for ideal dihedrals. The RCS
matrix of a real dihedral will differ slightly from these
forms due to the presence of a non-specular flat plate com-
ponent. Figure 4 shows the geometry of this component.

PO DT RN SR - ST Tl Dt P P, Iy

fi The specular component cross-section of the dihedral

is given by (1)

osas4n (A/)\)2

where A = area of one side

and A = radar wavelength.

The non-specular component cross-section is oscillatory
with frequency and size and is not well defined. If the two
sides behaved independently formulae given by Ross(Z) could be
used and would predict a polarization dependence. The fact
that the two sides are joined, however, must substantially alter
the contributions of diffraction at the edges. The magnitude

of the components can be estimated from physical optics theory
and is found to be

s = 20 [singka[/72]2
ns s ka/v2

where k = 2n/A

- and a = length of one side.

Ruck, G, T., Barrick, D. E., Stuart, W. D., and Krichbaum,
C. D.; Radar Cross Section Handbook, Plenum Press, New York

(1970).
(2) Ross, R. A., "Radar Cross Section of Rectangular Flat Plates

as a Function of Aspect Angle', IEEE Transactions on Antennas
and Propagation, Vol, AP-1r, No. 3, pp 329-335 (1966).

16

- e Tl ML)
e 2 TR e e s



\ I\
|\ I

l\ l‘

Specular Non-specular

Figure 4

Geometry of specular and non-specular Components
of Reflection from a Dihedral.
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For the dihedral used in these calibrations these results
predict a non-specular return which is of the order of 25 dB
smaller than the specular return. When this was not taken into
account when applying the theory, the residual errors after
performing a least squares fit were found to always be of the
order of 25-30 dB below the totai power in the three target
matrix. If the non-specular component is assumed to be indepen-
dent of polarization then the total cross section matrix of the
dihedral will consist of the sum of two terms of the form of
(2) and (4). The difference between measurements made a 0 and
0+90° will then cancel out the non-specular term and the spec-
ular terms will add. When this was done the residual errors
were reduced 10 dB resulting in considerable enhanced confidence
in the calibrations.

The calibration procedure utilized then should consist
of measuring a flat plate, the background, and dihedrals at
roll angles of 0, 45, 90, and 135 degrees. The difference
between the roll 0 and roll 90 dihedral data is designated as
roll 0 and the difference between the roll 45 and roll 135
dihedral data is designated as roll 45. This data is then used
in the procedure described in the preceding paragraphs.

This modification of the procedure was developed after
the last data on this contract was taken but will be used in
further tests.




3.0 PRELIMINARY EXPERIMENTAL RESULTS

During the last stages of equipment check out at the
NOSC site there were several opportunities to gather some pre-
liminary data on sea clutter and on targets of opportunity.
The data presented here consists of four samples of clutter
taken at depression angles 2.9°, 3.3°, 4.1° and 6.1° respec-
tively and three targets of opportunity: a sailboat, a launch
with big wake and a sportfishing boat. The sea conditions
were fairly calm and the return from the targets was in gen-
eral well above the clutter level, especially since the targets
were further out in range near grazing incidence where the
clutter level tended to be low,.

Approximately .6 seconds of representative data were
selected for the purpose of illustrating the RCS matrix proper-
ties of the above mentioned clutter samples and targets of
opportunity.

To facilitate the discussion, each RCS matrix data sam-
ple utilizes a similar four page format which consists of one
page of amplitude information and three pages of polarization
information. This is described below.

3.1 Data Format

Experimental data discussed in Sections 3.2 and 3.3
is presented with the aid of two types of supplementary formats:
amplitude and null polarizations. These two formats will now
be explained in detail.

A typical amplitude format is illustrated by Figure 5a,.
The format displays amplitude of RCS matrix elements as a func-
tion of data sample number for about 600 consecutive data points
(300 in each of the two columns). Because of the high degree
of correlation in the amplitude values of adjacent data points
only every fifth data sample is printed out and every 25th is




identified by a number on the left margin. The data rate was
approximately 1,000 RCS matrix samples per second so that as
a convenient approximation the data number represents time in
milliseconds.

The horizontal scale at the top of each record repre-
sents relative amplitude. Vertical rows of dotted lines repre-
sent amplitude steps of 10 dB. There are ten horizontal
character spaces between the dotted lines so that each horizontal
space represents a step of one dB.

Although, because of engineering considerations, the
RCS matrix data was collected using *45° linear polarizations,
the data shown here is the data which has been corrected by
system calibration and which has been polarization rotated to
show what would have been recorded with a radar using horizontal
and vertical polarizations,

The symbols are as follows:

H o= logyl
V = lovvl
X = loﬂvl Icvﬂl
2 2 2, 1/2
S = [logyl 2+ loyyl2+2lo 121 2/
where loijl represents radar cross section observed with the

ith polarization transmitted and jth polarization received.

Here subscripts H and V denote horizontal and vertical polar-
izations respectively.

In data samples when the total target reflectivity,
"S§", is not printed out, S occupies the same amplitude cell
as the strongest component shown. In general, when two or
more letters occupy the same amplitude space only one will be
printed in the following order of precedence: X, V, H, S and
+ (dot).

™




The second type of data format used here is exemplified
by Figure 5b and displays in rectilinear coordinates the lat-
itude and longitude of the co and cross pol nulls on the Poincare
Sphere (See the Appendix for discussion of co and cross pol nulls
and Poincaré Sphere). The four plots on the left side of the
page represent co pol nulls and those on the right show the cross
pol nulls. Each plot shows 50 consecutive data points identif-
ied by the numbers below each plot. These data point numbers
represent the same points on the corresponding amplitude data
points. Thus each of the same 600 data points shown on the
amplitude charts are re-examined in the polarization space on
the Poincaré Sphere. For convenience the 50 points are consec-
utively labeled "A, B,B, C,C, D,D,......X,X, Y,Y, Z." (There
is only one A and Z). It will be recalled that only 10 of these
50 points in each plot are printed out on the amplitude plots.
These ten points are:

1l - second C 6 - first P
2 - first F 7 - second R
3 - second H 8 - first U
4 - first K 9 - second W
5 - second M 10 - Z

Each of the 72 horizontal spaces in the plots represents a five
degree step in longitude and each of the 18 vertical spaces in
the plot represents a five degree step in latitude. In cases
where two or more letters occupy the same horizontal and ver-
tical space only the highest ranking letter is printed.

To summarize, the data associated with each clutter and
target sample discussed here is illustrated by a set of four
page figures labeled a, b, c, and d. The first page is the
amplitude data showing 600 consecutive data points and repre-
senting approximately 600 milliseconds of data. The other three
pages detail the polarization properties of each of the 600
points (200 per page) by the use of co and cross pol null coordin-
ates plots on the Poincare Sphere with 50 consecutive data points
per plot.
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a1 3.2 Target Data

As stated earlier, observations were made on three

e different targets of opportunity: a sailboat, a launch and

a sportfishing boat. Figure 5a, 6a, and 7a show samples of

the amplitude data. (See Section 3.1 for format explanation).

The amount of structure appears to be directly related tc the

target complexity. The sailboat exhibits very little fluctu-

ation in total target reflectivity(s), although the Iovvl tends

to fade more than IoHHI. The cross pol component loHvl is in

general much weaker. Both the launch and the sportfishing boat

exhibit quasi periodic fading with the sportfishing boat show-

ing more structure than the launch., The period of fading

. appears to be on the order of 75 milliseconds which would seem

3 k to suggest that it is generated by the relative motion of

. scatter centers moving in opposite sense relative to the receiv- |

‘ er with the velocity of about two feet per second which prob-
ably is a reasonable value for a2 60 to 80 foot boat tossed

| up and down by wave action.

Polarization plots of co and cross pol nulls shown in
Figures 5b,c,d, 6b,c,d, and 7b,c,d are interesting. In the
case of the sailboat the copol nulls appear to cluster in the
polar region, a condition reminiscent of a near specular reflec-
tion from a flat surface. A notable exception to this occurs
in point sequence of 450-650 which when examined in the ampli-
tude domain shows a significant fade of the |0VV| component
followed by a fade of |0HH| component,

The cross pol plots exhibit well defined clustering
in the equatorial region throughout the entire sequence except ]
that during the 400-650 fade cycle which shows a distinct :
progression of the cluster eastward (to the right). |

The polarization characteristics of the launch are f
distinctly different from the svilboat. There is much less :
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clustering of the cross pol nulls. The copol nulls which tend

to cluster in the polar region exhibit considerably more struc-
ture than those of the sailboat. An interesting sequence of
events is exhibited by the point sequence of 350-600. In the
sequence of 350-400 starting with H (Point Number 360 on the
amplitude scale) the northern cluster of the copol nulls meanders
across the pole down to the equator and back to the pole. The
southern cluster remains virtually stationary in the next series
of 50 points (401-450). Both copol clusters then start out from
the polar region, meander to the equator and move along the
equatorial belt in opposite directions, northern cluster to the
east and southern to the west with the latter progressing per-
haps three times as fast. The next sequences 451-600 traces

out the rapid passage of the southern cluster through a counter-
clockwise spiral and a gradual reformation to the northern and
southern clusters. The amplitude information during that sequence
of events shows a significant fade of the signal around 450 and

a significantly lower Iovvl during the entire sequence of the
data points discussed here.

The sportfishing boat displayed the most complex behav-
ior of the polarization nulls as shown in Figures 7b,c, and d.
The sequence of points 451-500 exhibits nearly classic example
of a flat plate response. All the other copol patterns are
very rich in signature information and suitable techniques
will need to be developed to permit a meaningful interpretation.

It is very clear from the above illustrations that
whereas one could probably recognize the sailboat from the
launch or the sportfishing boat by the fading rate of the .
amplitude signal, separating the launch from the sportfishing
boat, would be difficult using amplitude signal alone and in
particular only IoHHI which is the usual quantity that is moni-
tored by conventional Navy radars, Although both targets exhibit
reasonably similar fading patterns, polarization signatures are
distinctly different and if full RCS matrix information is used,
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one could quitve readily distinguish the launch from the sport-
fishing boat simply by observing the behavior of the polariza-
tion nulls plotted on the Poincaré Sphere.

3.3 RCS Matrix Measurements of Clutter

For the purpose of illustrating the RCS matrix
properties of sea clutter as observed off the Point Loma
site, data from four representative samples are shown in Fig-
ures 8, 9, 10 and 11. Samples shown represent observations
made at elevation angles of 2.9, 3.3, 4.1 and 6.6°., Perusal
of the amplitude data shown in part "a" of the above referenced
figures reveals quasi periodic fading of Invvl with periods
which appear to depend on the angle of elevation, The longer
periods of 75 to 100 milliseconds are associated with the
elevation angles of 4.1 and 6.1° and shorter periods of 50 to
75 milliseconds are asscciated with the elevation angles of
2.9° and 3.3°,

As expected, IOHHI is much weaker than Iovvl. It is
interesting .to note that 'OHHI is in general significantly
weaker than the cross polarized component IUHV . However,
since both IoHHl and |0Hv| are fairly close to the receiver
noise level and inasmuch as this data represents preliminary
observations, these results should be treated as being more
qualitative than quantitative until additional data become
available,

Observed polarization properties of the clutter shown
in parts b, ¢, and d of Figures 8, 9, 10 and 11 are in general
agreemcnt with earlier observations based on the Four Frequency
Radar NRL data. However, tney do exhibit a fair amount of fine
structure which was not observed in the NRL data.

Whenever the signal is strong, as during the peak of
the fading cycle, the clustering of the polarization nulls is

I s o T R DA




m S>>
: 25> 57785 - -2 >>
I e Lo >, 2 >>% > =5 >
[ =2 .W llllllll “ e e cte e et a e e ns e e e vw 00000 ® e 8 s o8 6w e 4 o @ v ¢ 6 s e ® 2 0 s 0 e
‘- >% - - 2 o s
3 -
Q % . = Ndl vsu - V'vu
S = e WW e »
|3 - P = =»x > 'v - » ]
u w HIM" - o o O”tm Y- o'ﬂ”l - 0'!“ . l“.’l O'l“' ..... * o o '”D ....... xo ,0.0 - l". l"o . o O“xo 0"-“ ey um
a. - = ' = et =" T =
= x = = = = e o =
< < z_x b = - - - X = =
: ==T=x ® Tz =z = g _~ =8> = = -
“«m.....0!0.'””....Ollll..'.'.“'la’....'..ll.oOIO”OOCOOJOQDCOHO'OOIGO
— bt = = x
— : =
. M . = =
“ M m PP T T S L0 LT LSS 100190080 P TL LTS BT EOEES P SN e ease e e s e e

B B €& & & & § & & B § %5 38

YJENNN ITdWVS VIVA

FIGURE 8a - Clutter Amplitude; Angle of Elevation = 2.9

(-] m - - IVOVOvov. * o o0 e e l"h““vvo LI .v. vov.QVo e o 00 Q“WVOVOVO ® 6 806 o 0820 a0 e 2 aea uvov.nv. e o % e 8 e
: > 2 WV > £5>> > > >~ > ;
2 ‘e VW fe > > 2 > £ £ .A
S . > ;
l-l H " e e 5 e s oD s ce e s eae ® 8 T @ 5P C LS PO T S e e e e e e RS Ow * = OVI ® &« & & % s e s ¢ o a @ = ln . 4
M . » > L " - i
: Lw = :
m"lu. b - ” = T - = saPe g = = "3
o8& == o s Eoe >emn - . 5 2 - = s !
n Wt ece oo X o s e o Oll - e O'. B o s o lQ.M“ X o o lmuxlx- ® ® a SPE o & ¢ o ¢ «eBF o o o e Q'O.' - lw > o m
= e e = ==z » = - =, =R Tx == .
- " e C
: = =z = x x = T =z Tx :
: = = = »s UK > == :
m - = rx_ 3 ,.
w m AR L B ”0 OOOOOO ® @ o 0o 0 ¢ o e wae o t”. ¢ e o &= 8 o :“u Y 3 O“M £'S- -4 n”o * o 0o o o e @ © a o & o P e 2 e @ w
= . > = : m
< . = = :
muu . » = _._.,
e -
Rq T ® e 05 00000 esoeea - e a8 l”. * ® me o 00 20 8 00 e L O . I I S

: B R g L 8 e g & £ 8 g 8 @

YFENNN TTIWYS YIVA

Lo
Abo .o Mt o

:
;

. b

O S0 S 0 S N NS MRS e e e 0 e b beed  beed bed el L




1 ¢
o
: l G NYLLY LROKS- POL, NOLLS
] 90 vy
l (] c' v
! oo
: d i by W
S E " ' N ) v ' '
‘ 21 ' R v LR T ' e ' "oet |
D ' vrﬂ’“ano‘ v ¥ ' My r
{ . ] s mE w w
. ; [] .‘mn [ 1
¥ R 1Y)
}aI - b [
- R -90! -9
N l <1 {0 l; 10 - 180 ! 1%0
L Naty Points §1-100 uty Poiuty Si-ton Y
[[H] 20
| y
v tine o
cg Y nlwo'n'w um'
" sy v IV
) - avIGVP R W - 0 4 y t‘ il B >
| Fae X *. g
d ‘ Wil
. « » 1
b X
-90 -90
_ ' MY 0 s -180 M 1
. Bata Points Iul-150 huta Foints 101-150
: l o0 90
UL
w0 wm m’u
) “"M.i "oy 7N
i 0 4 n'%!“t.n.‘ " - 0 M it wnl
; Iﬁ' we
I -0y * -90
<180 M 18 -180 0 180
. bauta Points 151-200 Dutu Points 151-200
I 90 90
I (]
1 VN n
[ 4 n" cri N v ! "
l w0 L e we 1 Y L
‘ . vy LI w N
i 1
0 4 rorw wiwte "8 - 04 rwe R -
Y €t sy ] [LX'] woune L
. { 2" | 3 " L s ]
. u [] vr 5
1 "o '
t . . u
-9y U <90
LT 0 140 L 0 14
{ Data Pornts 201250 flata Points 201-250
FIGURE 8b -~ Clutter Polarization Nulls
{ Elevation Angle = 2.9

Data Points 51-250

¥

O

(7]

[« -]
[a——




0l NULLS

CRONN - PO, NOLLS

v
]
2.1 ont "
[ ] f. " ’ " [ ] 4
T )
N ! 'v't ﬁ‘uﬁ ) T [
"9 l'gV“( oM ¥ K LA e 10 ) owl.
- Y 10 P AV 0 4
CMUW t vV b ) wm: 0 Y
D NNlrm w 8 0 ] ()
l” &v o° X} ' ¢
[] v
’ "
- e 1]
=140 M 180 . ¥ 130
Bata Points 251-300 U Matu Points 251-300 U
o0 90 v
v o
v ! '
r ‘c. ) v
[ ] T
' '"'w&:hdgu“ oﬁo' XX r ke
0 Y o ng o " ’ N
$ v [] [}
%9 8 LY (]
P1OCHYOT ] v
] v o” v ! '
v ! v v o
-9 %0
-i8 0 180 -180 0 10
hata Points 30)-350 Data Points 301-350
20 90
(]
' " ’
" P WF Wt ! Y
T o'anl?l s uwc-'n
LY I ;] J
T R [ i, e
e oo @ U et
J ¥ §
(Y T (4 H
'
. v
=90 -90
-180 a 180 L3 ] a 180
Data Points 351-400 9O m?tn Points 351-400 0
90 90
N v LA )
1
v 8 e o "
0 o, %Y " S} 'fi‘: ng um"
1 Y Ve € 1 i
t !w#v n '3 “",2,'2 il
1 [} nc.
(¥
5 [
) (]
-90 «90
<1840 M - 1
%a roints s01-450 180 "¥¢a poines 401450 0 1av

FIGURE 8¢ - Clutter Polarization Nulls
Elevation Angle = 2.9
Data Points 251-450




oL, NULLS

4 el T ) " Al ol
— Y 5
e L oes

CHOSS - 1POI, NULLS

" vy
v lvi
mt UN# ':’ “ e
f: ¥ ve) - TN
! “
l '!’ L} Y
[) 'I f L 1 H
" K
v ' R n v
« ) 90
B0 5 180 <180 5 150
Date Points 45)-500 Duta Points 451500
Yy . 1 L]
[} 0. e
e 4t LT v "
"M n“’r 1 o oFwn
| »l’ ) [ Warnme v -
0 "o C X L 041 e o |
U“'“U ';ﬂ!"l' Ne :l%. Vul ll ] v
v TR v o VU
[} § ] []
vt 0 v
s
3 1/] «90
<180 o 180 -180 o 1o
luta Pointy S0)-550 Dutu Points 501-550
[ L] 90
[} ‘.'
[ ] 1] s
o J .V’ 1 lz
» N B ey N or
Noum e é noofe "
0 " 3‘" (L ) - 041 sfm
0 S onbN B (v [
1 11w af ¢ (K] n
v A Y] ') PORINY
Y ] [ YO a‘ 1 V1
] [} s v
v 1 " un 1
-90 ' ’ .90 "]
-180 0 180 -180 0 e
Data Points 551-600 Data Points 551-600
920 90
Sl "y
wo a": " o n v
OJ [ &/"du o O~ﬁ' Iml -
NVO'” o 0N v ";
s N
[ 4
90 ~90
L) 0 180 -130 I Tad
Data Poluts 601-650

FIGURE 8d

Duta Pointy 601-650

Clutter Polarization Nulls
Elevation Angle = 2.9
Data Points 451-650

40

|
i
3
i




L s ——— TR

i ths g e S e o Rt e g
T IRG i

<D H > 8 ® eI © 8 ® 2 4 " S e s e s e e e T e e s s e e *® o o @ o 0 o ¢ ® % & o O & 8 @ ¢ % e e ® & 8 2 2 @ 8 e a9 aa
< > >
- > - > >
M - mvw > > VVVVW >> > VVVV VWVW VanVVw !
- H . ®® ® & ® v o e ® o W lllllll - ® o = * e a ® o 8 & a D o 2 0 o5 o o) o o v v o o ol o » »w s o S>> e e ¢ =
m ' L > VWWW = s WWWV wV qu e " v
w . > - vvv g ]
[ .
—t ° R ]
. | m . ® & & v » o« o o & ® 9 ¥ © 5 0 & 9 O ¢ @ % @ e 0 s ® & @ ® & S 8 % S 9 B O BT AP LIEME ¢ e " e e .- e o e
Q. - > > e = = n
= : = »e - > »e » e F 4 o
P pe 2 vlm XXX > > ”vh T e ““ -
: » e =TT > == > P +
- = oy > e I X3 “ww = > »x = Pt M e
Wu w . e l"l.‘ |“ﬁ . o o8 oK o R = x = i = x = =
= ~ NO - - = = ® @ o o 0 @ “l - O".“i'. e e o l'l'. - .“0 O“I ® @ ¢ @ v @ o @ o X e 2 o e 5 o ¢ e 0 e omm’ s ©
= - g »e 3 ] = = m
< - = =
m . = x W
o M T ® e e e s s e e o eceae “0 lllll ® & ® P P P o P e e T E S e v e " e e s o ® ® @ &8 ® 2 P o " e " - ¢ o 0 e e “. - ® o
H L)
8 & 8 & 8 B 8§ 85 8 EBE 8 s 823
¥IENON ITdWYS VIVE - ~
-
)]
o ” ® ® » o ¢ o » -« & @ o & @ - ® = . ® ® o @ » ” o o » » e d
-« o2 FES e & 8 8 8 0 % F s 0 > 2 e 0 PSS S 8 s e e P e - - o o - *® & w» & o =@ v ® & » & & ¥ & 0 0 P o P e w
. vvvvv m
. > > > N
s > > > > >> > ™
2 - > > >
m o B>, S 3 2.8 > > 8% T .. 2 2
.- -" . o o OVVO - OL OVO ..... ® & ®© o ® o @ o 5 0 0 0 08 * o o ® 50 0 » > ww L - . e I B > - T M
[se} -
=2 - > e
S i 3 S
i u m ”'axl lllll s. oI o & © » 0o o = xo OOOOOOOO ® & 6 & 9 oI =« o * 2 v+ e & @ LI “
i ” - »e S-S ® ® & @ o o ® 9 ® ®» a & =
m B - > - llmmvn vlva Bxx L T e . ™ . = m
- . >
M e T o e =z vn“nu“" T =T = > > X ™ e e '
P Exx x x > X x WET = X o
. &8 2209000 % ) e e * e e a e 8 e e . * & & © & o ® o & o oD o o >
v . H = ”h PR » = ¢ * 0 o 0 0 o Hl « ok » » O’l - "C " 9 e el PR o O’OJ lmm - 0” a
w» m“ : - = = = = »< = = 43
M < * 0= = = = = = =
;L he = =
- ng-....= = = =
, ! 3 . - ® o 8 s ® 0 & e 5 e ® ® o @ &4 o * 0 ® s 0 6 B s e e e * e e s 5 e 0 8 80 ® o o *» 2 a5 e X e eXE e« v e 2 e e s ecs -
ﬂ_ [+ )

.;.
n
100
123
»
&
200
25

8§ g S 8 8 &8
YFENON FTdWVS VIVA

ol Laa M
I A A b 2y S




T

b aa Paoasek Ldat st

CooPO) NS CROKS - POL NULLS
- i\ n
£
).
1 [ (]
!
¢ . h'll nl H
i " %m ,l ("3 ] (]
z "y uuncnr h L 0 ) 1 .
4 [ X X 1N ’!Ill U4 | ] ]
k ) ;.W'ﬂ- ] L ) 't
¢ n o "
¢
1y | 0 T
i { <180 N 10 =100 Y 130
i L. bata Points Sl-dop ¥ Data Paints S1-200 O
mnf 90
|
‘ l' “I ¢ l.tl £
[ [ ] ]
[ 4 l . | R ] "
i re'n ﬁ“& o~
Lo wn SV - 01} owi 1 i
. P v n
nnK
[ ]
j -0u <90 Y
. <180 6 10 ~140 0 1480
Duta Pointy 101-150 uta Points 101-180
i i on 90
i.
‘%NE
i L)
! " |
‘ 0 o 1w - 0 1% g i
|}
]
i v
[ -90 -90
<180 H 100 -18Q 0 180
Duta Points 151-200 Data Points 151-200
90 90
1
g~ vwin
] nff' [ ] Vv ¥ w
i. 01 gl " 3 04 %’ gﬂ L
Nu Jll
. "IN
- -9¢ -90
-0 M 180 . n ¥
Dats Pojnts 201-250 O 33:. Points 201-250 © 1sb

Clutter Polarization Nulls
Elevation Angle = 3.3
Data Points 51-250

FIGURE 9b -

%
i
H
7 i




T v . _'Wm'ﬁ'!mm

GO PN NUBLY

CRUSS ML NILLS

L
S,

v

! ﬂ.ll' -
"1h [
H 0

Data Points 401-450

] .y -9y
~LH M 180 -180 ' 150
4 Data Peints 25)-300 O lata Points 251-300 9
\NT 90
n ol e’
Vil .
. N:’lgl Ve L o 1o T ‘L
' o qu n'm o '.l‘ '{
2 L] w
[}
3 R -0 =90
: B 10 o 180 -180 0 T
Duty loints 301-350 Dautu Points 301-350
90 90
3 H
1 "
18 o
0 < U [ o o.g 'B ‘!-
1 n
» ntﬁl v
M
1
1 :
: -90 -90
1) 6 180 -180 6 180
- Duta Points 351-400 Data Polnts 351-400
90 90
Y [
- mﬁn
£t ]
. l“ '. (L] e
09 - & - 04 % g
KKV 0 € ¢ HH
vm;n v
v
-90 . -90
<im0 0 180 -180 0 180

Data Points 401-450

FIGURE 9¢c - Clutter Polarization Nulls

Elevation Angle = 3.3
Data Points 251-450

Baben g it oo o o e e



b - POl RULLS CROSS - 101, NILLS
1N i : 20
1
Nl
o] t
L™ 3G
:""’"J' ’r ) Inx
K o 09 -
c.wo ol iy = g
[) (IR
) t
M -9
<80 Y T80 - 1 )
Latu Points 431-500 O 'I,A?tu Points 451-500 O w
mT 90
il '
v
) . 1
7 sl e '
UL ' w ’
we Tt "
v v
v og
1
-0 -90
<100 M 180 -100 0 1
Data Points $01-550 Datu Points So1-550 O
90 %
vin w
TR W
T ' o ofs
09 1 -] - 040 (4 i
] ' 4D it
" -y
’ ’
Jts' 4 ~
’
g L. -9 ! -90
o -160 a 13 -180 e 0
s bata Points $51-600 O Duta Points ss1-6v0 O "
: [ 90 90
A ]
'5‘
» um-wa H v
[4 J'g | § gl lu
01 o - 04,1 togi LIRE
X 1 H el
. . ] Y i
: [ R v ¢
18 o mVWT
15 ' v
: -90 =90
1T Y 180 <180 Y Teb
Data Points 601-650 0 Dats Points 601-650 O

—

FIGURE 9d - Clutter Polarization Nulls
Elevation Angle = 3 3
Data Points 451-650

i
i

(e .




RELATIVE AMPLITUDE DB

RELATIVE AMPLITUDE DB

-30

-i0

-10

W02 00000 0000000000000

ta g

............................. *® = = ®» 9 ® % & ® & * a8 ® & » @& o s 0 ® ® ® o 3 o = *® ® o o
> vwv
> >> > > S>> S>>
> > > =
llllllll %tncun.nl%.”%!l.n.ll-I-OOOJOOOVDSDIUOUWIIIIOOIOCOlvit.il
s " ¢ >e
2717 773 ﬁ
> o
s> 202 -
2 g b d > k]
Il-'hn'ﬂ!hx'lvlo oooooooo vlnxlh“ODIVIDOODxUMO 00000 Llnxlllllnovhloo'l!Ooooinlniio
= » » T ¢ > halad = b > >
Hx “HH > > "Muvl = y t ] > TR g B¢ g > » X
x > »» = >u e e >x e
> > - - e X e
x X = =
] = e = x =
X X X X = =
lllllllllll ”Ol"nlltll'lloatoldll..“llnOl!lt”ll"lllll'.ll“o“l
= = TXxX
xx x
=
==
= i =
= = - =
x =
|||||||||| olloH-nolcl'ln'00!DOlODOIloOOOIOOIOl....'.‘ll.lll!'lt
3 8 g g 2 g 2 8 # -3 g 5 3
Y4ENON ITdWVS Vivd
D> e e e v e e e ® * & o 5 2 2 e 00 € ® s o 5 0 e v o e e ® ® S 2 o e e v oo o e T T N
vvv
> >

VWWVVVVW
>

2 > >
® ® " > e e v e 000 » - QV1 . ® o e lwwmwwmw% %% 2 e e D> oo anw - Ovlm ® s % » e e e .NW’VGVG * o =
@ > >T728e

e > >
[} o - >
> rera T vlvnvn w «

e - > > » >0 »

® * & * 2 0 5 e ® & o % e v 0o L1 N © % a & s 8 0 a0 SP 4 s o 4 s o * T T * s s e e aaaa 2 e e eDEBE o e & 4 o
N E 3 - - S - %y
> > = = i » x = > > >
= x x > = = - z = =
> » X = b 3 e =
T X x> = T e re = =
> = X = = = bt 2 =z
. »e = = = r x
.lctl“ltl..ll'l.l'.nlccl ooooooo o.c”ln'ltnt!lnl“..'a“ OOOOOOOOO Y
= >~ - - = = >e x rx =
””vn . T = =
=z = = = = x =
=z =
= b d
e A T T =

45

FIGURE 10a-Clutter Amplitude; Angle of Elevation = 4.1




2 Sk e b IR, | L Lk T ¥ S
Al PR L i AT IR ¥
T, g e Y B A JE il A ? Si ,‘11MW Y i T " " |

€. i
L‘,. -
14 N
% ;
% i
3;,- | €O POL NS CROSS - POL NHLLS
48 i 90
1
] H . g7
! o oty ;
Sl e » am .
: 0 09 -
3 } [ 4 ]
- ke W ’
i MW
3
a0 «00 RV
! <180 N 10 -180 \ 10
| batu Points 51-100 Dats Points §1-100 v
!nT - 90
[ I ] ' . [} R
LR ' ! ’ TR ‘
¢ ! uu v u L § n-m P> 1 [ ]
0 -4 Nl 1 VEmeloe W ] . o0 J\X nw N 10t VN L b
l "L W P ve W w L RE W (L.
Oﬂdlé, Yyl w v T [ I Y wi rm
i Y Tssn !
! H " [ ] [ 4 ¢
[ ]
i
-00 -90 T
. -130 0 189 ~180 0 180
Data Points 101-150 Duts Points 101-1S0
i o0 90
. 1 (]
4 ' iy .l é
WYY
{ 0 < L] ey - 0 ™ w‘ H =
v 8 wi
! R T i '
[] F LN S
~ [ ] I F Nt ‘0 W
[ L] J J .‘
L * [ 1
a1l ‘ . -90
) -180 6 18 <180 6 180
Uata Points 1S51-200 Data Points 151-200
) 9 90
4
‘%‘
[} % 1 .
i; FIF K | 'vl .ﬁgu o
09 | ! J o4P P 3
. [ I ]
o 'y B
[, ]
00 ¥ 'l ]
i: At
\ v ] ]
H T v v
Uy v -90
-180 ° 180 =180 6 13
Data Points 201-250

. bata Points 201-250

FIGURE 10b - Clutter Polarization Nulls
Elevation Angle = 4.1
o Data Points 51-250




LR L R
oy 2

T P e

Datu Points 401-450

Duta Pointy 401-450

j
4 N ] CO- L NHLLS GKOSS- POt NHLLS
3 90
k. ¢ e
¥ + ™ imom 0 ,
3 1t ’
g ny "
" vy L g4 ¢ _ 4 o N,
-. v 17} wn‘rpw ¢t &l
B . wn’.‘mv.u v ',
3 [ mw?' [
LS wa N
]
: « -90
Y1) ‘; 160 -180 J 1%
A Bata Poants 251-300 Diata Points 251-300
i n 20
¥
b
: " v
: " 3 n
% ' 0 nwom e k 0 4 My A -
; i cA I3 ]
: i 0 €N DY [ W
. . FONR SON? vl
[} M:I 1
.90 =90
<180 o 18y <140 o 1
Duta Points 301-350 Data Points 301-350
90 90
¢ "
ot 4 T
LR Y b o a
]
04 . oo | - 0 §q N P oww
11 g " (]
wi" w ca’ £ K t?
2 t olo m
3 Pr " -
J K we L] J [}
X! * -90
-180 M 180 <180 M 180
Datu Points 351-400 Duta Points 351-400
90 90
"
vy
(I ]
. 3 [\J »
s
0 1&' 3 - L
* bR ° U] s
}' »
1 KNl o
(1)
1
!
’
-90 <90
1T M 180 LI a 18

FIGURE 10c - Clutter Polarization Nulls
Elevation Angle = 4.1
Data Points 251-450




™

A

- "

——_
[

B

—

T

oo NULLS CROSS - POL NULLS
m il
2
b i
N ﬁ
- ] 4 fF |l
" AW t’ 0 [ "
¢ 0 oM L
(] »
(/]
ol -9u
AR Y 180 <180 o
bata Points 451-Sqn Y Data Points 451- 500 [} 150
Ly an
w
e " fi
o YovEw  FiL - 0 oﬂ, Y1 E
VIV L R KTIANT v1 i “5'
vrssi v w
TARY Y WA )
LR} ?
v v
v 0
o =90
- 180 M 18y -180 i 180
Duta Points 501550 Data Points SU1-550
90 90
F 1 lu.'r{‘ng'
0 &c‘fxi;ar*w' e - 07 ot bl
ikl it
€F 0P LI K
(4] KF J
i J
40 -90
- 180 18 -180 M 180
bata Points 551-000 Datu Points 551-600
o1 T 90
v
e
&y %, o
U 4 e 0 4 Db ml
A PIveom 0 vir )
D S0I1 Y g 4
SN €
FIR L
-un| ’ -90
<IN 0 180 -1RD M 1

buta Points 601-050

FIGURE 10d

Duta Points 601-650

- Clutter Polarization Nulls
Elevation Angle = 4.1
Data Points 451-650

o i -

48

B B it i e

:
EY
H
i
F
a

i Fio




© & o o s e e s e e v e e e e e e s e as e aa e s e ee e ec e e e e eeaeeneeeeeeeeane
- >
i>> WVVVVVWVVVVVWVVV - > %
o o- > > > 2
® 4 5 & ¥ ® 8 ® 6 ® W &8 6 6 " T S e B e " e 8 " e e e w c o w lllll wv a ®» % ® 4 8 B e 8 S 8 8w b= T T
' - - > W >
nDu . g > g >
= m WW
- : @ ° 4
- % “ OOOOOOOOOOOOO 'lo lllll ® 6 e @ e o 0 a e M & = 0 4 &8 @ ® = v e e @ ® & & & s & 2 8 e s e M e ¢« 8 @ v @
[~ n - P ul'nvl > g g g E 4 » > pos
- g g > e g =g b 4 >
m - r e E 4 - e > m e > »x vl.v vlvl e
. = > = " x 2 > T > e >
28} . had = = > T - = e
~ m . e v e e e e X e e e v e e e R IR =" e s et v e e e v e e e X X e e v o e e L
N 30 x x = F=T = = nquumuA > = F -
< ix x == - 3 - x - = > x
3 n = - = - “"
23 : =
Rmu ooooo H-.-Ho““....oao-.o.oc.-.....o-ccnoon-oonu oooooooooooooooooo
§F = E]
: e Y] m
8 5 g g 2 g 2 5 g g g 3
JIINNN FTdWVS Viva
o m OOOOOOO v.vvvv. lllllllllllllllllllllllllllllllllllllllllllllllllll
b > >
: > ®L >8>,
- > @ === > S>>
e
n o T = ® VVVVWWVV >> >
D.-lu ................ swww ........ D it e e e e aoen e Vo.c-vwncav ........
m : > B 2> g=
a gr T =
U H > > - >
= e . > » > g «w
””u. - ® e o0 06 v 00 o I R R I B 3 o o % *IW @ e v 0 s e e R N R R
- »e - > »<
m i = e et 2™ e ™ » > » > a3 D
= s > > e > > e e » > >e
m »>_ - x xx x ™ E e >a3a E -,
nvu « " IIIII "0 o ® » » o 5 » ® 8 v 8 “0 s o 0""' lllll “. e o3 0“l OOOOOO “u n“l ee ® = % o o = e v 2w = O“l.‘l - s ®
— T = xx E S = z = 4 == =
- M - = x = x - 3 = =z = X - ““
-3 : x == T . x =
3 S o
3 “ 4 . o «X O“I OOOOOOOOO XX *» » s s 0 3 9 o “u”l 1“0 ® o " 5 9 e 9" s w0 X e e o s ¢ 008 a8 X e ® 2 x o s e

® r 8 ¥ 8 B & 8 8 & 8 § 8
YIENAN TTAWVS VIVQ

]
_* BN Ul mm by SES SN0 R REP e rd et Gemf peed Pl beed  feed




posd foad Gt Gued Gamt e e G SN WD GOSN NN BN BN R D

Lo

e— s it
. L]

P Sp—

Co M, NHLLS

CROSS . POL NULLS

e_:.
3

o

ata Points S0

-

)

baty Points

o0

.10

=4

lata Polnts LS1-200

"o

-00

R
Data Points

FIGURE 11b

" -
AL T
-90
180 -[80 Y
Data Points 51100 v 180
90
\ "
o
o 0 {. l“" | m
m“ﬂl“
-90
180 <180 ('l 180
Datys Points 101-150
90
v
.
[ G o
FONNVY
"
'
-90
" o 0 180
Data Points 151-200 o
90
L o) = |
- 1
4 4
-9n
180 -4%0 0 T80

Datus Points 201-250

Clutter Polarization Nulls
Elevation Angle = 6.1
Data Points 51-250




ey ML NULLY

CHOKS . POL NS

FIGURE 11lc - Clutter Polarization Nulls

Elevation Angle = 6.1
Data Points 251-450

"y, a . oy "
L} ]
U] [}
F om
| NHoX [
om N Ao or Gl v n
(1R u Viwie 1L - " ne L] nem vy "
VIW MWL LN 0P 1 nww Ty e ]
! I CENK (XY vy [ 1]
v Voo " v
| (/A ] 00 L] v
[ ]
] [ ] ]
s -9¢
BT 1 -180 J 180
Daty Points 251 M Datu Points 2813040
il v
]
L o0
L] °’l.l 'IVP 1) 1,
" Htfnﬁu’f Ay 0 14 rae 'mn’ﬂ -
K _RIMWIS w (] [
WNE A
MM [ ]
[ ]
< «00
AN M 180 <180 M 180
Duta Points 30350 Rata Points 341-350 ;
Rl 90
4'|'mvo
4]
) YY1 L
"9 1 W DY - 0 J';{ -
GAC e o
WA G
v Ut
1
) =90
181 M 180 <180 0
Datu Points 351-400 9 Data Points 35L-400 0 8¢
yn 90
v
{ to:m::n ]
" 04 TN urp
1o
WYIeRCh i “o T i
WISeF
) -0
YT M 180 -1 Rp M
Data Points 401-450 O Data Points 401-450 B 4o




B ——— e

i
|
|
|
|
i
|
|
|
|
I
1
|
[
[

SR

v ..

€O M, NS

GROSN - FOL NULALS

Datu Points 601-650

Data Points 6UL-650

FIGURE 11d - Clutter Polarization Nulls
Elevation Angle = 6.1
Data Points 451-650

V0
Vet
y WIWY Y on
1 L W"'.‘":v" :.: (] ug' 0'0'
v MEu "1y NI "m oy
on i W n ? onn 1
P vaARES f) v
"N
’ 00 LK
H
-0 90
ST M 180 -180 .
Mata Points 451-500 O 4 peints asiosu0 0 sy
!qu 20
v
'] 1o e
v W' ll M mﬂ:' 1 s v "
‘.J o e o;m L0 uah 1 "3"5:“. ] v |
S ST IR & o
1 KoMy ! N v
s e o
()
v
-0 r -90 -
] .
lata Puints SUL-550 O 180 Mn‘{u Points S01-550 0 18y
on 90
0
¢ *
' » pa *
' " oo P
0 ) AT [ ] ] L
S o f A 2
LR LN ] ‘o
ot ' v
"
90 ] -90
<184 M 180 -110 0
Datw Points $51-ou0 O Duta Points 551-o00 O 180
90 9
11
veu
T,
’ n W
" 4 L . oM w ny
f 1 3
() W' uan'm
SO
v R
01
-9 . -9
180 0 180 <180 M T80

AR A =

btk it




YT TR e e W LA v — b L L
.
. P
- A X

well defined. As the signal fades the clustering becomes less
defined. This is probably caused by low signal to noise ratio.
There seems to be some evidence that the two copol clusters
interchange their positions. This is suggested by co pol
patterns in Figure 10b,

3.4 Clutter to Noise Ratio

The measured clutter to noise ratio as a function of
range for a calm sea state (estimated between sea states 1
and 2) is plotted in Figure 12. Also shown in this figure are
theoretical curves for sea state 3 based upon the computed*
values of sea clutter cross section given in Table II, the
system parameters contained in Table I, and a receiver noise
level of -98 dBm.

The measured data is considerably lower than the com-
puted curves which is not surprising in view of the lower sea
state which prevailed throughout these measurements. Empir-
ically derived relationships®** predict a 10 - 15 dB decrease
in the VV clutter level between sea state 3 (8 knot wind) and
sea state 1 (2 knot wind).

Less expected are the amount that the VV return exceeds
the other two components {(greater than 10 dB) and the fact that
the cross polarized componcent is larger than the HH component.
These effects are thought to be real since the data taken cn
targets of opportunity during the same period do not suggest
any imbalance between channels. Furthermore, the actual measure-
ments were performed with +£45 degree linear polarization which
was converted to vertical and horizontal in the data processing.
Thus, any equipment errors would probably be reflected in both
VV and HH components equally.

* Normalized clutter cross sections were computed by Mr. John
Daley of NRL.

**Daley, John, "An Empirical Sea Clutter Model", Naval Research
Laboratory, NRL Memorandum Report 2668, Oct. 1973,
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3.5 Applicability to Target Classification

Although the data shown here is fragmentary, it clear-
ly illustrates the richness of polarization signatures. Given
the limited set of radar returns discussed here, it is easy
to identify which set of RCS matrix data goes with clutter,
sailboat, launch and the sportfishing boat.

It is obviously not possible at this point in time,
to assess the full potential of this technique to accomplish
all the objectives of the target classification problem but it
is very reasonable to conjecture that as the library of RCS
matrix signatures is acquired on a variety of targets and
the familiarity with this technique is increased, the RCS
matrix technique will very substantially augment the Navy
capabilities to detect and classify radar targets.
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4.0 CONCLUSIONS AND RECOMMENDAT IONS

An experimental facility to study RCS matrix properties
of sea clutter and of radar targets in sea clutter has been
instrumented. Preliminary data on clutter and on targets of
opportunity has been collected and examined.

It is quite apparent from the examination of these
preliminary results that the RCS matrix technique can provide
rich RCS signatures which should significantly augment Navy
radar capabilities to improve target detectability and target
classification.

In spite of the demonstrated potential, the RCS matrix
technique will need a carefully planned development. It is
therefore recommended that the next phases of the effort be
oriented toward the acquisition of a meaningful data base
of the RCS matrix signatures of targets of interest. As soon
as some of this data base becomes available, a systematic
investigation should be initiated for the development of
suitable algorithms which would be able to categorizc RCS
matrix signatures in a manner which would be efficient in

BF
v

achieving target classification.
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APPENDIX A
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RADAR CROSS SECTION MATRIX

The following is a brief review of the basic concepts
involved in the Radar Cross Section (RCS) Matrix. This tech-
nique allows a complete description of radar target reflec-
tivity in terms of the intrinsic properties of the target
without reference to the polarization properties of the measur-

e e

ing radar. Polarization ellipses are represented as points
on the Poincaré Sphere or Polarization space. Transformation
equations are given at the end of this Appendix.

The RCS matrix is formed by alternately illuminating
the target with two orthogonal polarizations and coherently
recording the co- and cross-polarized responses.* Since any
polarization can be expressed as a linear combination of any
set of orthogonal polarizations, it follows from the Super-
position Theorem that the information contained in the RCS
matrix is adequate to describe the response of the target to
any arbitrary polarization. In other words, the RCS matrix
parameters measured in one set of orthogonal polarizations
can be transformed to any number of RCS matrices which would
have been obtained with other orthogonal sets of polarizations.
This is illustrated in Figure 1.

It should be noted that in the most general way the RCS
matrix is an eight-dimensional quantity (four complex numbers).
However, the Reciprocity Theorem requires that oij = Uji and
since phases are relative, one of the phases can be set to zero,

and the RCS matrix reduces to a five-dimensional quantity.

[ m——)
]

L]

*This technique does not require orthogonal polarizations.

In practical situations it is usually much easier to use an
approximately orthogonal pair of polarizations and then have
the computer orthogonize the data through the use of a priori
calibration obtained by measuring the response of standard
targets such as plates and dihedral reflectors whose RCS
matrices are accurately known.
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In general, dealing with a five-dimensional space is difficult.
However, it is possible to uniquely represent the RCS matrix

as two points on a surface of a sphere. The two latitudes and
the two longitudes which account for four out of five dimen-
sions define the polarization properties of the target. The
fifth dimension, the radius of the sphere, is the measure of
target reflectivity. This is done as follows: Using formal
tools of matrix algebra we seek out transformations which result
in the RCS matrix whose element Uij = 0, Since such transfor-
mation involves a quadratic equation we get, in general, two
solutions each representing a polarization which, had it been
used by the radar, would have resulted in zero energy in the
co-polarized return. We call this polarization 'CO-POL" null.
To represent the polarizations graphically we resort to the
Poincaré Sphere where every possible polarization is uniquely
mapped as a point on the surface of the sphere. Major proper-
ties of the Poincaré Sphere are listed in Figure 2.

The two co-polarized nulls represent the polarization
properties of the radar target. The conservation of energy
requires that the sum of the reflected energies as given by
the sum of the squares of the absolute values of the RCS
matrix elements be invariant under matrix transformation.

The square root of this sum can be used as the radius of the
Poincaré Sphere to describe target reflectivity.

In addition to the co-polarized nulls, we can also
find the cross-polarized or cross-pol nulls by specifying that
the transformed RCS matrix be a diagonal matrix, i.e., °ij =
°ji = 0, Physically this means that if the target is illuminated

with the polarization i or j all return will be co-polarized.

buisd st i bemd i =ed Somd S NN DN 2N D DR B BB

L3

There is no new information provided by this transfor-
mation since the solution for the co-pol nulls used up all
of the five dimensions contained in the original RCS matrix.
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The two cross~pol nulls (which by the requirements of the Reci-
procity Theorem are orthogonal) bisect the two segments of the
great circle path on the Poincaré Sphere defined by the two
co-pol nulls. This is illustrated in Figure 3. 1In several
physical phenomena, such as the sea clutter, cross-pol nulls
tend to cluster in well defined regions and frequently help

to provide physical insight which would not be quite as appar-
ent from the examination of co-pol nulls alone.
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TRANSFORMATION EQUATIONS
FOR POINCARE SPHERE

|
|
If an arbitrarily polarized signal is expressed as
l a sum of right and left (R and L) circularly pclarized com-
ponents or as a sum of horizontally and vertically polarized

: components (H and V) where R, L, H and V are complex amplitudes
l, and p, 8, ¢ are the polar coordinates of the Poincaré Sphere
I

]

]

]

then the following relationships apply:

e AT A R L e

P S T R Py
AT T AR e Ry T e

R
L
H

jV

(H+jV)/V/T
(H-3V) /YT
(R+L)/VZ
(R-LY/V/7T

p? = |LIZ+|R|? = [H[2+]|V|*

Axial Ratio = tan (n/4+6/2)

Tilt angle of the ellipse = ¢/2

R/L = tan 8/2 exp (j¢) 0 <

V/H = tan ¢/2 exp (jB) 0 <y
where |

cos ¢ = sin 6 cos ¢

tan B = cos 8/(sin 6 sin ¢)

cos 6 = sin y sin B '

tan ¢ sin Yy cos B/cos ¥

The correct quadrant for B or ¢ is determined in the
usual way by signs of the numerator and the denominator of the
tangent function,

- 7/ -
Poincare Sphere Convention: ;

Left circular polerization is at the north pole.
Horizontal polarization is at 0° longitude on the equator.
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