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LABORATORY MEASUREMENTS OF SCATTERED ELECTROMAGNETIC

RADIATION FROM TWO DIMENSIONAL METALLIC AND
DIELECTRIC ROUGH SURFACES.

ABSTRACT

Bistatic and non specular scattering cross section measurements of CO, laser radiation from roughened
metal and dielectric surfaces were made and compared to predictions given by the facet (tangent plane
approximation) model. The incident radiation was linearly polarized perpendicular to the incident
plane. The scattered polarization state was analyzed along two directions, perpendicular (HH) and
parallel (HV) to the scattering plane. For the first time, such polarization dependent bistatic
measurements are reported over the entire hemisphere, using a scattering apparatus designed especially
for this work. The average slopes and radii of curvature of the roughened surfaces utilized in this
study were determined from surface tracings using a mechanical profilometer. The (Gg)gy nulls
predicted by the facet model have been verified at steep incident angles for both metallic and dielectric
surfaces. Agreement is generally better for metals than dielectrics. At shallower angles measurements
diverge from theoretical predictions. Qur data indicate that the departure from the predictions of the
facet model is most likely associated with surface curvature. A number of calculations of polarization
dependent scartering cross sections from metal and dielectric cylinders of radius r as a function of /A
have been performed. These calculations suggest that even for large radii surfaces, rapid amplitude
and phase variations are responsibie for the onset of depolarization at shallower incident and scattering
angles, leading to the disagreement with the tangent plane model predictions. They also clearly
demonstrate why the facet model is a better approximation, in the region of validity, for metals than
diclectrics. The role of curvature in determining the operable regions of the tangent plane model is
further illuminated through a series of scattering measurements from metal wires with radius of
curvature on the order of A. The experimental measurements are described in detail and data for both

roughened mgtals and dielectrics are presented for several scattering aspect and depression angles.




INTRODUCTION

Scattering of electromagnetic radiation by rough surfaces has been the subject of great interest
for several decadesi!]. Interest in this derives from a need to study terrain characteristics of
inaccessible sites and to detect and characterize small deviations from optically smooth surfaces. In
either case, the goals are to relate electromagnetic scattering data to the properties of the scattering
surface. In principle, knowledge of the exact shape of the scattering surface and the total electric field
E at the surface allows one to compute the electric field E, at the point of observation. The exact
solution is given by equation (1) where k is the magnitude of the wave vector of the incident radiation

and R is the distance between some point on the illuminated surface and the observation point(2! :

- 1| g% 9E
Eo(P) 41:[ E5y - Vo) 98 0
where
= cikliR 2
IR|

A cursory look at equation (1) immediately confronts one with the two fundamental obstacles
to finding E»(P). One problem is that the exact shape of the surface is unknown. Secondly, given the
detailed geometry of the surface, there still remains the problem of knowing the value of the total E on
the surface, as given by (3).

E| and E, represent the incident and scattered electric fields on the surface , respectively. To

obtain the value of E, one must solve the boundary conditions for both E and H at the surface.

Unfortunately, clpsed form solutions for the latter problem exist only for plane surfaces. In the high




frequency or geomertrical optics (GO) limit, the ratio of scattered to incident electric field is the same as
the c&:i‘es;aonding quantities obtained from the Fresnel coefficients. Consequently, in the GO limit,
this p;n of the problem is eliminated. The need to characterize the surface, however, remains. An
exact mapping of the surface is an insurmountable task and may not be necessary. It is usually
assumed that different microscopic surface shapes will yield similar scattering patterns, when
illuminated over a sufficiently large area of the rough surface. The statistical characterization of rough
surfaces is motivated by the need to obtain closed form expressions for E2(P) without detailed
knowledge of the surface shape. A model in which one assumes a random distribution of
hemispherical bosses(3], the tangent plane model (TP)4l and the two scale roughness modellS], are
commonly used. The TP approximation is the most straightforward approach. In the GO limit, all
shapes can be handled by the TP approximation in which only the average surface slopes are of
interest. To obtain a statistical representation of the surface, it is important that the illuminated area
provides an adequate representation of the surface characteristics. Papa, Lennon, and Taylorl6},
henceforth denoted as PLT, have shown that for uncorrelated heights and slope distributions, in a
Gaussian surface, the physical optics approach yields identical results to those obtained in the GO
limit, provided that the correlation length T is much larger than the wavelength and the average slopes
are significantly less than one. Another important observation of PLT is that in the TP regime, the

polarization of the scattered wave is independent of the detailed statistical properties of the surface.

Previous measurements of rough surface scatteringl”:8] were performed in the monostatic
configuration or under conditions where the scattered radiation was in the plane of incidence. Such an
arrangement precludes the experimental study of some interesting features of polarization dependence.
These manifest themselves only in configurations where the scattering plane is different from the
incident plane. The apparatus utilized in this study allows the measurement of scattered radiation in

both the polar and azimuthal directions.




Unlike smooth surfaces, roughened surfaces scatter in all directions. This requires the detector
to be moveable over a hemisphere. Practical considerations, especially for a liquid nitrogen cooled IR
(infrared) detector, limit the motion of the detector to the harizontal plane in the laboratory. To insure
accessibility of arbitrary scattering angles, the polar angle 8 ; and particularly ¢, the azimuthal angle,
require that the target surface be free to rotate around two perpendicular axes. At the same time, the
polarization state of the transmitted radiation must be adjusted to maintain a well defined polarization
with respect to the surface normal. A description of the scattering system and the correspondence
between laboratory angles in which the mean surface normal changes direction, and the conventionally

defined field angles, is presented 1n section IL

An algorithm to compute laboratory angles for a specific set of field angles is-presented in the
Appendix. Data were collected in a bistatic configuration where the incident and scattered planes were
different. The co-pol and cross-pol scattering cross section measurements were compared with the
theoretical predictions of PLTI6l. Using a form of the scattering cross section given by Barricki4]
(equation 4), PLT describe the angular dependences of o, as a function of polarization, surface

roughness, and dielectric constant. The scattering cross section is given by(4.6:

Go = Bpal IS @)

In equation (4), S is the shadowing function!4.6] and J is the probability density function(4:6! for
surface slopes. J is proportional to (:g)2 times an exponential function ofg , where T is the average

facet spacing and o is the average facet depth.

As described by Barrick‘. a specular point in the surface reflects like a tilted plane tangent to
the surface at that point. The B, in equation (4) are given below in terms of the Fresnel coefficients

for HH and VV waves and spherical scattering coordinates (see Figure 2).
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a;=1 + sin 6;sin 8,cos ¢, -cos O;cos 6, 9)
as=cos 0;sin 6, + sin 9;cos ,cos ¢, (10)
a3=sin 0;cos O, + cos 0;sin 0,cos ¢, (11)
a4=cos 6; + cos 6, (12)

The angle (i) is the angle of incidence with respect to the local normal of the facet. It is defined

below in terms of the scattering angles of Figure 2.
cosi= {Jf[l - sin 6;sin O,cos ¢, + cos O;cos 6,]”2 (13)

In equation (4), the J term is proportional to the average number of facets having slopes which
scatter into the observation direction. The shadowing function S gives the fraction of the total number
of specular points not shadowed(®). In the analysis of PLT, it is pointed out that neither the shadowing
function nor the slope statistical J term has an influence on the position of nulls in the scattering cross

section. Thus, the predicted angular position of nulls in G, as given by these authors is based solely

.on the behavior of I qu[z in equation (4). Furthermore, their analysis shows that for a given incident




signal polarization, there exists nulls in the co-pol scattering cross section fgr various angles.
../

In this work, the predicted polarization dependent behavior of the scattering cross section as
given above was observed, for a subset of incident scattering angles. For steep incident and receive
polar angles, the data given in this report conforms to predictions of the TP approximation.
Deficiencies in the TP model appear for larger angles. The inability of the TP approximation to
accurately describe the scattering of radiation for all angles i has been noted previously in other,
monostatic measurements(”£l. The departure from the TP model has been attributed to the neglect of
small scale roughness of the surface and to neglect of multiple scattering from facets with large slopes.
A convincing argument can be made that curvature inherent in rough surfaces is a major cause of the

observed deviation from the facet model.

A good way to test the adequacy of the TP approximation is to juxtapose the TP predictions
with exact calculations. For example, we can compare the reflection coefficients computed for the case
of radiation incident on a cylinder with the results obtained if we approximate the cylinder by a set of
tangent planes. It is possible to describe analytcally the polarization dependent scattering amplitude
and phase for perfect curved geomertries, such as cylinders, in terms of the parameter, r/A. The onset
of depolarization for certain scattering geometries and the departure of data from the TP model is
shown to be critically dependent on this parameter. A scries of calculations of scattering from metal
and dielectric cylinders is given in section IV. These calculations disclose the very rapid phase and
amplitude variation of the VV and HH components of the scattered field as a function of incident angle
and surface curvature. A description of these calculations and their significance in understanding

scattering from rough surfaces is also contained in section IV.

A degree of insight into polarization dependent scattering can be attained from these

calculations by characterizing the roughened surfaces according to slope and radius of curvature.




Metal and dielectric rough surfaces utilized in this study were prepared in the following
manner. The surfaces were blasted with glass beads under a pressure of approximately 80 psi. The
bead diameters ranged from 50 to S00 um. Profilometer measurements were performed on both metal
and dielectric rough surfaces. A digitization technique in which the plotted profilometer data was
converted into computer readable data files was employed and programming was developed to
calculate the average surface slope and radius of curvature. Utilizing these techniques, the average
values of these surface parameters for the entire surface were determined as well as that percentage of
the surface falling within a certain range of the parameters. Table I displays results of such
measurements for the surface utilized in th's study in which the radii of curvature are given in units of
the wavelength. Finally, results from randomly arranged metal wires with r ~ A are reported, yielding

further evidence that the departure from the facet model predictions is due to surface curvature.

The organization of this report is as follows.

Section II contains a discussion of the laboratory setup. Section III is devoted to a set of

laboratory scattering data. In Section IV we discuss the data.

Appendix A contains formulae for ransforming field angies into laboratory angles. Appendix

B contains additional scattering data.




IL EXPERIMENTAL SETUP AND DISCUSSION OF LABORATORY ANGLES

LN2
HgCdTe detectc

ZnSe Brewster platt
anailyser

CO2 laser v

K-rotator © 3

chopper electric fleld vects,

rough surfece

Figure 1 Component Diagram of Scatterometer System
The source of radiation is a CO, laser (Ulra Lasertech Model 5122) providing 10 watts of

linearly polarized radiaton with a choice of 48 lines between 9.2 to 10.8 microns. The ability to rotate
the linearly polarized radiation to any desired angle is provided by a K-rotator. The rough surface is
allowed to rotate through two degrees of freedom which, in conjunction wi:h the position of the
detector, simulates the environment of a bistatic radar in the field. At the receive end, discrimination
between polarization states is accomplished by rotating a Brewster plate analyzer and wire grid
polarizer analyzer. The combination of the two yields an extinction ratio of better than 1000 : 1. The
radiation is collected by a two inch diameter ZnSe lens with a focal length of 20 inches. A liquid
nitrogen cooled HgCdTe detector (detectivity = 1010 cm Hz1/2/Wart), mounted on a rotatable detector
arm in the focal plane of the lens, scans the resultant intensity pattern. Scanning over a finite angular
spread and averaging the data is necessitated by the scintllation pattern that results from the narrow-
band laser radiation scattering from the rough surface. The detector output is fed to a lock-in amplifier
and the angle averaged signal displayed on a Mac I computer.




The rough surface is mounted on a goniometer which can rotate through a range of 30°. This
rotation is about an axis that is parallel to a horizontal surface. The goniometer is mounted on a turn-
table which rotates through a vertical axis. By means of these two components, the target surface can

be rotated around two axes.
The detector has a range of 270° and is rotated independently of the target surface.
The setup can simulate the three independent field angles, ie, the incident and scattering polar

angles from 0 to 90 °, and the scattering azimuthal angle from 0 to 180°. The rest of the azimuthal

range, 180-360°, can be obtained by rotating the target surface around its mean normal.

The transformation of the field angles into the corresponding laboratory angles will now be

presented.

In the field frame, the target surface orientation is fixed and the transmit and receive directions
(vectors) can vary independently over a hemisphere (see Figure 2). In this frame, we designate the
following angles 6;, 05, and ¢;. 6, stands for the incident angle, the angle between the incident
propagation direction and target normal.

r; - n = -Cos(6;) (14)

where r. is a unit vector along the direction of propagation, and n is a unit vector along the surface

normal. Similarly,

ry - n = Cos(8,) (15)




where r_ is a unit vector along the detector direction and

ri-neri-ml  (r-00 D] oo (16)
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Figure 2. Dieﬁnition of field angles
24

L) =-i,3

Figure 3. Definition of laboratory angles for § # 0 and y = 0
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In the laboratory frame (Figure 3), the propagation direction is fixed, which is taken along
the negative z-axis. Thus,

riL) =-i an
where L designates the laboratory frame and i is a unit vector along the z-axis (Figure 3). The
detector arm is in the x-z plane and can be rotated through 270° (Figure 4).

Hence
rp(L) = Cos(n) i; + Sin(n) i3 (18)
A2

l'i(L) =‘i3

Figure 4. Laboratory system for ¥ = 0 and § = 0 showing the detector position rp(L)

The target surface normal can be rotated around two perpendicular axes. One rotation is
around the y-axis (Figure 4), the axis perpendicular to the x-z plane containing the transmitter and
receiver. The angle describing this rotation is designated by £. The range of § is 0° to 90°. The
detector arm requires a 180° range for any fixed §. Hence, the full range of the detector has to be 270°.
Figure 5 shows the case for §; # 0. The relation between &g and 1 is Eg = 1} — 90°. § equals the

incident field depression angle, 8;, when the target is rotated around the y-axis only.

12




A second rotation can be performed around the line which is the intersection of the target plane

and the x-z plane (Figure 3).

The first rotation fixes & and the second rotation fixes . When the target surface is rotated
through & and y in succession, the normal to the target surface, expressed in the unit vectors of the
laboratory coordinate system is:

n” = -i) Sin(§) Cos(y) + iz Sin(y) + i3 Cos (§) Cos(y) (19)

While &; is now not equal to the incident depression angle, we will, for convenience, refer to it as the

“laboratory depression angle", and similarly refer to y as the laboratory aspect angle.

)

¢ (depression angle)

/

LML) =-i,

' Figure 5. LaboratoryAsystcm for'§ = O0andy=0
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We note that the sularproducts (14)-(16) defining the various field angles retain the same form
when n” is substituted for n. The following expressions relate laboratory angles (€,y,n) to field
angles (9;, 6, .9,.)

Cos(9;) = -r;- n” = Cos (§) Cos(y) (20)
Cos(@,) = rp - n” = Sin(n-&) Cos(y) @1)
and

ri-rp - (ri- n")(rp-n”)
V1-(ri "2 41 -(rp-n")? (22)

Cos(¢s) =

Substituting Eqns. (17),(18),(20) and (21) into Eqn. (22) yields:

-Sin(n) + Cos*(y) Sin(§-n) Cos(§)

Cos(d,) =
~/1-Cos¥(E) Cos2(y) v 1-Cos(y) Sin(E-n)

(23)

An algorithm for computing laboratory angles, &, T, W for a given set of field angles, 6;, 65,

¢s, can be found in the Appendix.
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III Scattering Data

Scattering data were obtained from roughened aluminum surfaces, roughened dielectric

surfaces, randomly arranged wires, and a randomly distributed set of glass beads.

A sand blaster was used to roughen aluminum surfaces. The abrasive material used in
preparing the surfaces was a collection of glass beads ranging from 50 to 500 microns in diameter.
The results of profilometer tracings indicate that the roughening produces randomly distributed valleys
ranging from 3 to 9 microns with an average spacing of 70 to 100 microns. Examination of the
surfaces under a microscope indicated the existence of sharp edged patches. To remove these sharp
edges, the surfaces were electropolished, removing approximately 1 micron of material from the upper
surface. Statistical data is given in Table I indicating radius of curvature, slope, and average facet
depth for the surface (EBT 4+13) studied. The histogram characterizing this surface according to -
distribution of facet slopes is plotted in Figure 6.

Data are presented for both copol, 6,(HH), and cross pol, 6,(HV), measurements, as well as
ratios of 6,(HH)/G,(HYV). The results are displayed in both laboratory and field coordinates. In the
lab coardinates, the wansmit and receive laboratory depression angles, &; and & are set equal and
remain fixed. The target surface is rotated around a horizontal axis. This rotation defines the
laboratory aspect angle. Changing the laboratory aspect angle induces changes in both 0; and 8y, the
incident and scattered polar angles. However, there is an intrinsic advantage to performing
measurements in the laboratory coordinate system since the laboratory aspect angle is identical to the
angle subtended by the global normal and the facet normal ( recall that according o the TP model, the
scartering at a given angle is due to facets for which the specular condition is fulfilled). Figures 7-8
display both ratios of 6o(HH)/G,(HV) and 6,(HH) and 6,(HYV) in laboratory coordinates. The data

15




points plotted for 6,(HH) and 6,(HV) have been ratioed in such a way that the data at some small
aspect angle coincides with the model prediction. The average slope parameter, T/of6), which enters
into the TP model is obtained from the results of profilometer measurements (Table I). Figures 9-10
show daua for o,(HH)/6,(HV) and 6,(HH) and c,(HV) for configurations in which the field angles 6;
and O and the azimuthal scattering angle ¢ is varied.

Figures-11-12 display scattering data for roughened plastic surfaces with n = 1.6 and
k = 0.002.

Roughening of the plastic surfaces was accomplished in the following manner. The plastic
surfaces were softened in acetone and compressed between roughened aluminum surfaces using c-
clamps. After hardening, the roughened plastic surfaces were measured using a mechanical
profilometer and found to have surface depths and slopes very similar to the metal surfaces used in

their preparation.

Figure 13 displays scattering data from randomly distributed glass beads. Figure 14 displays
scattering data from a glass surface roughened with glass beads. Figures 15-16 show scattering data

from aluminum wires randomly distributed on an absorbing flat surface.

To obtain a better understanding of both the success and failure of the tangent plane approximation, we prepared a
sample target surface consisting of randomly distributed aluminum wires. Wire from a spool was continuously wound two or
three layers deep in 2 random fashion on a flat absorbing plate. The radius -a- of the wire was 125 um and the corresponding
Ma was 0.85. For such a large value of A/a, the tangent plane approximation should not work at all.
Interestingly, however, the data for the ratio 6,(HH)/0,(HV) at a 60° laboratory depression angle is
remarkably similar to that obtained for the randomly roughened surfaces. A plausible reason for this
similarity will be presented in the last section of this report.

16




Table |

Surface Slopes Depths and Radii

of Curvature for EBT 4 +13
Glass Bead (Dia.)
Average Slope 0.081
RMS Slope 0.118
Standard Deviation 0.086
—
Average Facet Depth 2.88 microns
% Surface with Slope

<0.05 5238

<0.10 795

<0.20 954

<0.30 98.7

<040 992

<0.50 99.9

% of Surface with Radius
of Curvature in Wavelengths (microns)

<3 3.6

<4 55

<5 78

<6 10.5

17
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Figure 6 Distribution of Surface Slopes for EBT4+13
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Aluminum data (Plots are in Laboratory Angles)

EBT4+13
10/10 CO-POL/CROSS-POL ratie

lﬂ]

HH/HV ratle

“'1 EBT4+13
B’ 20/20 CO-POL/CROSS-POL ratio

HH/HY ratlo

Aspect angle (degrees)

Figure 7b G,(HH)/0(HV) for laboratory depression angles §i = §s =20
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1000 EBT4+13
40/486 CO-POL/CROSS-POL ratie
10
10

o001

2001
R e e e
[ s 10 18 -] F2 . 38 ©

Aspect angie (degrees)

Figure 7c o,(HH)/G,(HYV) for laboratory depression angles §i = §s =40

EBT4+13
60/60 CO-POL/CROSS-POL ratio

HH/HV ratio

Aspect angile (degrees)

Figure 7d G,(HH)/c,(HV) for laboratory depression angles =8 =60
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109 10/10 HH and HV fer EBT4+13

Intensity

2

P e o o s e o e o m ann o 2 o e o | e o o e aen s s |

o s 10 15 2 2 £~
Aspect angle (degrees)

Figure 8b o,(HH) and o,(HV) for laboratory depression angles E,’ = s 20
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100 1 40/40 HH and HVY for EBT4+13
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== HV Model
.um]
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Figure 8c o,(HH) and 6,(HV) for laboratory depression angles éi = §s =40

2
07 60/60 HH and HV for EBT4+13
1! 1
100 1

10'11
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e

Aspect angle (degress)

Figure 8d o,(HH) and 6,(HYV) for laboratory depression angles §i = §s =50




Aluminum data (Plots are in Field Angles)

10090 10 DEGREE POLAR ANGLE

0 s 100 18
AZIMUTHAL ANGLE (DEGREES)

Figure 9a o,(HH)/0,(HY) for field polar angles 6; = 65 = 10

3
107 1 20 DEGREE POLAR ANGLE

== HH/HV Moded

T v 1
) 50 100 150

AZIMUTHAL ANGLE (DEGREES)

Figure 9b ¢,(HH)/0,(HV) for field polar angles 8; = 65 = 20
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Plastic data (Plots are in Field Angles)
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Glass data (Plots are in Laboratory Angles)
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Aluminum Wire data (Plots are in Laboratory Angles)
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IV Discussion of Results

For the sake of clarity we divide our discussion into four parts. We start with scattering data
from metals and divide these into two groups; data in laboratory angles, Figures 7-8, and data in field

angles, Figures 9-10.

As previously noted, the facet model implies that the laboratory aspect angle is identical with
the angle subtended by the facet normal with the surface (global) normal. The facets that radiate into
the detector all have normals in the horizontal plane, the plane defined by the transmit and receive
directions. Figures 7-8 show that agreement with the TP model is excellent up to 15° aspect angle and
the onset of significant deviation from the TP model occurs at an aspect angle somewhere between 15°
and 20°. The exception to this statement is the deviation of 6,(HV) and the ratio 6,(HH)/c,(HV) at
very small aspect angles. According to the TP model, g,(HV) = 0 as the aspect angle — 0.
Tentatively, this deviation can be attributed to a small amount (a few percent) of diffuse and
depolarized scattering leading to a non zero Go(HV) at all angles including small aspect angles. A
plausible explanation for the origin of this behavior will be presented later.

Figures 9-10 exhibit data in field coordinates for fixed and identical transmit and receive polar
angles as a function of the azimuthal angle. Zero azimuthal angle thus corresponds to the specular
configuration. In the field representation, the deviation from the TP model predictions occurs at
diffcrcnt' azimuthal angles. Of course, the underlying source of the discrepancy between the TP model
and data must be the same in both laboratory and field coordinate systems. By plotting the angle
between the global and local facet normal as a function of azimuthal angle, a set of curves is generated
in which each curve corresponds to a given polar angle. Looking at the data, one can find the

-
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azimuthal angle at which there is a significant departure between the TP model and experimental data.
These points are plotted as x's in Figure 17. The x's lie approximately on a straight line and show that
in field coordinates, ihe departure of the data from the predictions of the TP model occurs when the
facet normal subtends an angle of approximately 20° with the global normal.
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Figure 17 Facet Slope (angle of local facet normal) where Field Data
Departs from Tangent Plane Model

It has been noted before that there are limits to the validity of the TP approximation due to
curvature. Brekhovskikh(10] derived the following criterion for the validity of the TP approximation:
| 4nr.cos O >> A (24)
where 1 is the radius of curvature and @ is the local angle of incidence. Unfortunately, the inequality

is not specific enough to be of use in data analysis.

We present here a somewhat different argument. In a rough surface where the average slope is
small (on the order of 0.1 as is the case here), larger than average slopes can occur in several ways: the
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depth is larger than average and the spacing between neighboring high and low points has an average
value, the depth is average and the spacing between high and low points is smaller than average, or
finally, both depths and spacings are significantly different from the average value. We consider the
case indicated in Figure 18 below where the depth is average and the spacing between high and low
points is smaller than average.

rough surface

Figure 18 Circle Centered on a Rough Surface Facet of Larger than Average Slope

Let the circle be centered at a point inside the surface that is at 3A beneath a high point on the
surface such that:

d=vVR®-(R-h)*=Y2Rn-0° (25)
If we set R = 34 = 31.8 um and h = 5.76 um we obtain:

d=1824 um
and 0=17°

Thus, approximately half of the facets corresponding to slope angles larger than 17° will have a radius
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of curvature smaller than 3, the onset of the resonance regimel(l1} for curved surface (cylinder,

sphere) scattering according to the Mie theoryl!1l,

Surface characteristics such as depth, facet spacing and radius of curvature, were obtained by
means of 2 mechanical profilometer "Mitutoyo Surftest 201", with a 5 um diameter diamond stylus.
Some of the parameters, such as the diameter of the glass bead and the duration and pressure of the
blast, were varied during the sand blasting operation. Four differently prepared surfaces were used in
this study(!13). After sand blasting, the surfaces were examined under a microscope and observed to
display many sharp points and edges. Consequently, the samples were electropolished to remove
these sharp features as has been the practice of other researchers in the field{12). The surface data
given in Table I is tabulated according to bead size (BT #). The data displayed in Figures 7-8 were
obtained for sample "EBT 4+13", an electropolished sample blasted with a mix of BT4 and BT13
beads. According to Table I, the average facet depth for this surface was 2.88 um. This average was
measured from the mean surface level. The quantity h that enters into Eqn.(25) is double the value of
the mean depth found in Table I. Table I also gives information about the radius of curvature of facets
for all surfaces studied. Radius of curvature calculations were performed by fitting a parabola to
groupings of data points from the digitized profilometer tracings (five data points each, spanning about
40 um on the surface).
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Some of the earlier measurements obtained in the course of this work were made using a rough
surface referred to as "original EBT4" having an avcragé facet depth of 8.68 um. The slope angle
associated with this depth is approximately 22°. At larger angles the facet model deviates from the
measured values. Figure 19 is consistent with our prediction and displays data for 6,(HH)/CGo,(HV) at
a 60° laboratory depression angle. This plot shows that there is an excellent fit up to a laboratory

aspect angle of 24°,

As a further check on our hypothesis that curvature effects reduce the effectiveness of the TP
approximation, we prepared a surface consisting of randomly wound aluminum wires on an absorbing
substrate. These measurements are displayed in Figures 15 and 16. Among the interesting features of
these data is the observation that at small aspect angles the fit to the TP model is good, and at large
aspect angles (Figure 16), the data follow the same partern as the roughened surface at a 60° laboratory
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depression angle (Figure 19).

P

Figures 11-12 show plots of measurements for plastic in comparison with the facet model
predictions. The roughened plastic surface was prepared by pressing an acetone treated smooth plastic
surface against a roughened aluminum surface. After hardening, the plastic surface had a roughness
which was verified by profilometer to be similar to the rough metal. The complex index of refraction
of this plastic at 10.6 um was n = 1.6 and k = 0.002. The penetration depth is given by
a! = A/4nk = 422 um. This is too large given that the theoretical calculations assume that all
scattering takes place on the surface without transmission through the facet. The scattering in the data

points shown in Figures 11-12 may be due to the transmission associated with small k.

To remedy this situation, we performed »dditional measurements on rough glass surfaces.
Glass has a complex index of refraction of n =2.2 and k = 0.1 at 10.6 um. The penetration depth of
glass at 10.6 um is 8.4 um, sufficiently small to justify the neglect of transmission through facets.
Two types of rough glass surfaces were prepared. Figure 13 displays scattering data from randomly
stacked glass beads of varying radii on a glass substrate. Here the deviation from the facet model is at
very small laboratory aspect angles. The other set of glass scattering data are displayed in Figure 14.
This target surface was prepared by abrading a flat glass surface with glass beads under pressure.
Rough glass surfaces prepared in this manner displayed many deep fissures when observed under a

microscope.

This surface did not quite satisfy the surface criteria necessary to test the theory. Nevertheless,
at steep angles (Figure 14), the data seemed to validate the facet model prediction up to a laboratory
aspect angle of 15°. It is instructive to compare Figure 14 with Figure 7 (10/10 data). Both appear to
have the same range of validity. Both display an HH null with a depth of 0.1. When comparing

Figures 13 and 14 with Figures 7 and 8, one observes that the deviation from -theory is more
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pronounced for dielectrics than metals at larger laboratory depression angles.

To obtain a better understanding of the limitations of the TP approximation, we present some
numerical results of polarization state dependent scattering amplitudes for both metal and dielectric

cylinders of different radii.

The underlying rationale for doing this is to juxtapose the TP approximation with exact
calculations for curved surfaces where solutions to Maxwell's equations with associated boundary
conditions can be obtained numerically. If the tangent plane approximation were to be valid
independently of the surface curvature, one should be able to approximate the scattering amplitude
from any cylinder of arbitrary radius by the Fresnel coefficients of the tangent plane. Thus, in the case
of a metal cylinder, one would conclude that the scattering intensity for a cylinder is independent of the
azimuthal angle ¢ and the orientation of the incident linear polarization. This, however, is not the case.
An undcrstanding of the structure of the polarization dependent scattering amplitudes as a function of

a/A is one way to put the tangent plane approximation in its proper perspective.

The validity of the tangent plane approximation will depend on how close the ratio of HH/VV
for a cylinder divided by HH/VV for a plane is to unity. An additional requirement is that the phase
differences for HH and VYV amplitudes for planes and cylinders remain the same. It is of interest to
note that the HH-VV phase differences for cylinders and planes are the same except in the immediate

vicinity of the Brewster angle,

Figure 20 displays the amplitude ratios for metal cylinders of increasing radii. The radius
ranges from 3.18 A t0 9.54 A. The plots confirm qualitatively the inequality of Eqn.(A1), ie, the larger
the radius of curvature, the better the TP approximation. One observes that for large angles of

incidence the TP approximation fails even for a radius of curvature on the order of 10 A. On the other
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hand, for steep angles of incidence, the TP approximation is effective even for small radii of curvature.
This is consistent with our measurements on roughened aluminum surfaces, dielectric surfaces, and

metal wire surfaces at steep angles of incidence.

Similar results are displayed in Figure 21 for dielectric cylinders with n = 1.6 and k = 0.1.
These differ from the cylinder plots for metals and indicate that the TP approximation for dielectrics
fails at smaller angles than for metals with the same radius.

One notes that the inequality derived in reference 10 doesn't distinguish between dielectrics and

metals.

Reviewing our data in light cf these model calculations, we reach the following conclusion.
The bulk of the scattered radiation ( ~ 95% ) is accounted for by the facet model. There is, however, a
small but finite component of diffuse radiation with a polarization that varies rapidly as a function of
angle. It is the latter which gives rise to deviations from the predictions of the TP approximation.
These deviations are especially pronounced in polarization states and at angles where the TP model
predicts no scattering or small amounts of scattering. Thus, at an azimuthal angle of 0°, where the TP
model predicts 6,(HV) = 0, a small but finite 6,(HV) appears consistently. The other area of
pronounced deviation from the TP model is at scattering angles that are significantly different from the
specular direction. Here, the intensity of the scattered radiation should fall off exponentially. This,
however, is not the case due to the underlying diffuse background. The most likely cause for this is
the existence of areas on the rough surface with small radii of curvature. This hypothesis is consistent
with the differences observed between metals and dielectrics, and with the scattering observed from

randomly distributed wires.

Other investigators have attributed depolarization effects to multiple scattering(”). Another
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plausible source of depolarization may be found in two scales of roughness(14l. These issues will be
addressed.in a subsequent publication.

-~

We also express our thanks to M. Coulombe, T. Horgan, M. Grund, M. Yoon, E. Jordan and
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Appendix A
An Algorithm for Transforming Field Angles into Laboratory Angles

Having defined laboratory angles &, 1\, and  in section II, we proceed with further analysis to
obtain an algorithm that will yield a unique set of &, 11, V¥ for a given set of 8;, 65 and.¢s.

We first show that for a fixed ei and es both larger than 0° (0° is a point of degeneracy) Cos(¢,)
can assume all values between -1 and +1. Denoting Cos(6,) = x and

Cos(6,) =y, equation (23) can be written as:

-Sin(n) + yx

Cos(¢s) =
0s(82 Y1-x2 ¥1-y2

(Al)

For a fixed ¥ and £ and a fixed y, 7 is not an independent variable. We therefore express

Sin(n) in terms of x, y, and V.

Sin(n) = Sin(n-§+) = Sin(n-&) Cos(§) + Cos(n-§) Sin(§) (A2)

or

xy £ [Cos*(y) - y?] [Cos(y) - x2]
Cos*(y)

Sin(n) = (A3)

The minus sign in front of the square root has to be inserted when (n-§) > 90°. Combining

(23), and (A1)-(A3) one writes:
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N

-xy'ranlwi,,/l--c-o’i% ,/1-6-:;—\;

Ji-y21-x2

Cos(¢,) = (A4)

We first show that Cos(¢) can assume the extreme values of 1. This can be seen by setting

¥ =0. The + sign in front of the square root yields +1, and the - sign yields -1. It is useful to rewrite
the expression (14) as two equations each valid in a given range of Cos(¢,). Assuming thaty>x:

2
xyT S [1.x2
xyTan'y + Cos?y Cos?y

Cos(d,) = 4/1——)'—2 e (A5)

Eqn. (AS5) is valid for :

1-y2
-X
yV o2 S Cosids) S 1

2
xyTany -,/ 1- Y ,/1-—52—
yTan'y Cos?y Cos?y

Ayl (A6)

Cos(¢s) =

Eqn. (A6) is valid for :

1-y2
- .9
1< Cos(dy) < y )

- y2
Forx>y, -% -y must be replaced with - % 4/ 1=X2  Since both functions are
y 1- x2 b S 1- yz

continuous functions of ¥, for 0 < y < Cos"!(y), Cos(¢,) assumes all values in between.

The algoﬁthm for determining §, n,  for a given ei,es, ¢, is as follows. Compute Cos(¢,)
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and select the larger of Cos(es) or Cos(@,), thereby setting the appropriate range for equations (AS5)
and (A6). The value of Cos(¢s) determines whether Eqn. (AS) or (A6) is to be used. Having selected
the correct equation, one solves for Cos(y) and determines y. Given Cos(y), one then can determine

Cos(§) or &. 1 remains to be determined and is obtained from: y = Cos(9) = Sin(n-§) Cos(y).

Since Sin(m-E) is symmetric around 90°, a unique determination of 1| depends on whether

Eqn. (AS5) or (A6) was used. For Eqn. (AS), n—% 2 90° and for Eqn. (A6) = < 90°.

To complete this section, we write down the direction of linear polarization that corresponds to

~ an H wransmit state. Itis given by:

r; x n” = -i; Sin(y) + iz Sin(&) Cos(y) (A7)
An H receive state is given by:
rp x n” = -[i; Sin(n) Cos(§) + iz Cos(n-£)] Cos(y) + i3 Cos(m) Sin(y) | (A8)

The V receive state is obtained from:

rpx (rpxn”) =rp(rp- n")-n” (A9)

rp x (rp x n”) =i; [Cos(n) Sin(n-£) + Sin(&)] Cos(y) +i,[Sin(n) Sin(m-E)--  (A10)
- Cos(¥) - Sin(y)] - i3 Cos(&) Cos(y)
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Appendix B
Additional Scattering Data

To corroborate our hypothesis that the deviation from the TPA (Tangent Plane Approximation)
model is due to the small amounts of surface curvature, we prepared a set of roughened aluminum
surfaces that were blasted with different size glass beads. Half of the surfaces were electropolished
after blasting, the other half were left untouched after blasting.

Figures AC1 (Appendix C1) to Figure AC14 display data in laboratory angles as a function of
laboratory aspect angle. The roughened surfaces from which these data were obtained is designated
EBT4. E stands for electropolished and BT4 signifies that the surface was blasted with glass beads
BT4.

Figures AC15 to AC26 display data from the same surface in field angles. Here the incident
and scattered polar angles are fixed and the azimuthal scattering angle is varied.

Figures AC27 to AC40 contain plots as a function of laboratory aspect angles from another
surface designated by EBT6. Figures AC41 to AC54 represent data from EBT6 in field angles.
Figures ACS5 to AC68 display data in laboratory coordinates from a third surface, designated EBT13.
Figures AC69 to AC82 contain scattering data in field coordinates for surface EBT 4+13.

In figures AC109 to AC162 scattering data for laboratory angles from the four different
surfaces NBT4, NBT6, NBT13, and NBT4+13 are displayed. N stands for non-electropolished. The
designation BT4, BT6, BT13, and BT4+13 refer to three different glass beads used in the sand
blasting process.

Figures AC163 to 170 are histograms displaying percent of surface Vs slope.

Tables I and IT summarize profilometric surface data including the percentage of surface that
has a curvature of less than 3A (31.8um). Tables III and IV display the depth of the HH nulls. The
TPA predicts an absolute zero at the location of thé null, and in practice would be limited by

instrumental uncertainty, ie., the extinction ratio of the polarization state analyzer. If the measured null




is above the instrumental threshold, it would indicate that another source is present. In Tables I and
Il we demonstrate another correlation between the depth of the HH nulls and percentage of curvature.
The smaller the percentage of curvature, ( r < 31 ), the deeper the HH null.

50




EBT 4

100 EBT4
7.5/1.8 CO-POL/CROSS-POL ratio
10
-, 2
R A -t
1
2
S
>
s
: - HHMV data
= HH/HV Model
001
0001
0 - T T Y - ' .
0 5 10 1% 20 i 25 20
FIG. AC-1 Aspect angle (degrees)

o,(HH)/6,(HV) for laboratory depression angles §i = &s =75

100 7.5/7.5 HH and HV for EBT4

-

b
@
=
v
e
-
* HVdata
01 == HH Modcl
= HV Model
0 e e T T T Y Y]
0 5 10 15 2 25 30
Aspect angle (degrees
FIG. AC-2 pect angle (degrees)

Go(HH) and 6,(HV) for laboratory depression angles §i = E,s =75

51

. ™




100 «

101

HH/HV ratio

FIG.

EBT4
10/10 CO-POL/CROSS-POL ratio

"

a9

019 *  HHMEVdata
= HH/MEYV Model

y———

%

P —p—p——p———r
10 15 2 >
Aspect angie (degrees)

AC-3

So(HH)/G,(HV) for laboratory depression angles §i = &s =10

100 10/10 HH and HV for EBT4

Intensity

001 = T Lo

FIG.

—

* HHdata
* HVdata
=~ HH Modecl
= HV Model

01

L ¥

o H 10 M 20 >
Aspect angle (degrees)

84

AC-U

0o(HH) and 6,(HV) for laboratory depression angles &i = §s =10




EBT4

100
2020 CO-POL/CROSS-POL ratio
10
1
2
g .
>
£
E 0
001 . HH/HYV data
= HH/MV Model
0001
[ um e s 2o o mn s oo ae aun e S saes o S mus sun e S M e SEL S Zma am s o sy |
0 s 10 s 2 25 30
Aspect angle (degrees)
FIG. AC-5
oo(HH)/c,(HV) for laboratory depression angles §i = E_,s =20
107 20120 HH and HV for EBT4
10 9
8
> -
B
£ s
L o1 ‘
.001 4!
.oum?
°o s w1 22  x
FIGC. AC-€ Aspect angle (degrees)

0o(HH) and ,(HYV) for laboratory depression angles &= §s =20

53 ‘ .




EBT4

moo]
30/30 CO-POL/CROSS-POL ratio
1004
10'1
>
5 A ?
E o4
i
.001 1
.Ml-i
04 v v -r J
0 10 -] ] «0 50
Aspect angle (degrees)
FIG. AC-T7
G(HH)/o,(HV) for laboratory depression angles §i = §s =30
102
30/30 HH and HV for EBT 4
10l -
100 ?
> i -, e
'Z 10 l-g ) : *
S ve iy
£ ——— HH Model A
w2] T HVModel
. HH data
’ HV data
1034
10 4 ey ey g a—p—————pp— g gy
0 10 2 20 0
FIG. AC-8 Aspect angle (degrees)

Oo(HH) and 6,(HYV) for laboratory depression angles §i = és =30

5L




s
.
»

/

-8

EBT4

40/40 CO-POL/CROSS-POL ratio

HH/HV ratio

Aspect angle (degrees)
FIG. AC-9

Go(HH)/Go(HV) for laboratory depression angles §, = §,=40

1009 40/40 HH and HV for EBT4
10
1%
Py
’E 1 "
1
&
E o4
001 +
noow
) o 10 2 k] :o - ?o
FIG. AC-10 Aspect angle (degrees)

Oo(HH) and o,(HV) for laboratory depression angles §i = §s =40

55




EBT4
50/50 CO-POL/CROSS-POL ratio

1000

100

10

HH/HV ratlo

== HH/HV Model

001
0001
L S A S S S S S AL SE SR S NN SN S S S AL SELAD 0L M UL SRR R
) 10 20 2 o T ol
FIC. AC-11 Aspect angle (degrees)

6,(HH)/c,(HV) for laboratory depression angles §i = és =50

l°°'l 50/50 HH and HV for EBT4
10 3
14
o P .
’;’. o - T“ 6.~o %® »
£ . W - -
E ] * .gl.‘..'ln.ﬁ'-l
.011 * HVdata
== HH Modecl
-~ HV Model
.001 1
000 | Py e e e ——p——)
] 10 20 30 40 50 [ ]
Aspect angle (degrees)
FIG. AC-12 gle 1w

Go(HH) and 6,(HV) for laboratory depression angles §i = §s =50

56




1000 4 EBT4
60/60 CO-POL/CROSS.POL ratio
lﬂ}
10
2 1
e
1 e %emy
E ..'o..t....oc. .... . ...
= 1 ¢
= ]
0 * HH/HV data
1 = HH/HV Model
001 <
0001 v T r— — 1

gd
8

o 10 20 20 0
FIG. AC-13 Aspect angle (degrees)

6,(HH)/0,(HV) for laboratory depression angles §i = és =60

1009 60/60 HH and HV for EBT4
101
1
]
i
g .
% ]
.011
MI]
0001 T Y T T
] 10 1] 0 40 50 &0
Aspect angle (degrees)
FIG. AC-14

Oo(HH) and ©,(HV) for laboratory depression angles §i = §s =60

57




10000

Polar angles = 10

mo}
100 <
10}
11
.11

o ] * HH/HV data
001 4 == HH/HV Model

0001 AN H SN BN JhS SRILENE St SN BAAET RELANE SN AN RN s ZNA SRS JAN AN SUN S SELANE SN SEE SN A |
O 10 20 20 40 SO 60 70 80 90 100 110 120 130 140 150
FIG. AC-15 Azimuthal angle (degrees)

oo(HH)/0,(HV) for field polar angles 6; = 6= 10

Polar angles = 10

10

19

q * HHdata
* HV data
—— HH Model
01 ~ HV Model
W
'wl LS T | IR 3 L ] Lo L] ¥ L L IEnamm |

0 10 20 @ % 6 70 80 90 100 110 120 130 140 150
FIG. AC-16 Azimuthal angle (degrees)

6o(HH) and 6,(HV) for field polar angles 6; = 65 = 10




Polar angle 20

* HH/MHVdaa
== HH/HV Model

¥ ¥ Ll 1 L] L] L) L L] T

y 8 ¥ L
0 10 20 30 40 S50 60 70 680 90 100 110 120 130 140 150

FIG. AC-17 Azimuthal angle (degrees)

o,(HH)/0,(HV) for field polar angles 8; = 6= 20

100

Polar angles = 20

1] 100 200

FIG. AC-18 Azimuthal angle (degrees)

0o(HH) and 6,(HV) for field polar angles 8; = 8, = 20

59




10000

Polar angles = 40
1000

100

10

* HH/HV data
= HH/HYV Model

001
-ml L § L L4 ¥ ¥ L LA S L L 2 L R L3 T e 1
0 10 20 30 40 5 6 M % 100 110 120 130 140 150
Azimuthal angle (degrees)
FIG. AC-19

co(HH)/o,(HV) for field polar angles 6; = 85 = 30

Polar angles = 40

- HV data
o T L § l Lo LR o L ¥ R S B Ll L 8 L T L |
0 10 20 32 4 S 6 70 8 100 110 120 130 140 150
Azimuthal angle (degrees)
FIG. AC-20 ¢ e

Go(HH) and 6,(HV) for field polar angles 6; = 6= 30

-
.

60




10000

1000 Polar angles = 50

100

10

o « HH/HV data
— HH/HV Model

.001

B e e e T o o e et S SUP RS MRS D S P S S .

0 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150
azimuthal angles (degrees)
FIG. Ac-21 ¢ e

oo(HH)/0,(HV) for field polar angles 6; = 65 = 40

Polar angles = S0

LR B NS (e S (A L S N AR B SIS ) N s ae
0 10 20 30 4 S0 60 70 80 90 100 110 120 130 140 150

FIG. AC-22 azimuthal angle (degrees)

Go(HH) and Op(HYV) for field polar angles 6; = 6= 40

'61




1000

100

10

.01

®* HH/RV data

001 = HH/HV Model

000] Py T T T T T T e T T T T T
0 10 20 0 40 % 6 70 & 90 100 110 120 130 140 150

FIG. AC-23 AZIMUTHAL ANGLE (DEGREES)

6o(HH)/0,(HY) for field polar angles ; = 85 = 50

Polar angles = 60
= HH dats

= HVdata
= HH Model
= HV Modei

0

.001

000] ey e Py —p————

G 10 20 30 40 S0 60 70 80 90 100 110 120 130 140 150

FIG. AC-2L AZIMUTHAL ANGLE (DEGREES)

Go(HH) and 6,(HV) for field polar angles 8; = 85 = 50




Polar angles = 70

0

== HH/HV Model
.001

000l P LT T T T T T T T T T )
0 10 20 30 4 5 60 70 8 9% 100 110 120 130 140 150

AZIMUTHAL ANGLE (DEGREES)
FIG. AC-25

o,(HH)/a,(HV) for field polar angles 8; = 6= 60

Polar angles = 70

* HH data

* HV data
= HH Model
= HV Model

B o e e e e e B BERam mm o e e me o o

0 10 20 30 4 50 60 7 80 90 100 110 120 130 140 150
FIG. AC-26 AZIMUTHAL ANGLE (DEGREES) .

6,(HH) and o,(HYV) for field polar angles 6; = 6 = 60

63




. EBT6

- EBTé
1.5/7.8 CO-POL/CROSS-POL ratio
10
1
L
S .
>
-]
2 0
=
001
000
[ o s s s o s e 2 son o pan san Sun n Sun man o e Sun o S aEn S S SEUELES mm e o |
0 5 10 15 20 2 20

" As angle (degrees)
FIG. AC-27 pect g ®

So.(HH)/c,(HV) for laboratory depression angles §i = F,s =75

100 7.5/7.5 HH and HV for EBT6

: {
g
e
-
.01
001 = T 4 -y T Y 1
] s 10 15 20 = 30
Aspect angle (degrees
FIG. AC-28 pect angle {degrees)

6o(HH) and 6,(HV) for laboratory depression angles §i = §s =75

-6,;

.o




HH/HV ratio

FIG.

Intensity

EBT6

100-1
10/10 CO-POL/CROSS-POL ratlo
10
1
19
Ao
19 * HH/HV data
== HH/HV Model
001 1
-0001 I T l*—* T =T |
0 5 10 15 2 25 30
Aspect angle (degrees)
AC-29
o,(HH)/c,(HV) for laboratory depression angles F’i = §s =10
100 10/10 HH and HV for EBT6
10
1
1
~ HVdata
01 = HH Model
— HV Model
-mll'ﬁ"v"f'l'ff'v—vvﬁfﬁ"f"‘r'ﬁ"—l
o s 10 15 20 P 30
AC-30 Aspect angle (degrees)

FIG.

Go(HH) and o,(HV) for laboratory depression angles Qi = és.= 10

65




EBT6

100
20/20 CO-POL/CROSS-POL ratio
10
1
2
2 .
>
= 0
= N
HH/MHYV data
.001 = HH/HV Model
0001
0 ey p—p— ey
0 5 10 15 20 2 30
F1G. AC-31 Aspect angle (degrees)
G,(HH)/6,(HV) for laboratory depression angles éi = is =20
107 20/20 HH and HV for EBT6
104
‘]
'.-..-,0
E‘ 1 '! -
7 i 9
S
= o * HH data \
= 7 * HVdaua
001 1 -— HH Model
— HV Model
0001 1
0 T h L] LJ L2 1
0 5 10 18 20 2 %
FIG. AC-32 Aspect angle (degrees)

0o(HH) and 6,(HYV) for laboratory depression angles §i = Es =20

66




oo EBTS6
30/30 CO-POL/CROSS-POL ratio
100 9
10 4
2 14
s
>
= 9
-
= o1y
001 * HH/HV data
1  — HHWHV Model
.0001 +
0 T T T T T T Y 1
o0 5 10 15 20 2% 2 35 40
Aspect angle (degrees)
FIG. AC-33
o.(HH)/0,(HV) for laboratory depression angles §i = §s =30
100 7 30/30 HH and HV for EBT6
10 1
l -
>
‘&
s 17
E
o * HH data
" . HVdata
== HH Model
-001 'i == HYV Model
.0001 T Y T = 1§ —— Y 1
° 5 10 15 20 25 30 as )
FIG. AC-3L Aspect angle (degrees)

Oo,(HH) and 6,(HV) for laboratory depression angles g = §s =30

67




1000 '1 EBT6
40/40 CO-POL/CROSS-POL ratio
100 +
N,
10 <
3
> #M U] o o, w’.\
2 s I L) N G L0
=
=
o * HHMHV data
001 1 = HH/HV Model
.0001 -
0 T -y L) -y Y v r .
0 5 10 15 20 25 M = p]
FIG. AC-35s Aspect angle (degrees)

6o(HH)/0,(HV) for laboratory depression angles §i = §s =40

193 40/40 HH and HV for EBT6
10 'J
1
:-;' B
w
H
E 01 <
= s HH data
» HVY data
001 5 ~— HH Model
« HV Model
0001 «
0 T 14 T T v r v .
0 ] 10 18 20 25 30 as P
FIG. AC-36 Aspect angle (degrees)

Go(HH) and 6,(HV) for laboratory depression angles éi = §s =40

€8




EBT6

1000
50/50 CO-POL/CROSS-POL ratio
100
2
- 10
b
>
S
= 1
*
* HH/HV data .. PR TT I
1 = HH/HV Model
.01 pemy =y e —— P p————— e p—p——
Q 5 10 15 2 25 30 s
FIG. AC-37 Aspect angle (degrees)
oo(HH)/c,(HV) for laboratory depression angles §i = §s =50
100 50/50 HH and HV for EBT6
10
1
>
§ 1
01
.001
0001 ey e e e e P oy
[} 5 10 15 20 25 30 as
FIG. AC-38 Aspect angle (degrees)

0o(HH) and 6,(HV) for laboratory depression angles §i = §s =50

€9




EBTé6

1000
60/60 CO-POL/CROSS-POL ratio
100
10
2
-
=
=
= J
=
0
001
R o S LU S e S S e S e B S S S e e e S S |
[ 10 2 30 «0 50 60
A t le (d
FIG. AC-39 spect angle (degrees)
Co(HH)/0,(HV) for laboratory depression angles §, = &s =60
100 60/60 HH and HV for EBT6
10
1
; | .-Oo-:. .'..-.... .
€ '"";,,c ¥ .:
3 -3 $ x
£ o .
* HH data
.001 * HV data
™ HH Model
{0001 = HV Model
orﬁrﬁr""'"""rﬁ'—"‘ﬁ'ﬁj""_"'l
0 10 20 " 0 50
FI16.  AC-LO Aspect angle (degrees)

0o(HH) and o,(HV) for laboratory depression angles !’;i = §s =60




10000 10 DEGREE POLAR ANGLE

0 10 20 30 4 50 60 70 80 90 100 110 120 130 140 150
FIG. AC-41 AZIMUTHAL ANGLE (DEGREES)

o,(HH)/o,(HV) for field polar angles 8; = 6= 10

30 10 DEGREE POLAR ANGLE
,
* HH data
" HVdata
20 - - . == HH Model
E r - — HV Model
%)
z L
€3]
b
z
10 =
«
[ ]
oYY T T T
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
FIG. AC-k2 AZIMUTHAL ANGLE (DEGREES)

Tl




0,(HH) and o,(HV) for fisld polar angles 8; = 6= 10

20 DEGREE POLAR ANGLE

00
* HH/HYV data
0001 ~— HH/HV Model
[ o s s o s e e s un pae s Sum ooy S Ban s me s Ene aue s onn men e mun sy pn |
0 10 20 30 40 SO0 60 70 80 90 100 110 120 130 140 150
AZIMUTHAL ANGLE (DEGREES)
FIG. AC-43
oo(HH)/0,(HV) for laboratory depression angles &i = és =20
09 . 20 DEGREE POLAR ANGLE
20 -
> HH Model
g ———  HV Model
w
Z <
= *  HHdata
z HV data
10 <
0 T T Y T T RS T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
AZIMUTHAL ANGLE (DEGREES)
FIG. AC-kk

0o(HH) and 0,(HV) for field polar angles 6; = 6 = 20

T2




10000 30 DEGREE POLAR ANGLE

= HH/HV data
‘oot = HH/HV Model
0001 T R Eme T ™ T T Y T T Y T Y T

L]
0 10 20 30 4 S50 60 70 80 90 100 110 120 130 140 150

AZIMUTHAL ANGLE (DEGREES)
FIG. AC-LS

0o(HH)/6,(HV) for field polar angles 6; = 65 = 30

100? 30 DEGREE POLAR ANGLE

10 o

INTENSITY

1 * HH data
m" * HV data
] — HH Model
— HYV Model
.0001 WAL AL A ZRNL A SR Ahen SEAL SN SEL Mne BENLJNNE INNNL BN SUSD SENN BNNL SNNE Gums SR SN S mamn s |

0 10 20 30 40 5 60 70 80 90 100 110 120 130 140 150

FIG. AC-LE AZIMUTHAL ANGLE (DEGREES)

Go(HH) and 6,(HV) for field polar angles 6; = 65 = 30




40 DEGREE POLAR ANGLE

* HH/HV
- HH/HV Model

¥ L] L] LE T 'y L2REian SEEEED BN LI

O 10 20 2 40 50 60 70 80 90 100 110 120 130 140 150
AZIMUTHAL ANGLE (DEGREES)

o.(HH)/0,(HV)for field polar angles 8; = 85 = 40

40 DEGREE POLAR ANGLE

* HHdata

* HVdata
= HH Model
~— HV Model

[ ) I
.
. ® HL o =

INTENSITY
2

o"lri'r'ﬁ'""r'l'r"71*"l'l'j'l

0 10 20 30 40 S5 60 70 80 90 100 110 120 130 140 150

AZIMUTHAL ANGLE (DEGREES)
FIG. AC-48

0o(HH) and 6,(HV) for field polar angles 8, = 6= 40




50 DEGREE POLAR ANGLE

01

* HH/HV

.001 == HH/HV Model

'MII'I"I"'I'I'I‘T'1'I'I LA LA A

0 10 20 30 4 50 6 70 8 90 100 110 120 130 140 150

AZIMUTHAL ANGLE (DEGREES
FIG. AC-kL9 ( )

oo(HH)/o,(HYV) for field polar angles 6, = 85 = 50

100 50 DEGREE POLAR ANGLE

S
: ey '.ll
% Dl'..'.'..
o
=
z
B * HHdata
* HVdata
= HH Model
=== HV Model
0=t RS S S e Sn S s Ane SEn Aum EE Auy S e s Sw s aus mnn auy e am oan un e oy e ouy |
O 10 20 30 40 50 60 70 80 9 100 110 120 130 140 150
FIg. AC-50 AZIMUTHAL ANGLE (DEGREES)

oo(HH) and 6,(HV) for field polar angles 6; = 8 = 50

-1
N




1000 60 DEGREE POLAR ANGLE

100

HH/HY
— HH/HV Model

01

'mll"'l'"""""l"""l'T'l'l"'j

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

AZIMUTHAL ANGLE (DEGREES)
FIG. AC-51

oo(HH)/0,(HV) for field polar angles 6; = 65 = 60

100 60 DEGREE POLAR ANGLE

; l‘...l *
% CevcantTLtEDE
r4
=
=
Z
* HH data
* HVdata
= HH Model
= HV Model
Ul s onn SUn ua S AES SRASND NNL SN BN SN SNA NN MU SNN BN NS S ANN BN BED BEDANN NELARN Nk AN NN
0 30 20 30 40 50 60 70 80 90 100 110 120 130 140 150
£IG AC-52 AZIMUTHAL ANGLE (DEGREES)

o,(HH) and 6,(HV) for field polar angles 6; = 6, = 60




1000 70 DEGREE POLAR ANGLE

o - HHWHV
] — HH/HV Model

T L) ¥ L] | § L 3 L} L) T L 1

40 50 60 70 80 90 100 110 120 130 140 150
AZIMUTHAL ANGLE (DEGREES)

c
a8

B -
8 -

o.(HH)/oo(HV) for field polar angles 6; = 6= 70

70 DEGREE POLAR ANGLE

INTENSITY

* HH data

* HVdata
= HH Model
— HV Model

1A RELAN SRS SN SN SR AN BEL SN NUL AN NNAJN NEEJN SN SN NEL NN SELEN BRL A mua i ]
0 10 20 30 40 5 60 70 80 90 100 110 120 130 140 150

FIG. AC-SkL AZIMUTHAL ANGLE (DEGREES)

0o(HH) and 6,(HV) for field polar angles 6; = 6,=70

7




FIG.

Intensity

FIG.

HH/HYV ratio

EBT13

EBT13
7.5/1.5 CO-POL/CROSS-POL ratio

100

1{J

o + HH/MV data
— HH/HV Model

001

0 T T T T T T T e v

0 5 10 15 20 2 30

Aspect angie (degrees)
AC-55

0,(HH)/0,(HV) for laboratory depression angles éi = §s =7.5

100 7.5/7.5 HH and BV for EBT13

—

—

01

.001

¢ HV data
=~ HH Model
= HV Model

T M A haum L] ¥ 1

AC-56 Aspect angle (degrees)

Go(HH) and G,(HV) for laboratory depression angles §, = §,=75

78




EBT13

100
10/10 CO-POL/CROSS-POL ratio
10
o |
-
>
Jd .
g 4
= 01 ¢ HH/HYV data
= HH/HV Model
001
0001 =¢ ———— N Y Y 1
0 5 10 15 20 25 30 35 40
A t 1
FIG. AC-57 spect angle (degrees)
o.(HH)/0,(HV) for laboratory depression angles &i = és =10
100
10/10 HH and HV for EBTI13
|
10 :
1
z .
g
&
£ o
o > HV data
=~ HH Model
0001 === HV Model
0 ¥ D T T T L] 1
o s 10 15 20 2 30
FIG. AC-58 Aspect angie (degrees)

00(HH) and 6,(HV) for laboratory depression angles éi = E,s =10




EBT13
20/20 CO-POL/CROSS-POL ratio

14 A\\g-\ SR
v
\/
|
)

HH/HV ratio

.01]
* HH/HYV data
001 -1 = HH/HV Model

PP o

0001 < i
¥
0 L T L} L} L) T L L}
0 5 10 15 20 b= 30 3$ 40
Aspect angle (degrees)
FIG. AC-59

10
So(HH)/0,(HV) for laboratory depression angles & = &s =20

2
10 20/20 HY and HV for EBT13

Intensity
S

* HHdata B3 Nom
.2 < Ries N Rx
10 * HV data - .”r": »
— HH Model
10-3 = HV Model

L e A S I o o B B T T T T T N —

e
0 5 10 15 20 25 30 35 LY

Aspect angle (degrees
FIG. AC-60 P ngle (degrees)

0o(HH) and 6,(HV) for laboratory depression angles §i = §s =20

80




EBT13

1000
30/30 CO-POL/CROSS-POL ratio
100
10
2
2
; 'l ..w
=
T o
* HH/HV data
001 - HH/HV Model
0001
Y s T e o I o 2 B A B 2 2 BB AR
0 5 10 15 20 25 30 35 40
FIG. AC-61 Aspect angle (degrees)
6o(HH)/0,(HV) for laboratory depression angles £, = és =30
2
10 30/30 HH and HV for EBTI13
10!
100
g
Z 107!
[ .
E A Ty,
102 * HYV data
- HH Model —
= HV Model
10°3
104| N o 4 LEND Sun SuE o SN Sun Sun Jhe Sub Suh su SNn SNE Mus Sun aun aan s g ) 2 T v rrayyr—r LA |
0 s 10 15 20 25 30 s P
FIG. AC-62 Aspect angle (degrees)

Go(HH) and oo(HV) for laboratory depression angles §, = §s =30




EBT13

10(!)1
40/40 CO-POL/CROSS-POL ratio
wo-!
(01'
3 M
L 4 ." . -
1Y Nt X O R
=
= o * HH/HV data
—= HH/HV Model
.001 1
1
.000] =
]
I o o BALan o s o e e B
0 5 10 15 20 25 20 a5 40
FIG. AC-63 Aspect angle (degrees)
Go(HH)/0,(HV) for laboratory depression angles &, = §s =40
2
10 40/40 HH and HV for EBT13
10!
100
2
g 107!
3]
=
10-2 * HVdata
== HH Model
-— HV Model
10°3
10".""|'7'VT'fW""'v"'rr""'ﬁ"vwi""ﬁv_‘
0 5 10 15 20 25 30 a5 40
FIG. AC-6i4 Aspect angle (degrees)

Oo(HH) and 6,(HV) for laboratory depression angles £, = §S =40




1000 EBT13

§0/50 CO-POL/CROSS-POL ratio

HH/HYV ratio

0 5 10 15 20 25 30 35 40 45 50

FIG. AC-65 Aspect angle (degrees)

o(HH)/c,(HV) for laboratory depression angles E-‘i = §s =50

100 50/50 HH and HV for EBT13

>
]
g 1
=
0l
.001
0001
0 s 10 15 20 25 30 a5 40 45 50
FIG. AC-E6 Aspect angle (degrees)

Oo(HH) and g,(HV) for laboratory depression angles ﬁi = §s =50

83




EBTI3
60/60 CO-POL/CROSS-POL ratio

-}
g
>
=
=
=
T o A o o o o A 2n
FIG. AC-67 Aspect angle (degrees)
Co(HH)/Go(HV) for laboratory depression angles &, = § = 60
100 60/60 HH and HV for EBT13
10
1
>
%
§ 1
= .
.01 "
.001
ml|ﬁ1r'vflr LB s g e S S S e S S e BB Bt e e |
0 10 20 30 40 50
FIG. AC-68 Aspect angle (degrees)

Oo(HH) and o,(HYV) for laboratory depression angles éi = §s =60

8L




Polar angles = 10
100

10

= HH/HY data

ol = HH/HV Model

00 Sy e ———]

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

FIG. AC-69 AZIMUTHAL ANGLIE (DEGREES)

o.(HH)/c,(HV) for field polar angles 6; = 6= 10

Polar angles = 10

{ * HHdata
* HV data
— HH Model

~— HV Model

01

o T T YT T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

AZIMUTHAL ANGLE (DEGREES)
FIG. AC-T0

0o(HH) and o,(HV) for field polar angles 6; = 8, = 10




Polar angles = 20

* HH/HV data
= HH/HV Model

LR L] T L] | 4 ¥ L} LJ LRGN

LI
0 10 20 30 40 S50 60 70 80 90 100 110 120 130 140 150

AZIMUTHAL ANGLE (DEGREES)
FIG. AC-T1

Go(HH)/0,(HV) for field polar angles 6; = 6 = 20

Polar angles = 20

== HV Model
w——— VV Model
014 * HH data
3 * HYV data
001 =
'Ml ¥ Ll LA L ¥ L | L R L] L Ll LI

T
0O 10 20 30 4 50 60 70 8 90 100 110 120 130 140 150

AZIMUTHAL ANGLE (DEGREES)
FIG. AC-T2

go(HH) and o,(HV) for field polar angles ; = 6= 20

8€




Polar angles = 30

HH/HV data
HH/HV Model

L0l TTMTTTTTTT T YT T T T T T YT T T T T

10 20 30 40 S0 60 70 80 90 100 110 120 130 140 150
AZIMUTHAL ANGLE (DEGREES)

AC-T3

o,(HH)/o,(HV) for field polar angles 6; = 8, = 30

Polar angles = 30

= HH Model
— HYV Model
. HH data
* HV data

LN SN R S B S MR S SRS Sum Su eue Zuy s o mes Zp an aue mun au e
30 4 5 60 70 8 90 100 110 120 130 140 150

AZIMUTHAL ANGLE (DEGREES)

™1
¢ 20

AC-Th

Go(HH) and 6,(HV) for field polar angles 6; = 65 = 30

87




10000

1000 Polar angles = 40

100

10

.01

= HH/HV data
= HH/HV Model

001
'm]ﬁ'_' T vy vor vy v T v 1 v §F ¥V T v 1T v 0 vy Ty v Tr v 3
0 10 20 30 40 50 80 70 80 90 100 110 120 130 140 150
AZIMUTHAL ANGLE (DEGREES)
FIG. AC-T5
6,(HH)/0,(HV) for field polar angles 6; = 6,=40
100
Polar angles = 40
10
1
1
01 S R
oM * HH data
e HY data
.0001 — HH Model
~== HV Model
0
0 rrpreprp—p—p— Tt Y Ly Loy Ty e o
0 10 20 30 40 S0 60 70 80 90 100 110 120 130 140 150
AZIMUTHAL ANGLE (DEGREES)
FIG. AC-T6

6.(HH) and 6,(HV) for field polar angles 8; = 65= 40

88




1 Polar angles = 50

b * HH/HV data
001 o = HH/HY Model
000t T T T T Tt T | e

¥ T L L]

100 110 120 130 140 150
AZIMUTHAL ANGLE (DEGREES)

L
0 10 20 30 4 S50 60 70 80 90

FIG. AC-T7

Oo(HH)/0,(HV) for field polar angles 6; = 8 = 50

100
Polar angles = 50

* HHdata
* HVdata

=~ HV Model
= HH Model

4 L] | | | L] L] L]

49 5 60 70 80 90 100 110 120 130 140 150
AZIMUTHAL ANGLE (DEGREES)

o
=
S
8 -

FIG. AC-T78

Go(HH) and 6,(HV) for field polar angles ; = 6, = 50




Polar angles = 60

® HH/HV data
== HH/HV Model

.001 ™Y T ™1

L] v L] L | T LJ L] ¥ L

0 10 20 30 4 S50 60 70 80 950 100 110 120 130 140 1

AZIMUTHAL ANGLE (DEGREES)
FIG. AC-79

6.(HH)/0,(HV) for field polar angles 6; = 65 = 60

Polar angles

'* HH data
* HVdata
1 — HH MODEL
— HV Model
d .
- - ® . .
- . s .
01 . - s " s
. « " .
- . . . : [ | s ® [ ]
'w] ¥ . . s e .
S0t l e o A S A AN LA S M N (et AN LS LSRR Su RER A B mn g |
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
FIG. AC-80 AZIMUTHAL ANGLE (DEGREES)

oo(HH) and 6,(HV) for field polar angles Qi =05=60

90




Polar angles = 70

01 j ' * HH/HYV data

~— HH/HV Model
'Wl Ll L] L] Ll L] L) LI ¥ L LI L] 1 4 L4 T L]
0 10 20 30 40 S50 60 70 80 980 100 110 120 130 140 150
FIG. AC-81 AZIMUTHAL ANGLE (DEGREES)

o,(HH)/o,(HV) for field polar angles 6; = 6= 70

Polar angles = 70

* HHdata
* HVdata

— HH Model
— HV Model

0001 oy e T T T T YT}

0O 10 20 30 4 S0 60 70 80 90 100 110 120 130 140 150

AZIMUTHAL ANGLE (DEGREES)
FIG. AC-82

0o(HH) and 6,(HV) for field polar angles'd; = 6 = 70




EBT 4+13

wo_i EBT4+13
7.5/7.5 CO-POL/CROSS-POL ratio
101
1
o 1
2 .11
>
ES
= 01
B = HH/HV data
001 ~— HH/HV Model
00011 !
0 L LA LA Ll L3 L}
o 5 10 15 2 25 30
Aspect angle (degrees)
FIG. AC-83
6o(HH)/0o(HV) for laboratory depression angles & = és =75
100 7.5/7.5 HH and HV for EBT4+13
10 5
EN
£
&«
z
- 1
01 4
0] Y T T T T YTyt —]
0 5 10 15 20 25 0
7Ic.  AC-8L Aspect angle (degrees)

oo(HH) and 6,(HV) for laboratory depression angles éi = &S =75

\O
ne




EBT4+13
10/10 CO-POL/CROSS-POL ratio

100

e 1
B
>
= 2
=
01 ¢ HH/HV data
-~ HH/HV Model
.001
.0001  § T L] ) 8 ¥ L] o
] 5 10 15 20 25 30
FIG. AC-85 Aspect angle (degrees)
6,(HH)/o,(HV) for laboratory depression angles §i = §s =10
1007 10/10 HH and HV for EBT4+13
10 7
> 17
F
=
o
E 1
S . 1
0 1
001 ' T T Y Y 1
0 5 10 15 20 25 30
FIG. AC-86 Aspect angle (degrees)

G,(HH) and o,(HV) for laboratory depression angles §i = §s =10

o=
P




1°°] EBT4+13

104 % 20/20 CO-POL/CROSS-POL ratio
<

19

HH/HV ratio
e

.001 1
0001 +
o L 1] T v T T ]
] 5 10 15 20 25 330
FIG. AC-87 Aspect angle (degrees)
Go(HH)/o,(HV) for laboratory depression angles &, = gs =20
1907 20/20 HH and HV for EBT4+13

>
g
C
.0001 Y Y Y g Y nl
] 5 10 15 20 28 30
Aspect angle (degrees)
FIG. AC-88

Co(HH) and 6,(HV) for laboratory depression angles §, = §s =20

ol




EBT4+13

100)1
30/30 CO-POL/CROSS-POL ratio
L
-
>
=
-
=
001 * "HH/MHV data
] — HH/HV Model
.O(m‘i
LUl SN B A S0 N e S e oy mu e an e s an e m o s i e e e e o
0 5 10 15 20 25 30 35 40
FIG. AC-89 Aspect angle (degrees)
6,(HH)/c,(HV) for laboratory depression angles éi = §s =30
100 30/30 HH and HV for EBT4+13
10
1
o) L S ..
% A "..’".".-po .
§ 1 ,’."i“-’ . “
£ T Cutam 2Tl
=~ HH Model
ot ™ HV Model
.001
.mljv-'-1-rvv-rv"vj—rvv';v"-rrr-'.-rﬁijtr—‘rvﬁ
0 5 10 15 20 25 30 35 40

FIG. AC-90 Aspect angle (degrees)

0o(HH) and 0,(HV) for laboratory depression angles E-'i = §s =30

95




EBT4+13

l(KX)1
3 40/40 CO-POL/CROSS-POL ratio
1(!)1
101
[-]
3
>
E .11
=
= iy
.001 '!
.0001 1
0. MR B i o o o e an oy oo o o e s a2 e e an o oo o
[} 5 10 15 20 25 30 a5 40
FIG. AC-91 Aspect angle (degrees)
o,(HH)/c,(HV) for laboratory depression angles §i = §s =40
1004 40/40 HH and HV for EBT4+13
Pand
=
[
o
_'r_':'_ o1
' HH data
001 ~ ¢ HV data
~ HH Model
0001 § ~— HV Model
o L} L L LA L i L ¥ L]
0 5 10 15 20 25 0 as 40
Aspect angle (degrees
FIG. AC-92 pect angle (degrees)

6,(HH) and o,(HV) for laboratory depression angles §i = &s = 40

96




EBT4+13
50/50 CO-POL/CROSS-POL ratio

oo,
90 ® e * )
oy * ‘0‘0"‘3\. ..Q'... ..-’.’o..

HH/HV ratlo

¢« HH/HV data
001 -~ HH/HV Model
0001
B S . S H A S S S . S A A E S A . A, S A s e o |
0 10 20 30 40 50
FIC. AC-03 Aspect angle (degrees)
o,(HH)/o,(HV) for laboratory depression angles §i = §s =50
100 50/50 HH and HV for EBT4+13
10
1 e
"’;::"oo’oﬁnh te .
b T ".....0 .‘- ‘e
-g l ..’s“o.',“’ d ~"ﬁ-‘.o’. "
8 ‘J."’”""fl! »
] 'y BB Wy Ve
= * HH data *
01 * HVdata
=~ HH Model
01 = HV Model
L000] ey y——p———————————— e ey
0 10 20 30 40 50
Aspect angle (degrees)
FIG. AC-9k P s s

oo(HH) and 6,(HV) for laboratory depression angles E-‘i = §s =50

97




1000 EBT4+13
60/60 CO-POL/CROSS-POL ratio
100
10
2
5 .
> LI ...’.....o. -
g MPRA AP LLPY . AN L A
B
-
o1 * HH/HV data
' - HH/HV Model
.001
0001 YT YT T T T
10 20 30 40 S0 60 70
Aspect angle (degrees)
FIG. AC-95
o,(HH)/c,(HYV) for laboratory depression angles §i =£ ¢ 60
102 .
} 60/60 HH and HV for EBT4+13
10} }
1o° -%
3‘ - .
-— Lo, @
g 10 1. t." . .C‘.o-i ....'...
:=: '.nu.“".‘ i
10'21 * HH data ~ "¢t
* HV data
3] = HH Model
1079 ~—— HV Model
lo.‘ T 4 T 3
0 "] S0 60 70
Aspect angle (degrees)
FIG. AC-96

Go(HH) and G,(HV) for laboratory depression angles &, = és =60

98




10000 10 DEGREE POLAR ANGLE

* HH/HV dats
— HH/HV Model

T T I i
FIG. AC-97 AZIMUTHAL ANGLE (DEGREES)

c.(HH)/o,(HV) for field polar angles 6; = 6= 10

100 10 DEGREE POLAR ANGLE

10

Z o
»
Z
]
o
Zz .1
0l
L Dy e s uy b B A RS SR SEMEE SERAEE DM BN BN ML SEMANE RALAN SR
0 10 20 30 4 50 60 70 8 90 100 110 120 130 140 150
FIG. AC-98 AZIMUTHAL ANGLE (DEGREES)

6,(HH) and o,(HV) for field polar angles 6; = 6= 10




103 20 DEGREE POLAR ANGLE

102

101

100

107!

102

10-3

104 ey
0 50 100 150

FIG. AC-99 AZIMUTHAL ANGLE (DEGREES)
6,(HH)/c,(HV) for field polar angles 6; = 6= 20
100

20 DEGREE POLAR ANGLE

10

INTENSITY

®* HH data
« HYV data '

== HH Model
~ HV Model

L L] T ¥ L] Ls T L] L4 LB T L]

010;05040505070”901001101201@140150
Fig. AC-100  AZIMUTHAL ANGLE (DEGREES)

6,(HH) and 6,(HYV) for field polar angles 6; = 65 = 20

100




1097 30 DEGREE ANGLE

100

10 «

"

.li

.on-; ¢ HH/HYV dats

— HH/HV Model

.0011
.(!)01‘.,-...v.',..-.-.-.-,1.fﬁﬁ-.--

0 10 20 30 40 50 60 70 80 90 100 1110 120 130 140 150

FIG. AcC-101 AZIMUTHAL ANGLE (DEGREES)

o,(HH)/0,(HV) for field polar angles 6; = 65 = 30

30 DEGREE POLAR ANGLE

10

PO
t e ] .
g ! o ® . " .- . e .
3 o
o ' HH data
* HYV data
001 = HH Model
= HV Model
'm] ¥ Ll | ) LI L L] LI L L] 1 . 1  J L]
0 10 20 30 4 S0 60 70 80 9 100 110 120 130 140 150
FIG. AC-102 AZIMUTHAL ANGLE (DEGREES)

0,(HH) and 6,(HV) for field polar angles 8; = 6= 30

101




FIG.

INTENSITY

‘°°°'! 30 DEGREE ANGLE

10 <

.11
.on-! * HH/HV data
—= HH/HV Model
.om}
ml v vy ¥V oyovoyp vy vy vy vy vy gy vy y vy vy vogov

AC-103

10

01

.001

FIG.

0 10 20 30 4 50 60 70 8 90 100 110 120 130 140 150

AZIMUTHAL ANGLE (DEGREES)

o,(HH)/0,(HV) for field polar angles 6; = 65 = 40

30 DEGREE POLAR ANGLE

= HHdata
= HV data

== HH Model
~— HV Model

L] v T L] L) L] L ] ¥ 7 L] L L]

LI
0O 10 20 30 4 5 6 70 80 9 100 110 120 130 140 150

AC-10b AZIMUTHAL ANGLE (DEGREES)

Oo(HH) and 6,(HV) for field polar angles 8; = 6 = 40

102




S0 DEGREE POLAR ANGLE

.3 * HHHYV data
10 -I = HH/HV Model

AL AL A S A L A 4 LI B A B NN S SN SUAL AN SRR ARNE RS AR AN A J

0 10 20 3 4 S 6 7 60 § 100 110 120 10 140 150

FIG. AC-105 AZIMUTHAL ANGLE (DEGREES)

So(HH)/0,(HV) for field polar angles 6; = 6= 50

50 DEGREE POLAR ANGLE

m-!
* HHdata
' HVdata
201 4 == HH Model
= HV Model
mv'v'vIVI'l'T'lv'v]vh"ﬁ'l'I"l

0 W 20 3 4 S0 6 70 80 90 100 110 120 130 140 150

FIG. AC-10¢ AZIMUTHAL ANGLE (DEGREES)

Oo(HH) and 6,(HV) for field polar angles 6; = 6, = 50

103




107 9 60 DEGREE POLAR ANGLE

* HH/MHYV data
= HH/HV Model

lo.’ L) ¥ ¥ L] LS L) ¢« T L L] Lo 1

AR
0O W0 20 X 4 S 6 70 8 50 100 110 120 130 140 180

AZIMUTHAL ANGLE (DEGREES)
FIG. AC.107

oo(HH)/c,(HYV) for field polar angles 6; = 6= 60

100 7 60 DEGREE POLAR ANGLE

* HHdata
= HV data
= HH Model
== HV Model

LA Auun HL A Bun Sun IR S oy Smm S S MR one SEn e g s gEn 2nn s smn SE e s e e o |

0 10 20 30 4 3 6 70 80 90 100 110 120 130 10 19
AZIMUTHAL ANGLE (DEGREES)

FIG. AC-108

Oo(HH) and o,(HYV) for field polar angles 6; = 65 = 60

10k




NBT 4

100 NBT 4
7.5/7.5 Copol / Crosspol ratio

.00l
.0001
L e e i e L e e g e |
0 5 10 15 20 > . %
Aspect angle (degrees
FIG. AC-109 P gle (degrees)
c,(HH)/6,(HV) for laboratory depression angles éi = §s =7.5
30 «
7.5/7.5 HH and HYV for NBT 4
m-
o
g
£
10 4
01
0
Aspect angle (degrees)
FIG. AC-110 P ¢

0,(HH) and 6,(HV) for laboratory depression angles §i = §s =7.5

105




NBT4
10/10 Copol / Cross pol ratio

g

-
(-4
omald s s scssad  aasssnd

L] L] L] v

L]
10 15 20 25 30

o
o -

FIC. AC-111 Aspect angle (degrees)

Go(HH)/6,(HV) for laboratory depression angles §i = §s =10

100 10/10 HH and HV for NBT4

10

>
2
: o
= }
! * HHdata
0! )
u * HV data
' ~ ~ HH Model
o ~— HV Model
.0m1|-..v|--vv|'-.-.1...',,_"‘_"'
0 -1 10 15 20 o5 3
FIG. AC-112 Aspect angle (degrees)

0o(HH) and 6,(HV) for laboratory depression angles §i = §s =10

106




100
. Plot 20 HH/HV NBT 4

10

.01

001 ® HH/HV data
“— HH/HV model
.0001
0T —r T — -
0 5 10 15 20 25 30
- Aspect angle (degrees)
FIG. AC-113
o,(HH)/0,(HYV) for laboratory depression angles §i = §s =20
09 20/20 HH and HV for NBT 4

ol
b
L4
E
[ 5 10 15 20 25 30
Aspect angle (degrees)
FIG. AC-11h

0o(HH) and o,(HV) for laboratory depression angles g, = és =20

107




1000

NBT 4
30/30 Copol / Crosspol ratio

100

10

01

001
000] VTV AR B o o o o s E e e WS PR AR |
(] 5 10 15 20 25 20 35 40
Aspect angle (degrees)
FIG. AC-115
o,(HH)/G,(HV) for laboratory depression angles gi = §s =30
30/30 HH and HV for NBT 4
30 9
20 4
>
]
s L
'é -p- = HH data
= s ¢ HV data
10 9 = HH model
~= HV model
0 T+ rrrprrrrrrrrrr
0 5 10 15 20 25 30 35 40
Aspect al:gle (degrees)
FIG. AC-116

6,(HH) and 6,(HV) for laboratory depression angles &i = §s =30

108




1000

NBT4
40/40 Copol/Crosspol ratio

01

.001

B e e T T T P A B A e

0. 5 10 15 20 2 20 as 40
: Aspect angle (degrees)
FIG. AC-117

6,(HH)/6,(HV) for laboratory depression angles §i = «‘;s =40

40/40 HH and HV for NBT 4

el
@
S
=
0 5 10 15 20 ] 30 35 40
Aspect angle ‘(degrees)
FIG. AC-118

0o(HH) and 6,(HV) for laboratory depression angles §i = §s =40

109




10007 NBT4
50/50 HH/HV ratio

5 « HHMHV data
001 1 == HH/HV Model
.0“)11
0 A BASSEEAEL S s sy RAL S DA LS mAKSE e AN IR LRSS
0 5 10 15 20 25 30 a5 40 45 50
Aspect angle (degrees)
FIG. AC-119

o,(HH)/0,(HV) for laboratory depression angles & = §s =50

30 4 50/50 HH and HV for NBT 4

o

- * HHdata

§ ' * HVdata

E L]

10 4 = HH Model
== HV Model
o-
0 5 10 15 20 25 30 35 40 45 50
Aspect angle (degrees)
FIG. AC-120

Go(HH) and o,(HV) for laboratory depression angles F,i = §s =50

110




1000

NBT 4
60/60 Copol / Crosspol ratio

100

0 5 10 15 20 25 30 35 40 45 50 55 60

Aspect angle (degrees)
FIG. AC-121

S,(HH)/0,(HV) for laboratory depression angles §i = §s =60

301 60/60 HH anf HV for NBT 4

Intensity

10 4

0 s 10 15 20 25 30 35 40 45 50 58 80

Aspect angle (degrees)
FIG. AC-122

0o(HH) and 6,(HYV) for laboratory depression angles §i = §s =60

111




NBT 6

100 NBTé6
] 7.5/7.5 Copol/Crosspol ratio

101

1

017
001 7 = hh/hv data
= HH/HV Model
.0(”11
0 e B S o o o o i o o s e S S B |
o 5 10 15 20 25 30
Aspect angle (degrees)
FIG. AC-123

o,(HH)/G,(HV) for laboratory depression angles §i = &s =7.5

30-1

7.5/7.5 HH anf HV for NBT 6

20+

Intensity

10 <

Aspect angle (degrees)

FIG. AC-124

6o(HH) and 6,(HV) for laboratory depression angles §i = §s =75




I(X)-!
k NBT 6
101 20/20 Copol / Crosspol ratio
"
1 1
o]
001
: ~—= HH/HV Model
0001 1
4
0 Y r . — : —
0 5 10 15 20 25 e
FIG. AC-125 Aspect angle (degrees)
Go(HH)/0,(HV) for laboratory depression angles & =& =20
30 9 20/20 HH and HV for NBT 6
20 =
g
“n
S
= * HH data
10 < ¥y * HV data
= HH Model
= HV Model
0 AN S NN SEED SINL Saun Smn I SEn SEe -
0 5 10 18 20 2 20
FIG. AC-126 Aspect angle (degrees)

6o(HH) and 6,(HV) for laboratory depression angles éi = §s =20

113




NBTé6
100 4 30/30 Copol / Crosspol ratio

.01
.001 <

000} 1

0 T rrr T P YT T T T T T T T T

Ty
0 5 10 15 20 3 30 a5 40

Aspect angle (degrees)
FIG. AC-127

o,(HH)/c,(HV) for laboratory depression angles §i = §s =30

30/30 HH and HV for NBT 6

Intensity

-

0 5 10 15 20 25 30

Aspect angle (degrees)
FIG. Ac-128

0o(HH) and ¢,(HV) for laboratory depression angles éi = §s =30

11k




NBT6
40/40 Copol/Crosspol ratio

e SV NI,

.01

01 = HH/HV dats
— HH/HV Model
.0001
1 o o o o o o o o e e s o on o o o e e o o e o o o e ]
0 s 10 15 20 25 30 35

Aspect angle (degrees)
FIG. AC-129

oo(HH)/c,(HV) for laboratory depression angles §i = §s =40

40/40 HH and HV for NBT 6

Intensity

0 iy ey == peppmpa—

0 5 10 15 2 3 20

Aspect angle (degrees)
FIG. AC-130

6,(HH) and o,(HV) for laboratory depression angles éi = §s =40

115




NBT 6
50/50 Copol / Crosspol ratio

0
] * HHHV data
- — HH/HV Model
.0001
o L L B ¥ Ll v L L] L] L] L]
0 s 10 15 20 25 30 35 40 45 50

Aspect angle (degrees)
FIG. AC-131

6o(HH)/Go(HV) for laboratory depression angles &, = E,s =50

30 1 :
- 50/50 HH and HV for NBT 6

20 =
fo
@
=
]
= * HHdata
10 4 * HVdata
== HH Model
== HV Model
04 .
0 5 10 15 20 2 30 35 40 a5 50
Aspect sngle (degrees)
TIG. AC-132

Oo(HH) and o,(HYV) for laboratory depression angles éi = §s =50

116




mo}
NBTé6
60/60 Copol / Crosspol ratio

0001 s oSS ARAASALAAS o s s s a s pasns e mAtRd)
0 5§ 10 1§ 20 25 30 35 40 4 S 55 00

Aspect angle (degrees)
FIG. AC-133

6,(HH)/G,(HV) for laboratory depression angles §, = §s =60

301 !
- 60/60 HH and HV for NBT 6
20 4
> -
z * HH data
.E: - * HVdata
= — HH Model
10 4 = HV Model
o-
0 & 10 185 20 25 30 35 40 45 SO S5 60
Aspect angle (degrees)
FIG. AC-134

o,(HH) and 6,(HV) for laboratory depression angles §i = §s =60

117




NBT 13
100 NBT13
1575 CO-POL/CROSS-POL ratio
10
1
2
g .
>
<
z « HH/HV data
~— HH/HV Model
001
.0001
Ow—v—r'-rr'-v'v.'-.-~r—v.1'-v.1--ﬁ..
0 [ 10 15 20 S a0
Aspect angle (degrees)
FIG. AC-135
6, (HH)/0,(HV) for laboratory depression angles &= §s =75
’021 7.5/7.5 HH and HYV for NBT13
>
g
-
E

= HV Model

T Y, ey oo

Q H 10 15 2 25

FIG. AC-136 Aspect angle (degree)

o,(HH) and o,(HV) for laboratory depression angles §i = és =75

118




NBTI3
10/10 CO-POL/CROSS-POL ratio

100

10

HH/HV ratio

01

001
T S — S R
5 10 15 20 25 )
Aspect angle (degrees)
o,(HH)/0,(HV) for laboratory depression angles §i = §s =10
2
10 10/10 HH and HV for NBT13
10!
100
> 107!
»
e
b4
E 1072
* HVdata
103 —— HH Model
= HV Model
104
10”5 gy ey ey ey ety ey ————— ey
0 5 10 15 20 25
Aspect angle (degrees)
FIG. AC-138

oo(HH) and 6,(HV) for laboratory depression angles §i = §s =10

119




NBT13

20/20 CO-POL/CROSS-POL ratio
‘»;"”\.\
£ e
l-.- 1 < ’
> E
g ol
- * HH/HV data
= HH/HV Model
.00!}
000 =
o T rrrrl Ty T YT ey rr ey
o 5 10 15 20 25 30

Aspect angle (degrees)
FIG. AC-139

o,(HH)/o,(HV) for laboratory depression angles §i = §s =20

2
10 20/20 HH and HV for NBT13
10!
100
b l0~1 ('Y
a .
@
€ 102 ¢« HH data
- + HV data
10°3 -~ HH Model
= HV Model
104
lo.s‘l"1'xv'v'I""l'v-v—'--w-'-vv—v.
0 5 10 15 20 25 30

Aspect angle (degrees)
FIG. Ac-1ko )

6o(HH) and o,(HV) for laboratory depression angles §i = §s =20

120




NBT13

l(XX)1
b 30/30 CO-POL/CROSS-POL ratio
K
H
>
=
=
- * HH/HV data
= HH/HV Model
001 -
0001 -
0 L] L L I L | L} L] ¥ L
0 s 10 15 20 25 30 35 40
Aspect angle (degrees)
FIG. AC-1u1
oo(HH)/0,(HV) for laboratory depression angles §i =& o= 30
2
10 30/30 HH and HV for NBT13
10!
100
r Xl
> -1 Rt
e .
2 !f’u"“
£ 10°2 *
e = HV data
. — HH Model
10 = HV Model
104
T B S GOV NS S ——— S ——
0 s 10 15 20 25 30 35
Aspect angle (degrees)
FIG. AC-1L2 ¢ ¢

Go(HH) and 6,(HV) for laboratory depression angles §. = is =30

121




HH/HV ratio

FIG.

Intensity

NBTL3

1000
40/40 CO-POL/CROSS-POL ratio
100
10
1
1
01 « HH/HV data
~ HH/HV Model
001
.0001
0 Frrymr—r—r e a maamn anam a
0 5 10 15 2 25 3 35 40
Aspect angle (degrees)
AC-1L43
o,(HH)/0,(HV) for laboratory depression angles éi = §s =40
2
10 40/40 HH and HV for NBT13
10!
100
m"‘\' '
107! S ol
2 ‘mw"‘!.’ﬂ‘f'.’;}
10°
* HVdata
103 -~ HH Model
= HV Model
10-4
10°3 T YT Tt
0 5 10 15 20 25 30 35 40
Aspect angle (degrees)
AC-1LL

FIG.

0o(HH) and 6,(HV) for laboratory depression angles &, = és =40

122




NBT13

1000
50/50 CO-POL/CROSS-POL ratio
100
10
-..-‘_: 1
; ) bo...g'.-.d'”.ﬁ.-ﬁg.. ‘“.
&
==
= o * HH/HV data
- HH/HV Model
.001
.0001
orﬁv Trr v TrTYr T Ty 7 T T YT T Y T T rrr Ty 1
0 H 10 15 20 25 30 35 40 45 50

Aspect angle (degrees)
FIG. AcC-1lks

o.(HH)/G,(HV) for laboratory depression angles §i = §s =50

2
10 50/50 HH and HV for NBT13
1
10 ] ‘M
R
100 i
LA
:. lo.l -;’“a'k. ..w:' .
E e ‘...‘,.‘ * *
[ »
T 10°2 ‘w"»“"f. '
107 -~ HH Model
=== HV Model
107

-5
1077 VT T T T T T TeT T T Ty TP T YT T T T Y T

o s 10 15 20 T2 30 35 40 45 50
Aspect angle (degrees)
FIG. AC-1Lé

o,(HH) and 6,(HV) for laboratory depression angles §i = Qs =50

123




NBT13
60/60 CO-POL/CROSS-POL ratio

1000

100

10
2 |
e |
> ..‘.°'0 . ‘
= * ..'000‘.. .8 ‘
— .l
f-~Jn | . ‘
=

* HH/HV data

01 —— HH/HV Model

.001

000 ] e Y P T

0 10 20 30 40 S0 60

Aspect angle (degrees)
FIG. AC-147

oo(HH)/0,(HV) for laboratory depression angles §i = és =60

2
10 60/60 HH and HV for NBT13

>
-
=
3
] VR,
= * HVdata .
s - HH Model
10 = HV Model
104
TR B e L S
0 10 20 30 40 S0 60

Aspect angle (degrees)
FIG. AC-1L48

O,o(HH) and o,(HYV) for laboratory depression angles éi = §s =60

1oL




NBT 4+13

100

7.5/7.5 Copol/Crosspol ratio

10

e e e e  BERAE A 2 S a  ae  sa e e e

0 s 10 15 20 25 30

Aspect angle (degrees)
FIG. AC-1L9

o(HH)/6,(HYV) for laboratory depression angles &, = §s =75

100
] 7.5/7.5 HH and HV for NBT 4+13
10
> '
g
o L
=
— R
014
001 =fymym g gy Y ey ey
0 S 10 15 20 3 30
Aspect angle (degrees)
FIG. AC-150

Go(HH) and o,(HV) for laboratory depression angles Ei = §s =17.5

125




100
10/10 Copol/Crosspol ratio

10

]

1

o = HH/HV data

= HH/HV Model
00] Ty ey YY)
0 5 10 15 20 25 30

FIG. AC-151 Aspect angle (degrees)

6o(HH)/0,(HV) for laboratory depression angles &, = §s =10

1004 10/10 HH and HV for NBT 4+13
10 <
> 17
E o,
¥
i i
* HV data
014 - HH)
j - HV]
.001 T L L] v T 1
0 5 10 15 20 25 30
Aspect angle (degrees)
FIG. AC-152

Go(HH) and 6,(HV) for laboratory depression angles {;i = és =10

126




100
.3 " 20/20 Copol/Crosspol ratio
10 ¥
]
‘]
A }
]
.011
001 +
0001 * HH/HY data
= hh/hv
0 1
0 5 10 15 2 2 2
Aspect angle (degrees)
FIG. AC-153

oo(HH)/o,(HV) for laboratory depression angles éi = és =20

100

20/20 HH and HV for NBT 4413

>
®
=
2
- 11 J\"ﬁl’.
* HVdata
= Column 2
ok — Column 3
001 e T o v Tyt ryYyYyovy
0 5 10 15 20 25 30
Aspect angle (degrees)
FIG. AC-15k4

6,(HH) and o,(HYV) for laboratory depression angles &i = §S =20

d 127




30/30 Copol/Crosspol ratio

* HH/HV data

01 1 ~— HH/HV Model
-‘nl L g ¥ L§ L I L3 1 § L}
0 5 10 15 20 b 30 35 40
Aspect angle (degrees)
FIG. AC~155

6,(HH)/0,(HV) for laboratory depression angles §i = §s =30

30/30 HH and HV for NBT4+13

10

> -
o= ]
CJ
g / U T
© L)
- LY
[
ot 3 P LI
*\ﬁvn:w--.
01 = HV Model
K O oo o o o o o o e s 2 n e o e i e e s e e o o e
[} 5 10 15 20 25 30 a5 40

Aspect angle (degrees)
FIG. AC-156

o,(HH) and 6,(HV) for laboratory depression angles §i = §s =30

o
128




1000
40/40 Copol/Crosspol ratio

10

= HH/ARV data
- HH/HV Model

.01

vy

J e o o o o o o e e e rrirrly vy
0 5 10 1§ 20 25 30 35 40

Aspect angle (degrees)
FIG. AC-157

o,(HH)/0,(HV) for laboratory depression angles. ﬁi = E_,s =40

40/40 HH+HV NBT 4413

Intensity

—

* HYV data
o = HH Model
= HV Model

00} A Y Y Y e re ey ry

0 L3 10 15 2 5 30 35 40
Aspect angle (degrees)
FIG. AC-158

Go(HH) and 6,(HV) for laboratory depression angles §i = E,s =40

129




50/50 Copol/Crosspol ratio

\.~'w|'.. .n--ﬂo-l r f.- o,

* HH/HV data
= HH/HV

.001

40 45 50

5 10 15 20 25 30 a5
Aspect angle (degrees)

FIG. AC-159

o,(HH)/c,(HV) for laboratory depression angles §i =g (=30

100 9 50/50 HH and HV for NBT4+13

>
e
[
E
.001 v Y 4 T Y Y T T Y ——
0 5 10 18 20 25 30 35 40 45 50
Aspect angle (degrees)
FIG. AC-160 &

Oo(HH) and G,(HV) for laboratory depression angles §, = §s =50

130




60/60 Copol/Crosspol ratio

* HH/HYV data
= HH/HV Model

06 S5 10 15 20 25 30 35 40 45 5 55 60
Aspect angle (degrees)
FIG. AC-161

0o(HH)/0,(HV) for laboratory depression angles & = §s =60

60/60 HH and HV for NBT 4+13

10

Intensity

—

.01

.001
0 5 10 15 20 25 30 35 <0 45 50 55 60

Aspect angle (degrees)
FIG. AC-162

Co(HH) and ©,(HV) for laboratory depression angles Z:.i = §s =60

131




% surface
w

P
S

. EBT4

c=0.126
4 -l
F
1
| I

OMT.H Phriyiyiytyiyiyity Thylylyiyly .rvr.rfﬁlvlnlo'qlc-nl

444444447924 420404420400404044040442aaca NN NNNNBALULLALU AR AL LAY

slope
FIG. AC-163 p




% surface

2-
1+
0
ADT ARN AT 42BN AT AITH LT AW AL AU ANT QI G113 LM AUTM LIAP QIO LIMD LIS LI AR A9 42TH G209 304 ATDH AN L3120
slope
FIG. AC-16k

133




% surface

FIC.

15 -
o
10
EBTI13
o = 0.047
)
5-
0-

A AU A AH AL AL 4l A AR AN AN AN AB AR ¢ AR O o5 AN AN AT 4B &1 A5 A2 )4 & A6 AT QK AZL AT A5, 2NN

slope
AC-165

13%




% surface

3-
2-
EBT 4+13
14 o =0.086
0
«cccca;c«a:c{c«((«{ununuuuuuuuuuunuuuuuuuuuuuuumi
slope
FIG. AC-16€

135




% surface

2-

0

|

|

NBT4
c=0.09

IIILII[I beoslorcs

LI BN S an mn gh BB SR An o ¥

vvvvv

LN B 4 TTTYrTrvyvyryyryvyv oy

4444444342444 220000ccctccaCENNNNNNNLLULLALVABLRCCCLRC L LR IR

FIG.

AC-1€7

slope

136




8-
6-4
§ 4
T 4- NBT6
@ ¢ =0.095
g L
2-
0

4444444404404 424442402442 %A CAVVVNNUNLLTLVLVUC LR L AL A L L K L L LIMR

slope
FIG. AC-168

137




12 1
10 -

8 -
; NBT 13
5J o =0.055

% surface

2-
T

0~

AZ A AN A Ak A AL AL AL 41 40 45 A0 Ak AN 4K AK 473 4R A5 00 AB 005 07 A28 AR A1 A13 13 &AM 436 A7 IS A9 A2 AR AD L2

slope
FIG. AC-169

138




6~

NBT 4+13
o =0.085 | |

% surface
F -

R
A

F |

slope
FIG. AC-170

139




*SuoJOIW 901 = epquie] :siutod erep Jo 1quinu [e101 JO 21ad susdw g, ‘aoejns a1 uo Jugod e Y3noIy SUONIANP MY Ul STuLORN [RUOISUIWIP
Ju0 a8 sjudwamseaw sndwoqyord is§urdnosd wiod ¢ v stutod QOOE Lo paseq uonejnojed snipes pue adojs ‘paystjodonsofa 1ou = N ‘paysijodonop = g

*

14811 92! 29’8 88y $80°0 s21'0 260°0 (X)) €418+¥18 N

¥5°01 9LL 'S 95°'¢ 9800 8110 180°0 Oan) er1a@+v18 3 -

cr's 0L e - $50°0 80°0 860°0 (og) c11G N

90°'S ri'e 202 et 2900 200 2500 (0s) €148 3

812 reLL el 1L 560°0 e o v60'0 (0s2) 918 N

Lot 9'9 e 2T 890'0 201°0 200 {os2) 918 3

y9°cl 15°0t 98°9 19 600 6Z1'0 160°0 (00g) v18 N

10°St eris Y08 9Ly 9Z1'0 691°0 zZit’o (oos) ri8 3
epque) 9 > 9BPNG [0 % | Epquiel ¢ > SOBUNG (0 % | TPqWeE| ¢ > 8oePNG jO % | Epquel £ > BJBPNG jO % NOILVIA3Q 34018 3407S (vig) ov3a SSY®
snfEAm) jo snipey , oNjBAINY O Snipey , 8MMEBAIND JO SNipeY , e/njeAm) jo snipey , QHVONVYIS SWY JOVHIAVY

SLNIWAANSVIAN NOILDAS SSOUD DNIYALLVYIS NI aasn
SAIVAUNS HONOA Y04 SIOLLSILVLS JANLVAIND JO SNIAVYE ANV A401S 40 A9VL

I 319vVL

‘140




(XIN) €118+v18 N

896 L'e8 8's8 z'2L 62y $80°0 sz1'o | 2600
9.6 Y6 L06 S6L 8°2s 980°0 gii'o | 1800 (i) erag+vie 3
9°66 6'86 196 988 9°6S $50°0 so0o | ssoo (0s) eri@ N
8'66 166 2’86 568 9'99 LY0°0 00 | zso'o {os) e11e 3
8'66 9'¢c6 6'L8 22 ooy $60°0 vei'0| v600 (0s2) 918 N
686 1'26 26 v'2e z'ery 690°0 zo10| szo0 (0s2) 918 3
5.6 696 s'98 s'eL S'Sy 60°0 6210 | 1600 (00s) v18 N
9's6 8’16 y2e 8'89 Loy 9210 eo1 0| %40 (oos) v18 3
520 > 808unS jo % 020 > 698NS o % |  S1°0 > 8BNS 10 % 040 > BN J0 %[00 > E9BYNS 10 % | NOWVIAZQ | 3dOTS | 3dOXS | (via) avae ssvIo
edofs eoepng , edofs edeung , edojs eoepng , edojs eoeng , edojs ecepung . | auvanvis sy [3OVEIN

saoejung poysijodonoa|z-uoN pue paysijodos}os|g 1oy sadojs jo uonnquisia

it 2IqeL

141




Table Il Null Depth at Three angles for Surfaces Studied

Incident/Scattered angles | EBT4 EBT6 | EBT13 | EBT 4+13 | EBT4 (original)
7.5/7.5 0.015 0.01 0.007 0.009 0.026
10/10. 0.015 0.006 | 0.007 0.011 0.021
20/20 0.054 0.02 0.008 0.035 0.027
SUMOF AVG. 0.084 0.036 | 0.022 0.055 0.074

Table IV Surfaces Ranked from Deepest to Shallowest
by Depth of Null

Rank Surace Facel Depth | % slope < .10 Radius of Gurvalure
{(Depth of Null) (Microns) % of surtace < 3 lambda
1 EBT13 3.12 89.5 1.31
2 EBT6 4.20 82.4 2.20
3 EBT 4+13 5.76 79.5 3.56
4 EBT4(original) 8.68 65.2 4.23
5 EBT 4 7.08 68.8 4.76
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ROME LABORATORY

Rome Laboratory plans and executes an interdisciplinary program in re-

search, development, test, and technology transition in support of Air
Force Command, Control, Communications and Intelligence (C3I) activities
for all Air Force platforms. It also executes selected acquisition programs
in several areas of expertise. Technical and engineering support within
areas of competence is provided to ESD Program Offices (POs) and other
ESD elements to perform effective acquisition of c3r systems. In addition,
Rome Laboratory's technology supports other AFSC Product Divisions, the
Air Force user community, and other DOD and non-DOD agencies. Rome
Laboratory maintains technical competence and research programs in areas
including, but not limited to, communications, command and control, battle
management, intelligence information processing, computational sciences
and software producibility, wide area surveillance/sensors, signal proces-
sing, solid state sciences, photonics, electromagnetic technology, super-

conductivity, and electronic reliability/maintainability and testability.




