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I. Introduction.

In a NASA supported experiment'conducted by JPL*, an>Aerobee.
Rocket carriéd'ag L band raéar to an altitude of 166 km over White
vSands Missile Range in southern New Megico. Dafa recorded dufing this
flight included edhos received both cross- and co-polarized with the
transmitter. This paper described an analysis of a sméil fracfion
of the data in which an attempt has been made to understand the mechanisms

producing cross-polarized return and how these mechanisms affect the data.

II. Mechanisms for Cfoss—Polarized Reflection.

“

One can readily descfibe a mechanism for producing a rotation of
the plane of polarization for forward-scatter, and by cqmbiniﬁg this
phenomenon with multiple reflection account for the cross-polarized
component of back-scatter. Such a mechanism, a demonstration of which is
described below, requires a surface roughness that intuition suggests
is more pronounced as the amouﬁt of cross-polarized return is increased.
NIt is probable that the relative cross—polarized-return is greater for
larger angles of incidence than for small (near verticle) ones. Why
this should be so is perhaps evident if one notes that relatively
‘shallow perturbations in a surface can nevertheless be of significant

"depth" when viewed from a perspective appfoaching tangential} This
is similar to the different impression of a mountain range gained from

an aircraft high above the range as compared to that from the surface at

ot

# YRadar Studies of the Earth" paper presented at WESCON 68 by
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same distance away.

The easiest demonstration of polarization rotation in forward

scatter is that sketched below:

/l/ Polarizing ~Lenses ~1~

Figure 1
When the polariiing—analyzing filter near the object is either
'verti;ally or horizontally oriented, the direct and reflected pathsJ
are both observed to be polarized in the same direction. If the plane
of polarization is inclined 45° to the vertical, the direct and re-
flected paths are observed to be cross-polarized. If the mirror is

less than ideal, the plane of polarization is shifted more than

26(where 6 is the original polarization angle) and there is also a

loss in image intensity. It is observed, however, that if a single

polarizer-analyzer is used to examine the image of one's own eye in a
mirror held beyond the filter, there is no apparent shift of polarization.

This is explained by noting the poiarization angle is measured from

.
. *

the vertical plane containing the incident ré&éabout an axis coincident
with the ray. At normal incidence, fhe incident ray and the reflected

ray are both vertical. Thus, the polarization anéle is arbitrary, but
whatever direction is used as a reference is also reversed in reflection,
and the total shift of the polarization is 180°. As the angle of inci-
dencé is varied from:grazing to vertical, twovpolarizer—analyzers adjusted
plus and minus 45° to the vertical at grazing incidéﬁce will become co-

polarized (180°) at an anglé of incidence of zero.
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If multiple reflection is simulated by a corner reflector (two
'ﬁirrors at‘riéht angles), a single Polarizéréanalyzer rqtafed between
the eye-and its image will show thatfthe peflection does become cross-
| polarized whenever the angle made by the plane of polarization is y5°
with respect to the plane pafallel to the incident ray that contains
the line 5f intersection of the two mirrors. See Figure 2. Here,
again, the polarization shift is modified if the mirrors are notJ

%ideal. An examination of the formula for reflection coefficients for

t

Po/ar/ZIﬂg lens

I

rfﬂhrrors at
= right angles

Figure 2

the two components of an arbitrarily polarized wave reveals that the
"fatio:of the component parallel to the plane of incidence to the

component perpendicular to the plane (considering E vectors) is always

less than or equal to unity, the result.being to shift the polarization
‘angle away from the 'plane of incidence. Thig-shift is, of course,

accompanied in general by a reflection loss.

The mechanisms just described do not allow for a shift of polarization

'for.anes‘striking a flat surface at normal incidence. A third kind

of mechanismrhas been postulated that may account for the shift that

appears to be present in the data to be described latér: ‘Here, we

assume that conducting "grains” in or near the surface of the reflecting

media are randomly oriented. The cross-polarized reflection from such

a grain is proportional to cos® sin® where 8 is the angle the grain



I

axis makes with the plane of polarization. The co-polarized reflection
from a single grain is proportional to-cosQG, and is due to the pro-
jéction‘ofAthe ipdﬁced current eléméﬁt onto the co-polarized axis,
whereas the current induced is itself probortional to the projection
of the axis of polarization onto thé grain axis. Thus, for a given

grain, we can let

E. ,
Ey = 53-(1 + cos 20) for the co-polarized compoment ,
and
Ei ‘ 7
Ex = §—-sin 20 for the cross-polarized component.

"« Where the angle 6 is unifbrmly distributed from -mw/2 té_ﬂ/Q, one can

—— ———

compute the quantities E;, E;, E; and Ei . They are

tri

— i —
Ey=—2——, E'-:O,

w

2 3 2 _ 1.2
Ey = §-Ei2 s Ex =3 Ei )
and
62 = 02 o l—E? .
Xy 871

Now if it is further.assumed that grains are independent, then for N
randomly oriented grains contributing within the reflection area corres-

ponding to one Fresnel zone, we have

Ey(N) w—z—Ei Ey(N) o —;

2 N _2 2 N _.2
o =— ' 2=
Gy(N) ‘B Ei OX(N) q’8 Ei
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Thus, the ratio of co-polarized return to cross-polarized return

is
N2E2 NE2

1 1
+ 8 ..
5 = (2N + 1) .

© NEZ .

1

8

One could thus interpret a cross-polarized component of return as )

being due to reflection from randomly oriented conducting scatters.

It is more likely, however, that the echoes are made ﬁp of reflection
from both conducting and non—éonducting eléments. Unfortunately,
there. is no way to decide how the separation should be made. For
example, if one assumes that only part of the reflection is from
conducting grains, the ratio of co-polarized to cross-polarized return

is %-[2N+l]where K is the fraction of reflection due to conducting grains.

This relationship is plotted below for values of K values from -10 db

to 0 db, and a basic ratio of 25 db.

4oo¢
300t
N 2o00f

oo |

0o | 1 ! t 1 i 1 i i L | -
=lodb —5db 0 db

Ratio of Reflection from Conductors to Reflection
' " from no Conductors
~Figure 3
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The numbers for N derived from the data do not appear to be large
enough to éccount for the number of_gréinslohe's intuition would(
egpect in typical soils. Perhaps "grain" ought to be interpreted in
terms of regions of varying soil conductivity having dimensions of the
order of several wavelengths. Such an interpretation would lead to

the prediétion that the ratio between co- and cross-polarized echo
components varies rather widely. Based on horizontal velocity alone,

a complete change in target geometry for the first Fresnel zone occurred
roughly about every two seconds such that éignificant change in surféce
configuration is unlikely in each group of 100 pulses {2/3 second).

We conclude, therefore, that target variability in the sense of changeé

other than the fine structure in the various contributions to the

phase of the echo should be present in the data as recorded and processed.
IV. Some Inferences From the Data

One of the first results that can be inferred from the data, but as

.a speculation rather than with any great degree of confidence is re-
lated to the variability observed in the 100-pulse groups of data
plotted in the standard,dafa format‘ Here, we observe a variability
of something like 3 or 4 db. This‘correSPOhds‘to a factor of perhaps

2 to 2% in the fluctuations in N, which is aéééhate to support the
theory of conducting grain reflections if grains are fairly large and
relatively low in number. The fluctuation seems too large to fit well
with the idea of small conducting grains’in minerals,for-example.
Thus, we are led to conclude that if the randomly oriented grain model

is to account for cross-polarized return from straight down, then

rather large "grains" must be involved.
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The second observation of significance is that at normal incidence,
at least, the signals recorded in channel B are correlated to some
extent Qifh those in channel A. In ah effort to determine the extent
of this correlation, 1000 consecutive echées recorded eafly in the
flight were analyzed prior to any ééiting or averaging. When the
recérded feturns were reconverted to received signal amplitudes, a
correlation coefficient of about 0.75 was observed. This correlation
?could have resulted from at least two relations. There is the e&ident
gpossibility (and reality) of cross-talk between channels and there
is also the fact that the target variations are common to the two
channels. However,\in the absence of a known and operative mechanism
for generating cross-polarized retuvn,—it is not clear that the cross-
polarized return fluctuations should necessarily correlate with the
co-polarized return fluctuations. Thus, a first effort was made to
bdetermine the amount of cross-talk present. An estimate had already
been made by observing the "up-fades" of the signal, but éven for the
.. strongest signal, a few db of fluctuation was evident in the difference
between channels, and a means of incorporating the information present
in more echoes to average the fluctuations was sought. A statistical
model was employed that appears to offer a reasonable explanatioﬁ
‘of the behavior obs;rved. K
| The model first assumes that the signal in channel B is composed
of two independent.components. One of these is cross-talk from channel
A; tﬁé éthér is cross-polarized echo energy and is thus desired signal.
Cross-talk from channel B to chanuel A is a negligible contribution
to the signal observed in channel A when, as in the apéafent case here,
the independent componeht in channel B is some 25 db or so below the

signal in A, and it is further attenuated by the more than 25 db in the

leakage path. From A to B, however, the signal A attenuated
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by the leakage ﬁath turns out to be about the same strength as the
independent component.

In fhese cifcuﬁstances, the signai in A can be treated as given in
the statistical analysis of channel B sigﬁals. The leakage attenuation
is assumed to be a constant to be détermined. A family of probability
contours are constructed of the probability of B, given oA as a
parameter over a range such that oA varies from 20 db greatér than
the independent component of B to 20 db less. These contours are then
plotted for probability values 2%, 16%; 50%, 84%, and 98%, on a db
plot of A - B (in db) vs A (also in db). The choice of (A - B) as
ordin;te was determined by'the format in which the data was readily
available, and B alone might just as well have been used otherwise.

(It does appear that this format accentuates the breaks in the data
pattern as the cross-talk comes into play, and thus facilitates
matching data to the contours.)

This probability of B, given A, is the "Rice" distribution,

;aA2+X2

B .
P(Bla) = [ He-5—1 (2%
o O

) dX ,
26 0 -02

-

. . 2 ., . : . '
in which ¢~ is the variance of the independent component of B,
.

measured in terms of radio frequency power and Io( ) is the modified
Besséi function of the first kind of order 0. A, B, and o are as
definéd previously. The figure below depicts a reference aA added
to an independent normally distributed bivariate quantity assumed to
be the independent component of B, to obtain the observed resultant

quantity B.

Figure 4



_201log A = 201log B, db
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The contours corresponding to the five selected probabilities

are illustrated in Figure 5.

o

+io

Figure 5

When these contours are plotted with the same scales as the plot
presenting the recorded data, i.e., channel A - channel B (in db)
vs channel A (in db), it can be translated (without rotation) until
the'contours best fit the data. The phenémenon of the pinching down
of the distribution of data points at the left of a typical scatter-
plot, ihdicating the presence of>significant amounts of’croSs—talk,
is most evident ané useful in perforﬁing the curve fitting. For
‘éistributions in whiéh cross-talk plays a mirior’ role, the scatter of
poiﬁts fits rather well into the more or'less parallel diagonal lines
at the right, except that the unit slope in the theoretical curves,
inaicating complete independence, it is not quite matched by the slope
of the axis of a typical scatter plot. This smaller slope indicates
a corfelation in the magnitudes of the A and B vectors even when cross-
talk is not a factor.. The spread of observed points in these cases

indicates that the conditional variance of B is nearly equal to the

unconditional variance, which in turn suggests the correlation coefficient
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is of the order of 0.5 or less. (When the correlation coefficient'is
0.5, the condifional variance is 75% of the unconditional variance,
i:e., in terms of étandard deviationfthe percentage is 87%.)

A match of’probability contours was made with data observed at wdfas
'no.uo; 41, 42, 43, and 4t which are.five points covering the specular
echo 6f the transmitted pulse. In each case approximately one thoﬁsand
data points had been plotted. The results are presented in Figure 5,
in which the plot of channel A, reduced by 25% db is plotted with the
mean value of the "independent" component of B as determined by the
location of the contours for a best fit. The mean value is derived
by adéing 2 db to the result obtained when the "axis" of the contours

(the 10 db/decade line passing through 0 - 0 in Eigure.S) is used with
any A ordinate to obtain a corresponding level for A - B. The 2 db
is the amount that the mean of the Rayliegh distribution is displaced

from s which corresponds to the "axis" of the contour plot.

~80 1.
Vs B with cross-talk
1 //Z/// removed
Echo
level
dbm ‘«“SC(‘OS.S :‘?le from A
) N \ .
-90 . i i ) }
40 44
Word No.
Figure 6

The principal conclusion to be drawn from the waveforms sketched
in Figure 6 is that the independent component of B appears to be specular,
i.e., a replica of the iransmitted pulse, rather than scattered return.

The characteristic for the initial build-up in the case of scattered
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return is a relétively slow—rising leading edge corresponding to the
increase in illuminated areé as the transmitted pulse reaches the re-
flection surface_aﬁd‘spreads ou% until, as the trailing edge reaches
the surface, the illuminated area becomes an annular ring. This
property, i.e., éppearing to be speéular in nature, argues against
a multiplé reflection scattering model for this return from verticql
‘incidence. This is consistent with our intuition that the multiple
iscattering model would not readily account for a cross-polarized
zcomponent from straight down;

Thus, this analysis leads us to conclude that there is indeed a
cross:polarized component, exhibiting specular characteristics, that
conceivably could be accounted for by the "conducting grain" model.

The case for the conducting grain model is not well established,

however, and a search for a better explanation continues to be justified.



