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I. INTRODUCTION

This experimental investigation was undertaken in order

to obtain characterihtic scattering date at 10.6o on model

targets 6f intervst to ABMDA/MICOM. The investigation

primarily considered the measurement of the Laser Radar Cross

Sections (LRCS) of the mcdels as a function of aspect angle,

polarization and surface characteristics. In addition,

"reflectance data were ohtained on the various flat plate

surfaces of each target in order to predict t0e backscattered

intensity distributions using the RAOC analytical model

entitled BKSCAT. The ultimate objective is the capability of

identifying unknown targets or discriminating between targets

based upon the properties cf the laser radar return.

The detect1oa system used in this investigation recorded

the intensity (powee density) of the backscattered return from

the various models. Each of the models differed in size,

shape, surface coating and surface roughness. The radar cross

section levels for each model were measured experimentally by

comparing the scattered intensity levfls with a known calibra-

tion level. In addition, to oethoonal polarization components

of the scattered radiation were measured in order to determine

which surfaces would retain or depolarize the incident polariza-

tion.

11



11. DESCRIPTION OF MODELS

Diagrams of the models used in this investigation appear

in Figures 11-1 and 11-2.

MODEL 1

This model is a 6.35 cm diameter sphere made of

beryllium. The surface was polished to about a 0.25 micron

RMS surface height. This target was rotated about the

center of the sphere.

MODEL 2

Model 2 is a teflon right circular cone with a 7,17 cm

height and a 5 cm base. The target was rotated about an

axis nhormal to the symmetry axis and l3cated 4.8 cm fronm the

tip of the nose.

MODEL 3

Model 3 is a spherical cap-truncated cone combination

made of asbestos phenolic. The surface was smoothed using

No. 180 grit sandpaper to about a 0.5 micron RMS surfaceI height. The length of 16ýe target is 7.3 cm and the diameter

of the base is 5.0 cm. The center of rotation is located

4.9 cm from the nose.

2



MODEL 4

"Ilodel 4 is a cone shaped target made of quartz. A heat

shield material was then bonded to the surface. Finally a

thin layer of sealant was dpplied. The length of the

target is 13.2 cm and the center of rotation is 6.4 cm from

the front tip.

MODEL 5

This cone-cylinder-flare combination was coated with

.25 mm of a diffuse material on aluminum. The length of

the target is 12.5 cm and the center of rotation is 8.5 cm

from the front tip.

MODEL 6

Model 6 is a 6.35 cm di-L ter aluminized balloon, coated

with thermal barrier material and formed from two one-mil

mylar hemispheres.

MODEL 7

Model 7 is a sphere-cone-cylinder-flare combination.

This target was also coated with a 0.25 mm diffuse coating

on aluminum. The total length of this model is 15.3 cm,

and the center of rotation is 7.5 cm fro'n the front nose.

r
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MODEL 8

Model 8 is a cone shaped object with a sharp tip and two

separate abaltive material sections. The surface was smoothed

using No. 180 grit sandpaper, The total length of the target

is 15.2 cm and the axis of rotation is 11.3 cm from the front

tip.

DECOY

This model has the same shape as Model 8. however, the

surface has been covered with a diffuse material. The center

of rotation was 11.3 cm from the tip of the nose.

MODEL X-I

Model X-I is a spherical cap-truncated cone combination

made of linen phenolic. The length of the target is 11.0 cm

and the diameter of the base is 8.7 cm. The center of rotation

was located at a distance of 6.8 cm from the tip of the nose.

MODEL Z

Model Z is also a spherical cap-truncated cone combination

made of linen phenolic. The length of this target is 18.9 cm

and the diameter of the base is 6.3 cm. The center of rotation

was located 12.6 cm from the tip of the nose.

III. SPECKLE ANALYSIS

For the majority of the targets measured in this analysis,

some insight into the scattering processes can be obtained by

considering the effect of the "speckle" lobes on the profile

measurements. The "speckle" structure results when a coherent

illumination source is used on a diffusely scattering surface.
The resulting scattered distribution is a random interference

4



patt, n of the reflected radiation from various surface

elments. As the diffuse target rotates, this interferenore

pattern moves across the detector surface thus causing a

statistical signal fluctuation which depends upon the number

of "speckle" lobes, N, impinging on the detector element.

This number can be approximated for a given target by con-

sidering the following discussion.

From diffraction theory, we can estimate the approximate

width of a speckle lobe, d, as:

d = R/W (1)

where R is the range, A is the wavelength, and W is the

effective target illumination width. The area of a speckle

in the x and y dimension is therefore

'As - dxdy = R2A2/WxWy (2)

The number of "speckle" cells on the detector surface is

therefore

N - AR = ARWxWY (3)A R2X2

where AR is the receiver area. Goodman (1] has shown that

the total energy incident on a receiver aperture obeys the

probability density function

5



p(M) - aNIN- expJ-'L. 1>0 (4)
r (N)

I0 ELSEWHERE

where I is the intensity incident on the receiver aperture and
a is the reciprocal of he average intensity per correlation all

with

N/a= < I > (5)

and

N = 2 (6)

a 2  A

where OA2 is the variance of this distribution. Equations

(3), (5) and (6) yield the result

;A 1 Rx (7)

<I> w/W- VRW

where W = Wx= WY is the effective scattering diameter (width

of the brightness distribution) on the target. Solving

Equation (7) for W



W RA 'A1- (8)

Equation (8) indicates that the amplitude fluctuations (ratio

of the standard deviation to the mean) resulting from the

speckle modulation provide a means of measuring the approxim.te

scattering width on the target. By using a polarization

analyzer on the receiver, the effective scattering area of the

target which scatters each polarization component can be

determined. These measurements offered information regarding

the size of the effective area of the regions on the target

which preserved or randomly distributed the incident polariza-

tion. For example, on some of the curved metal surfaces, the

surface roughness caused the depolarization of the back-

scattered radiation and it also caused the width of thi

brightness distribution to increase for the crosse i polarized

Scase. As a consequence, the crossed polarization components

often had a much smaller modulation amplitude than the uncrossed

component.

IV. EXPERIMENTAL ARRANGEMENT

Figure IV-l is a schematic of the experimental arrangement

u -d in this analysis. The lO. 6 u polarized output from a CRL

Model 42 CO2 laser was expanded and collimated in order to

7



provide a 13 cm diameter incident beam with a uniform phase

distribution over the surface of the models. Ihe models

were mounted and rotated on a Scientific Atlanta (SA) azimuth

positioner. The backscattered intensity distribution was

measured with a Raytheon Model IR-102 PbSnTe photovoltaic

detector positioned at a range R from the center of rotation.

The bistatic angle eB is shown in Figure IV-1 and was 4' for

this arrangement.

The voltage output fron the detector was measured with an

SA pen recorder model 1525 which logarithmically plotted the

backscattered intensity distribution as a function of the

orientation of the target. A 1 KHz amplitude modulated signal

was provided to the narrow band input of the SA recorder by

chopping the incident light beam with a Prirceton Applied

Research model 191 variable speed light chopper.

Two orthogonal polarization components of the back-

scattered radiation were analyzed by using a Perkin-Elmer

wire grid polarizer in front of the detector. One polarization

component was perpendicular to the plane of incidence while

the other was parallel to this plane. The incident beam

polarization was maintained in a direction perpendicular to

the plane of incidence for all the measurements. The polariza-

tion extinction ratio of the polarizer was 23 db.

8



V. EXPERIMENTAL PROCEDURE

The entire receiver system was analyzed in order to

calibrate the recorded levels on the pen recorder chart

paper in terms of backscattered peter. Convex mirrors with

various radii of curvature were used in order to determine the

linear dynamic range of the receiving system. The system was

determined to be linear over the dynamic range used in this

investigation. A 20 cm radius of curvature convex mirror was

also used as a calibration standard to compare cross sectional

levels.

The incident beam profile was obtained by mounting the

detector on the azimuth positioner facing the incident beam

at a distance of 100 cm from position 0 as shown in Figure

IV-2. As the positioner was rotated, the detector scannedI

through the incident beam. The intensity distribution was

then recorded with the pen recorder.

Each model was mounted on a supporting rod and rotated

in azimuth about position 0 as shown in Figure IV-l. The

background was measured by removing the target and noting

the noise level from the hoqder.

Figure IV-3 shows the experimental arrangement used to

measure the flat plate scattering distributions. The flat

surfaces of the appropriate models were placed over the

9



center of rotation on the azimuth positioner and illuminated

with a narrow incilent beam. The bistatic angle, OB, for this

arrangement was 20 50'. The incident power level for this

setup was also measured in order to calculate the values of the

reflectance function, G(e), described later.

VI. EXPERIMENTAL CALIBRATION

The intensity distribution of the incident beam used to

measure the LRCS of each model is shown in Figure VI-I. The

full width at the half power level is 7.6 cm and the truncated

width is approximately 13 cm. The truncation of the beam is

due to the restriction by the 5 inch diameter transmitter mirror,

M3 . The detector aperture diameter was 0.356 mm for this

measurement. Figure VI-2 shows four intensity levels, measured

on the pen recorder. Level A is a relative measurement of the

incident intensity level whereas levels B through 0 are measure-

ments of the backscattered intensity levels from a 20 cm radius

of curvature convex mirror at ranges ot 100 cm, 175 cm and 200

cm, respectively. Level A had 20 db more attenuation than

levels B through D. These levels were then used to determine the

capability of measuring the predicted backscatter front the

spherical standard. The ratio of the power densities of the

scattered to the incident beam is given as

Ps/Pti p r 2  (9)
(r + 2R) 2

where r is the radius of curvature of the spherical mirror, P

is the reflectivity of the mirror &nd R is the range from the

surface of the sphere to the detector. Using 20 cm for r, 0.995

for p and 100 cm for R, a value of 0.0082 or a difference of

10



II II III III I - _ - -, -1. -.. .. ...
' ý

20.8 db is expected between the incident beam leval and the

return front the sphere. A difference of 20.7 db was measured

batwsan level A and level B thus yielding a 2.31 error. At a

range of 175 cm, a 25.3 db difference is expected. Levels A

and C indicate a 24.Q db dlfferent.. yielding a 9.8% error. At

200 cm, a 26.4 db difference is expected and 26.S db was measured

between levels A and D, yielding a percentage error of 2.3%.

The far-field cross section a of a specular spherical

calibration standard is given by the expression

• p wr2  (10)
where r is the radius of curvature and P is the reflectivity;

however, the near-field exprossiovi for a must be used when the

range R is comparable with r. In this case, the expression

a a Pipr2[ 2R] 2 (1
r + 211

is used. The ex'pression in the bracket approaches unity for

R>>r so that Eq. (11) approaches Eq. (10) in the far-field. At

a range of 100 cmn, using k0 cm for r and 0.995 for P , the cross

section of this standard is 1033.4 cm'.

A 1 db insertion lots and a 23 '.b polarization ratio

between the two orthogonel components ot polarization were

measured for the ý,ire gvrd polarizer.

VII. EXPERIMENTAL RESUL.S

The experimental results for each model are now

presented. The LRCS measurements on targets with effective

scattering dimensions greater than or equal to the width of

the lnc'dent beea will be affected by the truncation

of the beam profile. In order



to determine the LRCS of th* targets Illuminated with a uniform

intensity aistribution, the analytical model described in

Section VIII was used for the additional purpose of determining

factors which correct for the nonuniform illumination In some

of the measurements. Table 1 shows these correction factors

for four of the models used in this analysis at several target

aspect angles. These factors represent the difference in the

analytically predicted backscatter levels between the uniform

and nonuniform illumination case at particular aspect angles.

In the discussions to follow, "uncrossed polarization"

will be used to describe the conditiot in which both the

transmitter and receiver polarization directions are normal

to the plane of incidence and "crossed polarization" will

describe the case in which the transmitter polarization is

normal and the receiver polarizer is parallel to the plane of

incidence.

MODEL 1

Figures VII-1 and VII-2 show the backscattered distribu-

tion of this metallic, 3.17 cm radius of curvature sphere for

the uncrossed and crossed polarization components, respectively.

The average level of the scattered distribution for the un-

crossed polarization component was 16 db below that of the

12



;'0 cm rAdius of curvature mirror yielding a cro%% %ection of

26 cms2 . A value of 31.6 ctj2 was calculated using the expression

vr2 whero r is 3.17 cm. This indicdtes that the reflectivity

is less than unity. Since the effective scattering area of

this target is illuminated with a uniform portion of the

incident beam, no correction has to be made to account for

the Gaussian beakw distribution versus a uniform distribution.

The cross polarized compinent in Figure VII-2 was 17 db lower

than the uncrossed polarized component. This measurement

indicates that approximately 2% of the backscattered return

is depolarized.

The amplitude modulation in Figures VII-1 and VII-2 shows

the statistical fluctuations of the detected sigral caused by

the spckle lobes as they sweep across the detector aperture.

Figure VII-1 indicates that the magnitude of the signal

fluctuations are approximately 2 db. In Figure VII-2, however,

the crossed polarized component has a 0.4 db amplitude fluctua-

tion. Equation (8) indicates that the effective target

diameter from which the crossed polarization component was

scattered is larger than that for the uncrossed polarization

component. This is consistent with the assumption that the

uncrossed polarization component stems primarily from a small

specular region while the depolarized radiation originates

13



from rough surface scattering over a much larger area.

In order to observe at; increase in the speckle amplittde

modulation, a 0.356 mm diameter apwrture was used in front of

the detector. The resulting pattern is shown in Figure VII-3.

MODEL 2

Figures VII-4 and VII-S show the backscattered pattern

for the teflon cone for the cases of uncrossed and crossed

polarization. These patterns do not go beyonc + 100* from

the nose-on position due to the fact that the back of this

model had been drilled and taped for mounting. Since the

signal level for the crossed polarization component was too

low to be measured with the 2 mm square detector element,

these profiles were taken using a lens in front of the

detector. Figure VII-6 is the pattern for the uncrossed

polarization component using the 2 mm square detector element.

The small peak near the nose-on region in Figure VII-4 was

determined to be coming from the entire surface area onf the

sides of the ccne. This was verified by probing the region

immediately in front of the target with a material which

diverted the incident radiation. It is suspected that the

surface scratches due to the machining process caused this

increase.

14



Figures VII 7 through VII-9 are the flat plate profiles

using the lens in the receiver. These figures show the cases

for no receiver polarization, uncrossed and crossed polariza-

tion, respectively. Figure VII-lO Is the pattarn for a

"pseudo 1 . tflat plate distribution using the side of the cone.

No receiver polarizer was used for this case,

The broadside for this cone shaped model peaked at 74'

fronm the nose-on position as expected. The return at broadside

was 21.5 db below the return from the 20 cm radius of curvature

mirror while that of the nose-on was 38 db below. Therefore,

the cross section levels were measured to be 7.4 cm2 and

0.165 cm 2 . respectively. Using the correction factor in Table

1, the corresponding LRCS levels for a uniform incident beam

are 9.3 cm 2 and 0.190 cm2 .

It was noted that 0.5 db of the I db amplitude modulation

near nose-on in Figures VII-5 and VII-6 is the result of the
S system noise due to the low signal level. This noise level

masked the speckle modulation. However, the 10 db difference

between the received orthogonal polarization components in the

. The ter P ppiiudo" flat plate is used to describe the flat
plate distributions obtained using a curved portion of the
tarqet. A narrow incident beam is used in order to ensure that
the surface is essentialiy flat to the incident beam. The tech-
nique of using "pseudo" flat plate data has proven to be
useful when modeling targets with surface roughness variations
on the curved surface versus the flat surface.

15
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dlose-on region shown in Figures VII-5 and VII-6 indicate a

significant amount of depolarization is occurring in this

region. Again, the surface scratches are very likely the

cause of this backscatter.

MODEL 3

The two orthogonal receiver polarization components for

the scattering patterns from Model 3 are shown in Figures

VII-11 and VII-12. These patterns were taken using the lens

in the receiver system in order to increase the signal level.

Figure VII-13 has the same polarization orientation as Figure

VII-1l, however, the 2 mm square detector element was used.

The flat plate profiles for this model are shown in Figures

VII-14 and VII-15. As shown in the profiles, there is a 23 db
.L

difference in the two polarization levels near normal incidence

and approximately an 11 db difference at the 360 angular orien-

tation. This indicates that for the specular backscatter

component, the direction of the incident polarization has been

retained while in the case of the diffuse component, it has

been depolarized, Figure VII-16 is the flat plate distribu-

tion foy the uncrossed polarization case using the 2 mm square

detector element. Figures VII-11 and VII-13 indicate the

appearance of large speckle amplitude fluctuations in the
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nose-on region for the uncrossed polarization component while

Figure VII-12 reveals a decrease in these fluctuations for

the crossed polarization case. Again, the difference in the

amplitude of the speckle fluctuations from the nose-on region

between the crossed and the uncrossed polarization schemes

may be due to the differences in the size of the effective

scattering areas. The flat plate distribution in Figure

VII-16 shows approximately 2 db fluctuations in the speckle

modulation. The incident beam for this case was approximately

1 cm in diameter. The scattering from the nose of Model 3 in

Figure VII-13 using the same receiver size as that used in

Figure VII-16 has a 2.5 db amplitude fluctuation. Using

Equation (8) and the observation made in Figure VII-16, this

measurement indicates that the effective scattering width

from the nose is slightly less than 1 cm. Since the spherically

shaped front nose had a 2.7 cm diameter,this measurement

indicates that the uncrossed polarization is coming from an

area which is smaller than the total area of the spherical

nose, yet larger than the equivalent flat plate diameter,

0.42 mm.

The broadside peak of Model 3 is approximately 19 db

below that of the standard; that of the nose was 32 db lower,

and the backend was 5 db lower. The LRCS love; are 12.6 cm2 ,
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0.67 cm2 and 330 cm2 , respectively. Table 1 indicates that

the corrected LRCS values for the uniform illumination case

are 15.5 cm2 for the broadside, 0.70 cm2 for the nose, and

383 cm2 for the backend.

MODEL 4

Figure VII-17 shows the backscattered pattern for Model

4 in the uncrossed polarization case. The axis of rotation

was located at the midpoint of the length of the model and was

perpendicular to the axis of symmetry.

This pattern reveals that backscatter characteristics

were obtained from the front edges and broadsides of the side

windows as well as from the nose and broadsides of the model

itself.

The crossed polarized pattern shown in Figure VII-18 did

not reveal much information since the signal level was too low

to be measured. However, a large difference in the two polar-

ization components for the scattering from the broadsides of

the windows and the model itself was measured and it indicates

that the scattering from these surfaces has retained its

original polarization direction.

The backscattered return from the nose section for the

uncrossed polarization case was 40.25 db below the standard,
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thus yielding a cross section level of 0.098 cm2 while the
broadside level was measured to have a cross section level of
41.6 cm2 . Finally, the return from the side window reached

the 26 cm2 level.

In the nose-on orientation, speckle amplitude fluctuations

are again largely due to the small effective scattering area for

this position of the target. These fluctuations decrease as

the broadside is approached since the scattering area increases.

MODEL 5

Model 5 was mounted with the axis of rotation located
4.3 cm from the backend. The two orthogonal receiver polariza-

tion components for the scattering patterns from this model

are shown in Figures VII-19 and VII-20. The pattern shown in

Figure VII-19 was taken using the 2 mm. square detector aperture

while that shown in Figure VII-20 was taken using the one inch

diameter lens in the receiver system. The peak near 720 from

nose-on is due to the backscatter from beth the broadside of

the front nose cone and from the back flare section. The

separation of the peaks from each of these two areas was

calculated to be about 1.50, but an attempt to resolve the

scattering fronm each was unsuccessful because the reflected

level from each section was approximately the same.
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The return from the nose region was measured to be 41 db

below the standard, the broadside measurement was 27 db lower

and the backend was 23 db lower. The corresponding LRCS

levels are 0.083 cm2 , 2.1 cm2 , and 5.2 cm2 . Table 1 shows

that the LRCS levels for a uniform incident beam are 0.10 cm2

for the nose, 3.1 cm2 for the broadside and 6.2 cm2 for the

backend.

The flat plate profiles for this model are shown in

Figures VII-21 through VII-23. Figures VII-21 and VII-22 are

the profiles for the uncrossed polarization case using the one

inch diameter lens and the 2 mm square aperture, respectively.

A smaller incident beam width was also used in Figure VII-22.

Figure VII-23 is the profile for the crossed polarization case

using the lLns in the receiver. Figures VII-21 and VII-22

reveal the noticeable difference in the "speckle" amplitude

modulation due to the difference in the receiver and the

incident )eam size. However, the general shape of the distri-

butions are the same.

K13DEL 6

Model 6 was mounted with a support rod connected to the

inflation valve and rotated about its center. Figures VII-24

and VII-25 show the two polarization components. Although the
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balloon was inflated, the wrinkles in '.he surface wert

significant enough to cause a large amplitude modulation.

The amplitude level of the pattern in Figure VII-25, taken

with the crossed polarized receiver, indicates that the

surface caused a noticeable amount of depolarization. In

this case, the return is coming primarily from the region

referred to as the "overlap" region.

Since this spherically shaped target has a 6.35 cm

diameter, the radar cross section is approximately 31 cm2.

The near-field cross section for the 20 cm radius of curvature

standard is 1033 cm2 so that the expected difference betweenI this target and the standard is 15.2 db. In Figure VII-24 it

is difficult to determine the average return from this target.

However, it is approximately 17 db below the reference

standard or 21 cm2 in a cross section. The large difference

is attributed to the gross surface irregularities.

MODEL 7

The two orthogonal receiver polarization components for

the scattering patterns from Model 7 are shown in Figures

VII-26 and VII-27. Since Model 7 is made of the sam~e surface

material as Model 5, the flat plate data from Model 5 was usedj

to predict the scattering distribution for this model. The
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back of Model 7, however, is made of a fiber~lass material.

The twu orthogonal polarization components for the flat plate

distributions on the fiberglass surface are shown in Figures

VII-28 and VI1-29. Figures VII-27 and VII-29 were taken using

the lens in the receiver system.

The center of rotation for Model 7 was located at a

distance of 7.2 cm from the nose along the symmetry axis of

the body. Figure VII-26 indicates that the distinctive

scattering regions on this model are the nose, the broadside

of nose cone, the broadside of cylinder section, both flare

sections, the flare on the base section, and the back end.

The returns from the broadsides of the nose cone and the two

flares were calculated to appear at 650, 720, and 820 from

nose-on after correcting for the bistatic angle. Figure

VII-26 shows that the returns from these regions merge to form

a "shoulder" next to the return from the broadside of the

cylinder section. The cross section of the nose was measured

to be 0.21 cm2 , the return from the broadside of the cylinder

was 4.15 cm2 and that from the back end was 16.5 cm2 . The

corrected LRCS values for the uniform illumination case are

0.25 cm2 , 6.5 cm2 and 17.4 cm2 , respectively.
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MODEL 8

The center of rotation for Model 8 was 11.3 cm from the

nose along the'line of symmetry. Figures VII-30 and VII-31

show the patterns for the tWo polarization components. These

figures indicate a significant amount of depolarization from

all sections of the model except the broadside. The crossed

polarized return at the nose-on position, however, dropped

below ie sensitivity range of the recording system.

The return from the broadside of the cone was predicted

to peak at 810. The experimental result is in good agreement

with this oue. The amplitude fluctuations for the two

orthogonal polarization cases did not change appreciably,

indicat. that each polarization component was coming from

L'ýhe same f ective area size. Since a significant amount of

depolarization was measured, it is suspected that the depolar-

ization mechi jism is a subsurface rather than a rough surface

effect.

The cross section level from the nose was measured at

0.34 cm2 while that from the broadside of the target was

10.6 cm2 .

VIII. ANALYTICAL BACKSCATTER ESTIMATES

A. INTRODUCTION

In addition to measuring backscatter, we can

predict it a'aalytically. There are several possible approaches
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to the problem. One method utilizes the surface roughness

characteristics of a target materiai plus an approximate

solution of the problem of the scattering of an electromagnetic

wave from a rough surface. However, this method is very

complex mathematically. We have used another technique which

predicts target backscatter from measured flat plate scatter-

ing data. We tested this method by comparing predicted back-

scatter with measured backscatter from four of the MICOM

targets plus three other laboratory targets.

B. TARGET BACKSCATTER CALCULATIONS

Target backscatter is calculated by approximating

the geometry of an object as a composite of flat plates and

summing the backscatter from each of the surface elements.

Simple shapes such as cones, cylinders, spheres, and discs

are used to form the gross structure of a target. Then these

basic shapes are decomposed into the flat plates. The

magnitude of the individual backscatter contributions is found

from the flat plate data and the orientation of each sub-area

with respect to the line-of-sight. The mathematical expression

for the backscatter is found to be the following:
N

Backscatter - G(ei)cos(ei)AifiPo'Id

Jul
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where

Backscatter • Detector Response (watts)

ei a The orientation of the ith sub-area;
specifically the angle between the sub-
area normal and the line-of-sight
(degrees)

G(et) a Backscatter function for the ith sub-

area oriented at angle ei(steradian" 1 )

fi a Gaussian illumination factor; (no units)

Ai - Physical size of the ith sub-element (m2 )

PO W Maximum incident power density (watts/m2 )

a Solid angle of receiving aperture
(steradian)

C, THE FLAT PLATE SCATTERING FUNCTION

The reflection distrihution function G(e) for a

given material is determined experimentally by rotating a flatI sample cf the material in a beam and recording the backscatter

as a function of aspect. Generally only monostatic data is

measured although bistatic data can also be obtained by

rotating the detector. The data are reduced via the following

formula:

G(o) = Power Received in Detector
(Power Incident)(Solid Angle of Detector)

in units of steradians" 1
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F--..G(e) is also a function of incident and received polarization.

G (e)is the polarization vector notation for G(e) where x

adydescribe the transmitter and receiver electric field

directions respectively and 1 and 2 refer to the cases of

perpendicular and parallel to the plane of incidence,

respectively. The case y - 0 implies that no receiver polar-

izer is used.

The experimental data are sampled at 21 discrete angles

to describe the scattering function. Linear interpolation is

used to obtain values at arbitrary angles. Figures VIII-l

through VIIJ-6 illustrate the reduced scattering data which

were measured during this study. The tabulated data also

appear in Table 2. We have assumed that the scattered function

drops to 0 at 90..

The data are often difficult to obtain for large values

of e. The signal level is generally low and one must be sure

that the return is not coming from the edge of the sample. As

such, the reliability of the data is reduced for angles, beyond

70 or 800 from normal. However, the problem is minimized by

the fact that since the return from poorly oriented portions

of a target is small the effect of any accompanying error in

0.e f aNAYIA COMPRISO WITH isXPERIMENTALsmATA

the f At AYIA platRISO data isXlikewiseAsmDll.

We have used the above meth~od (along with a computer

program) to calculate the backscatter from the laboratory
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targets as a function of aspect angle for 3 receiver polariza-

tion cases. Vigures VIII-7 'through VIII-29 show the calculated

versus experimental backscatter for each target. The targets

shown are drawn to one-half the full size of the model and were

modeled as fairly obvious combinations of cones, cylinders,

spheres, discs, and one ogive.

The agreement between the experimental and analytical

results ranges from excellent to poor. Generally the

analytical method predicted the no polarization and uncrossed

polarization backscatter more accurately than for the crossed

polarized case. Cie of the key reasons for the discrepancies

in all three cases is thought to be variation of surface

roughness. We measure the backscatter properties of a flat

sample of the surface material of the target. But the

machining of finish on a given target may not be the same as

that on the flat sample. Target Z illustrates the problem.

Flat plate data from the back end of the target were used to

predict the backscatter from the entire model. Figure VIII-24

shows the analytical estimates to be low for the conically

shaped main body. But when pseudo-flat plate daLe taken from

the broadside of the cone were used, the agreement was much

better (Figure V!II-25). Figure VJII-3 shows the difference

in the flat plate data taken on the seemingly uniform surface
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of Model Z. The same problem occurs for Model 7. Figures

VIII-16 and VIII-17 show a substantial difference between the

experimental backscatter patterns for the two sides of the

some target. To the eye, however, the target surface seems

to be uniform. Another fundamental problem stems from

machined edges, ridges, or other surface irregularities. We

model targets as smooth cones and cylinders but sometimes this

is not tht case. For example, for Model 2 (Figure VI|l-7)

it is felt that the small peak in the backscatter pattern at

nose-on aspect is due in part to ridges that run around the

axis of the target. Another example is the decoy cone

(Figures VIII-27 through VIII-29) - where the surface of the

cloth makes for very difftcult scattering predictions. Many

real world targets, of course, have countless protrusions

which are not included in the geometric modeling. The hope

is that the basic structure of the target will allow the

primary features of the backscatter to be calculated and that

these will be sufficient for target discrimination.

It is difficult tu explain the discrepancies between the

calculated and experimental results for the cross polarization

case. Since the crossed polarized flat plate data are generally

flatter than the co-polarized case. the results are more

sensitive to errors at large scattering angles. More likely,
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however, the surface properties on the flat portions of the

models from which the reflectance d~ta was taken Is not like that

of the curved regions. It is also possible, however, that the

backscatter mechanism by which the signal becomes cross-

polarized may be too complex to be predicted accurately by

decomposing a body into flat plates.

IX. CONCLUSIONS

The experimental results were compared to those pre-

dicted by the RADC analytical computer model, BKSCAT. Figures

V111-7 through VIII-29 illustrate the agreement obtainable

between calculated and experimental backscatter. Very good

agreement was obtained for targets from which representative

flat plate reflectance data can be obtained. This can be

accomplished if the entire surface of the model is the same

as that of the flat plate sample. For targets which do not

satisfy this criterion, mnoe noticeable disagreement was

obtained. This was especially noted on targets where the

curved portions had a surface roughness unlike that of the

flat plate. However, some success in the modeling was obtained

for these targets using reflectance profiles from the curved

portions of the surface in addition to those from the flat

surfaces.
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The difficulty experienced in modeling the crossed

polarized backscatter cannot be easily explained at this

point. It is possible thit the mechanism causing this

backscatter cannot be accounted for by this model. An

example of such a mechanism would be the subsurface volumetric

scattering which is presently beang investigated [2].

During the experimental itvestigation it was noted that

in general, the speckle amplitido modulation from the curved

surfaces was larger for the uncrossed polarization case than

for the crossed case. It is suspected that the difference in

this modulation level may be the result of different effective

scattering areas for each orthogonal polarization component.

The uncrossed polarization component may stem primarily from

a small spzcular region while the depolarized radiation

originates from rough surface scattering over a much larger

area.

The important question though, is whether or not the

nmeasurable differences in the backscatter between two

targets are sufficient for real world discrimination.

The figures show considerable variation in the backscatter

patterns among the targets in the study. We must now

investigate how much this information is degraded by the
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errors and uncertainties in the real world. And eventually

we will have even more powerful tools of discrimination

such as doppler shift and RTI patterns at our disposal.
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MODEL NUMBLR EXPERIMENTAL CORRECTiON PR-Q TED

NOSE 2 0.165 cm2  1.15 0.190 cm2

3 0.670 cm2  1.04 0.700 cm2

5 0.083 cm2 1.22 0.101 cm2

7 0.210 cm2 1.O.2"2 cm"
BROAuSIDE 2 at 740 7.4 cm2 1.26 9.3 cm2

3 at 790 12.6 cm2 1.23 15.5 cm2

5 at 900 2.1 cm2 1.46 3.1 cm2

7 at 900 4.15 cm2 1.56 6.5 cm2

BACKEND 3 330 cm2 1.16 383 cm2

5 5.2 cm2 1.19 6.2 cm2

7 16.5 cm2  1.05 17.4 cm2

Table 1. Laser Radar Cross Section Correction Factors
for Uniform Illumination
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FLAT PLATE SCATTERING DATA IN INVERSE STERADIANS

I. MONOSTATIC FLAT PLATE DATA KEY

xY+

1 MICOM MODEL 2 - 10
2 MICOM MODEL 2 - PSEUDO 10
3 MICOM MODEL 2 - 11
4 MICOM MODEL 2 - 12
5 MICOM MODEL 3 - 10
6 MICOM MODEL 3 - 11
7 MICOM MODEL 3 - 12
8 MICOM MODEL 5 - 10
9 MICOM MODEL 5 - 11
10 MICOM MODEL 5 - 12
11 MICOM MODEL 7 - BACK END - 10
12 MICOM MODEL 7 - BACK END - 11
13 MICOM MODEL 7 - BACK END - 12
14 MODEL X - 10
15 MODEL X - 11
16 MODEL X - 12
17 MODEL Z - 10
18 MODEL Z - 11
19 MODEL Z - PSEuO0 - 11
20 MODEL Z - 12
21 MODEL DECOY - 10
22 MODEL DECOY - 11
23 MODEL DECOY - 12

+ XY ARE THE SUBSCRIPTS ON Gxy(e) DEFINED IN THE TEXT.

Table 2
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FLAT PLATE SCATTERING DATA IN INVERSE STERADIANS

3 T'!CC Or!EL 2 -10

T t'h1l••' "01EL , 11

5 I ,c04 MOt)EL 3 - 10

T (DFG) 2 3 4 5

8.9E-n2 1.4E-01. o.65•-02 5.5E-04 3.ME 01S .... . L .. 7 • '•' :. E;TZ.. .. SF -a-6'i " 4,U;F - -l -3 -;-W•

5.6F.-02 4,3E-02 5-5S-02 3.OE-04 5,8E-01

4 3.7r.-02 3.1 -02 ..,E-62 Q.QE-04 2.OE-01
L --t7 20t.z E6

2. ..- 62 1 .7E-n2 1.6E-02 1.5E-04 itI-012. 4 -4:;i- - -;4 - . .9.'T - 4E':04. . .5 ; 2-
1,2 1. OP-,2 9.6E-03 5.7I_-U3 1.3E-04 3.5E-02

A______ .d -U4 F ___
_ _24 2._F-_3 3.._.E- 3 1.8=--03 1.3E-04 9.4E-031 . E._ _o 3_ _._-_ 1 -._E_ - 1.3U---I4 "-

61.-33 2.2E-33 7.4E-04 1.3E-04 4.3E-037 -" .T7E"'W 3 --- 4 -7E- . 3 - 4- ; 4F-
.a 6.3t-U4 1.6E-, 4.4E-04 1: 3E-04 .'9E-03

7-774--- . EZE4 V4-- -1-;- I. 1-- A
72 4 4..?F-C4 7.5E.04 2. Sa-04 1.3E-04 1.6E-O3

'", . 0. 1. 0. ___,0

TABLE 2 REFLECTION DISTRIBUTION FUNqTIONS

Co* dovaoablo to DDC dD 1o:

35qDUtJMHZ 1904P 4Woducuoa
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.. LY1LPLATE:SATRING. DAA N INVERSE STERADIANS

7 MI1O'1 "'OIEL 3 - 12

r ~~~~~~mi!r3 VOniE. 5 - 10 __*..22.5 ___ _______

T p ET A (Qr.E 5 7 9

3.5F 01 I.-1 37-2 4.2i-'2 2,4E-1~4
6.6=-tn 6,ik..3i C.~- .E-. 2 2 '-4

2 3.JE,-jl 5.E3 .'-2 2.9E-%2 2.4F.-14
~~ ~24- 4E2 7.E

4 2.;=-J21 ____2 2.S-1

.6 _____9.3F-u2 2.1 .7=-2 1:5E-C? .51

12 3.SE-02 1.±E-:03 9:"llE-'

24 9.3E-03 5.E1 3.k=Ej33__ 4,7E-tý 1550

27 "'7 16'Z A

48 1.c-0' 3.3E 04 1 1 1.

-54 iT~~~- 4 ~ w>4 -3 . qE-14 -

6r .30-C3 2604 7 .i U 4 6 3eC 4 6 -- 1

72 6___ .6E-04 2.4 E v1 47:-J4 3.AE-"4 .Fn
77'~-~F Ž.~4" 2.e-~4 2.5E-- 3.CE-fl5

90____ J 0. 0.

TABLE 2 REFLECTION DISTRIBUTIO0N ~FUNCT IONS
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[ FLAT PLATE SCATTERING DATA IN INVERSE S;ERADIANS -

11 MJICOIm MODEL 7 - BCK( E'D -10 __ ___ ___

12 -HJ c-011 CK 1

13 t4ICOM MODEL 7 -BACK ENO 12
14 MODEML FýT -10
15 MODEL X - 11 _____

0 4;2E-01 4.2E901 3.CE-032 6.6E-02 5.2E-02
1. 9.9-O -C -

2 16,7E-01 1.9E-0~1 1.6E-02 5.bE--C2 4.7E-12

4 5 '9q-02 6.2E~fl2 9.5~E-33 .4.9E-02 3. 7E:-f2

6 2.9r - 3,2E-02 7.6E-03 4.2E-02 3.OE-02
-02~ 1O C 2 -6 -.47 3- 3. 6r3~ -W 2.551s 02-

1.2 6.6E-03 6,6E.133 5.7E-13 2.6E-C2 2.0Fi-12

24 I17F-03 1,9EwO3 5.C'E-33 I..SE-02 1.OF-tZ

366.2F-0 9.3E-0 4  4.PIF-03 9.8E-~ 7. 03

48 5.2F-0 4  S.He.0' 4.7E-03 8:2E-C3 5*-5'l-3

4.Ea 1t 14 7~ 3~7--7-4T-T3 '5. 2:- 03

722.1F~-04 I.AE-04 4.3E-;j3 6.,SE-tc3 4.7S

9. 1 30 ___0 0 0.

TABLE 2 REFLECTION'DISTRIBUTION FUNCTIONS

Cop't avcrlabJe to DDC djuv,

3'Dit ~Uylegible reprorducLJ
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FLATPLAT.SMAJERHIG DATA IN INVERSE STERADIANS

17 MODEL Z - 10
to -,MODEL Z-=11 - _-..

19 MODEL Z - PSEUDO 11
20. MODEL Z -1 I _ _ _ _ _ _ _ _ _ _ _

TrJETA (DEG) 16 17 is 19 ___ .__20-

1.4F-03 5,2E-01 7,8E-ý)1 1.4E-,.1 1.4E-C3

2 1;,4E-03 I,3E-01 l.@Eil 7.IE-ý'2 SE0

4 1.4E-03 4.6EO02 4.PE-4 44C=-04
1..iE-CJI oti

6 1.4E-03 1,9EP02 2.$E-02 3~-

12 1.4E-03 5.5E.C3 9.7;.-33 1.9E--c2 2F;1

24 L.4E-03 213E:03 2.6E-J3 2.4E-'14
jO 4E0 i,'RF-03 '7T,54E-
36 1..4F-03 1.3E-03 1.4E-143 4.2E-3 3 .F0

46 1.4E-n~3 9.OE:04  d.SE-A4 2.6E--%3 EE0
54E T~E -0' 7*.6= 04 2@'1E-C3 1.oF-fl4

6 C. 1.3r-O03 6.jE-C4  5.4~- 4 1,.-q-3
561. SE u . ~.ET( .E- 1 3

72______1,.4F-03 4 . E -04  4.2Z-.ý4 I.PE-13

TABLE 2 REFLECTION DISTRIBUTI-ON FUNCTIONS

Copy avauilable t. ""C daf mU 3



FLAT PLATE SCATTER14G DATA IN INVERSE STERADIANS

MODEL DECOY - 10
MODEL DECOY - 11

23 O ODEL DECOY -11

T 4TrA (D 2 22 23

7.6F-02 6,QE.02 34E-J3

2 7.6F-02 6.9E-V2 3.4E-03S, ir=o -- •,-gr o -- - 3.71 .- ý - - -

4 7.6E-UJ2 6,9E.02 3.4.-J3

7.6E-G2 6.9E%02 3.4E-03

12 7.3F-,12 6.7F-02 3.2E-43.• ....... ........ 5 -'2E-• - -- E "IE..,

24 4.4F-!I2 3.8E-02 I..2E-13 _

36 3.9F-j2 3.5E-0Z I.1E-03

48 3.5F-o2 3.3E-02 1.IE-33

60 3.3E-02 3..E02 I,.E-03

72 .2_.___-02 2,4E.C2 S.8E-U4
e '5 . a F - u - 3 2.ZT

TABLE 2 REFLECTION DISTRIBUTION FUNCTIONS
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