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A

FORBWORD

This document comprises the Final Technical Report specified
under Subcontract P.0. No. 287502, "Investigation of Scattering
Principles," which is the analytical phase of scattering
investigations performed for Rome Air Development Center under
Prime Contract F30602-67-C-0074 assigned to the Fort Worth
Pivision of General Dynamics, Fort Worth TX 76101. This sub-
contract was performed by Cornell Aeronautical Laboratories (CAL)
and this document was prepared by R. A. Ross of CAL. This
document is Volume III of four volumes produced under the prime
contract. [Reference 22, 23, 24) It contains applications of
Keller's geometrical theory of diffraction to seven distinct
shapes: cylinder, frustum, cone, frustum-cylinder, cylinder-
flare, cone-cylinder, and hemisphere-cylinder.

Study of scattering by geometrical diffraction theory was
initiated at CAL in 1965 under Prozect DISTRACT, Contract
No. AF 30(602)-3289, an ARPA funded program monitored by Rome

Air Development Center. That effort yielded nonspecular sclutions

for the cylinder and for the right conical frustum, for both

monostatic and bistatic radar geometry. This and the investigation

of scattering by a cone were continued under the present contract
tn General Dynamics/Fort Worth and Contract No. F33612-67-C-1713
from Wright-Patterson Air Force Base.

This investigation was performed under the direction of Dr. C.
C. Freeny, Dr. G. W. Gruver, and W. P. Cahill of the Fort Worth
Division of General Dynamics. The author wishes to thank these
personnel for their full cooperation throughout this program.
He is also pleased to acknowledge valuable discussions with
D. B. Larson of the CAL Computer Services Department.

The RADC project number is 6512, task 651207. Distribution
of this report is limited by the Mutual Security Acts of 1949.

This document has been reviewed and is approved.
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ABSTRACT

\
Among the most powerful technicues for the calculation of radar

scattering from bodies more than seve:al wavelcagths in size are those
based up<n one form or another of asympiotic analysis. By far the most
practical of the asymptotic techniques advanced to date is the geometrical

theory of diffraction develuped principally by J. B. ¥2ller at New York Univer-

sity. The work reported here examined the utility of geometrical diffraction
theory for predicting the aspect-dependent scattering matrix of cylinders,
frustums, cones, and their derivable shapes, These analytical results were

evaluated in comparison with measurement data obtained at General Dynamics/

Fort Worth.

This final report outlines the application of unmodified geometrical
diffraction theory to seven axially-symmetric targets, As part of the
analytical task, basic theory has been modified to predict scattering
1) at and near aspects which give rise to specular scattering, and 2) at and
near the nose-on aspect for a cone. Resultant analytical formulations were
programmed for the IBM-360 digital computer, Comparison of predictions
with scattering matrix measurements shows that theory is accurate for the
following shapes: cylinder, frustum, frustum-cylinder, cylinder-flare, and
hemisphere-cylinder. Further, bistatic predictions are at least as accurate
ag corresponding monostatic calculations, Additional modification of
geometrical diffraction theory will be required to achieve similar capability
in the case of a cone and 2 cone-cylinder,

A direction for future investigations of scattering by a cone has been
outlined within the context of geometrical diffraction theory. In addition,
more detailed study of the phase of the scattering interaction, both predicted
and measured, is advocated,
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1. INTRODUCTION

The objective of the effort reported here is to develop analytical
expressions which accurately describe electromagnetic scattering from con-
ducting bodies having the following basic generic surfaces and their derivable
shapes: finite, right-circular cylinders, frustums, and cones. Bodies of
interest are those whose overall dimensions are at least several wavelengths
in extent, It is required that the analysis treat the scattering matrix of each
target, and the theory be applicable to bistatic as well as monostatic situations,
The analytical results are evaluated by comparing quantitative theoretical
predictions generated at Cornell Aeronautical Laboratory (CAL) with scatter-
ing matrix measurements performed at the Fort Worth Division of General
Dynamics (GD/FW),

Study of the scattering of electromagnetic waves from obstacles of
complex shape is a broad and comprehensive subject, The fundamental
problem is the determination of the total field in amplitude, phase, and
polarization in terms of the geometrical and material constants characteristic
of a given configuration of source and obstacle., In practice, accurate calcu-
lation of the radar scattering properties of any body is difficult at best.

Of course, the most satisfactory solution is an exact one. Here the
major mathematical methods are separation of variables and the integral-
equation formulation. The method of separation of variables has allowed
treatinent of particularly simple shapes ,* the best known of which are the
perfectly reflecting half-piane or wedge, the sphere, and the two-dimensional
elliptic cylinder, While the wedge solution Las a direct bearing on analyses
applied in Section 3, it ie not possible to obtain an exact solution for any of
the finite targets of intareat to this program via separation of variables,

Until recently, attempts to reduce the scattering problem to integral equations

had praved fruitful in providing a useful viewpoint on the mechanism of

scattering, but little use was made for practical solutions of particular problems,

——
Because there is a small numter of separable coordinate systems, eleven
in all, the method of separation of variables is severely restricted.
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With the advent of high-speed digital computers, numerical procedures for
evaluating integral equations have evolved and the approach now offers
exciting possibilities. Firstly, results may be obtained to any specified
accuracy.* S:condly, the integral-equation formulation applies for obstacles
of arbitrary shape; this has greatly enlarged the class of scattering problems
for which numerical results may be obtained. Thirdly, the method accounts
for all parametric dependencies observable by a radar. Results obtained by
Oah:i.ro,1 Andreason,z and Harrington3 indicate the power of the method. The
one great disadvantage of the integral-equation approach is experienced when
the obstacle is large compared to a wavelength. DBoth the required computer-
storage capability and the cost of computations become prohibitive. For
these reasons, application of the "unmodiﬁed"**integral-equation formulation
is limited to obstacles lying in the Rayleigh and low resonance regions
(maximum dimension of the target less than several wavelengths). Since
targets of interest on this program have minimum dimension at least several

wavelengths in extent, the integral-equaticn approach is not applicable.

An important aspect of research in scattering theory is concerned with
tne derivation of approximate formulas that are useful in restricted ranges
of the variables or parameters which characterize the particular problem.
Due to the nature of radar scattering problems, we limit the following dis~
cussion to techniques based upon high frequency approximations. The two
earliest approximate theories had their historical origin in the study of optics.
They are Geometric Optics, which is treated by the method of rays, and
Physical Optics, which involves prirrarily the theory of waves. In general,
geometric optics is used whenever possible because of its comparative
simplicity., However, this approximate theory is valid only in the limit of

In practice, boundary conditions are not imposed at every point on the
obatacle, but rather at a finite number of points in a mesh covering the body.
By reducing mesh-point separation, accuracy is improved. It is this char-
acteriastic which suggests discussion of this integral equation approach with
exact solutions.

R
References 4 and 5 examine suitable means for modifving the integral-

equation approach to handle targets large compared to a ‘wavelength. How-
ever, no satisfactory technique has yet evolved,
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vanishing wavelength, i.e., exceptionally large targets where diffraction
cffects may be ignored. Because most targeis of interest are viewed at
wavelengths which are an appreciable iraction of target dimensiors, physical

optics, a more difficult technique, has enjoyed wider application. For specular

P T TN

scattering from doubly curved surfaces many wavelengths in extent, the i

physical optics result is the same as the geometric optics resuit and both are
very accurate, the accuracy tending to increase as the radii of curvature of
the surface increases. For a singly curved or flat surface with surface

normal parallel to the radar line of sight, th.e geometric optics prediction is

L Gt

infinite; here, physical optics permits a finite (and accurate) result to be
obtained. Thus, specular scattering from flat plates, cylinders, frustums, |
cones, etc,, can be found accurately (generally within one dB) for surfaces

more than one or two wavelengths in extem,

Certain fundamental limitations are inherent in the physical-optics

method. First, physical optics when applied to bistatic situations (transmitter

and receiver in different locations) yields results that do not satisfy reciprocity
and are thus patently invalid, A second limitation of physical optics, when
applied to the backscattering case, is tha. the scattered wave is always found

to have the same polarization as the incident wave; no depolarization effects

can be predicted, and the cross-polarization radar cross section predicted by
physical optics always vanishes.* A third limitation is the assumption of a
' sharp geometric shadow boundary, which introduces a false discontinuity in

the derivatives (especially higher-order derivatives) of the electromagnetic

field vectors at this assumed boundary with consequent false predictions of
i scattering from the boundary, Still another limitation is the inability of

physical optics to account for effects occurring in the geometrical-shadow

regicn. In summary, it is apparent that geometric and physical optics are
poorly suited to the present investigation of polarization-dependent and
bistatic scatter, at least at nonspecular aspects.

The increased activity in scattering theory since World War II has
» generated a new app.oximate theory called the geometrical theory o. diffraction,
{ ' The method has been developed principally by J. B, Keller6 at New York
University and is largely dependent upon an extension of Fermat's principle

that takes into account diffracted, as well as reflected (geometric optics), rays.

“At best, physical optics seems to give a rough average of the horizontal -
and vertical polarization radar cross sections.
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As pointed out by Kline and Kay,7 Keller's method is as yet without rigorous
mathernatical foundation. However, the geometrical theory of diifracrion
retains polarization dependence and satisfies reciprocity in bistatic situations.
Further, the most significant statement one can make about the theory is that
it produces remarkably jood results for many bodies, Resuits obtained by
Bechtel and Rmm8 and K:uyoumjian9 are representative in illustrating ihe
utility of Keller's theory: they, and the oreceding comrments form the basis

of our choice of geometrical diffraction theory as the basis of analyses con-
tained in this repart.

Section 2 presents the formaliam of the polarization scattering matrix,
Simplification of the matrix for axially sy:mmetric targets is noted. The
scattering center concept is diacussed prior to presentation of the scattering
matrix in scattering center notation, Then the geometrical theory of
diffraction is reviewed and the limitations attendantupon a single-diffraction
analysis are discussed,

Section 3 details the scape of the present investigation and notes general
comments pertaining to evaluation of analytical data. In Section 4, we com-
pare results of theory and measurement. Section 5 contains conclusions
based upon investigations performed ag part of this study, The bulk of the
deta’led analysis is contained in Appendices A through D. In Appendix A,
we present a detailed analysis of scattering by a cylinder. Appendix B out-
lines the corresponding treatment of a frustum. Results of analyses of
scattering by a cone are reported in Appendices C and D.
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2, BACKGROUND

Before detailed discussion of the investigations which are the main
subject of this report, it may be helpful to review threce technical concepts
on which this work has been based., These concepts are:

1. The Polarization Scattering Matrix
2, The Scattering Center Concept
3. Geometric Diffraction Theory

Each will be discussed in turn,

2.1 POLARIZATION SCATTERING MATRIX

Although it is common to speak of ''the" radar cross section of an
object, it is well known that radar cross section depends upon the target
shape and material, the angle {or angles, in the case of a bistatic syatem)
at vvhich the target is viewed, radar frequency, and polarization of the radar
transmitting and receiving antennas. In particular, if a target is viewed at a
gpcific aspect angle with a single frequency, the radar cross section depends
vpon the radar polarization. The polarization scattering matrix is introduced
in order to express target reradiation independent of radar polarization. In
the following discussion we show the relationship between the scattering
matrix of a rotationally symmetric target and the principal polarization radar
cross sections and scattering phases: a detailed treatment of the scattering
matrix may be found in Reference 10,

Scatrering is expressed as an explicit function of radar polarizaiion
when metric: are defined which describe the polarization properties of
antennas and target. Consider a transmitting antenna; this antenna can be

represented by the expression

cos %
S - >
4 sinX e’ * (1)

where ¢ is a unit column matrix defining the polarization of the transmitted
wave; 7} is an angle { 0= % = % ) which denotes the orientation of the
linear polarization that results if a"" is zero, referred to the horizontal

plane; d¢ is a phase angle which can vary from O to 2 7. Any wave
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polarization is thus specified when 7 , ¢, and the direction of propagation

¢ I} 3 » ~
are known, Next cconsider a receiving antenna represented by a row matrix p:

- .
ﬁ -[0037;. Jén');e'“#} (2)

It is assumed that 'polarization' of a receiving antenna means the polarization

of that antenna when it is used as a traasmitting antenna. 7The cross section

of a target 7 2 for transmitting antenna polarization é and receiving

Fr -
antenna polarization P is given by

z

-~

P53

where J denotes the complex scattering matrix used to represent the

Ton =
f

(3)

polarizatioa properties of the target. The assumptions in this formulation are:

a. The distance between receiver and body is large compared to

the wavelength and to the dimensions of the scattering body, and

b, The material of the scatterer and intervening medium are such
that there are linear relationships between field quantities at

every pcint, whatever the incident field,

The scattering matrix of an arbitrary target may be expressed as a 2 x 2

matrix of the foym

v Pun Sy
Tun € V% € Vg
J = e (4)
J Py
Va e PV” 7 eJPn

Here 1/a‘,;m represents the real part of magnitude of the scattering matrix
elements, P n denotes the associated phase, and ¢, is a phase angle which
may be ignoredin thc present discussion since it is a function of the separation

between the radar and the target, The scattering matrix is symmetrical
(V9w = V734 i Puv = Pyu ) in at least two important cases:

a. DBistatic scattering when the scattering body is a nerfect
conductor, and

b. Backscattering from an arbitrary body, coasistent vith the
two assumptions stated previously.
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Furthermore, a great simplification obtains when the target is a body of
revolution, It is then possible to orient the target to present a horizontal
plane of symmetry containing the line of sight, and the scattering matrix

is diagonalized: 1/07 = 0, Thus, for the targets considered in this report,
which are bodies of revolution, we may wrirs

NE LI RO R P PO

J
e eﬁ"' o cos %

L LT

A [ 7, 3in?, ej"] (5)
4a =|| cos n
$F r g By VA

It is evident in Equation 5 that 4+/c,, e”’” i3 the complex contribution to

the radar cross section when transmitting and receiving antennas are
linearly polarized with horizontal orientation (i.e., % = X% =0, & =4} =0).
Similarly, .,/a?: eiﬂ" is the corresponding quantity for the vertical polariza-
tion case. It is common practice to refer to o3, and o, as the principal

= sy TR

polarization radar cross sections; f,, and p,,  are called the principal

polarization scattering phases.

In the remainder of this report we work with the principal polarization
radar cross sections and scattering phases. Scattering for arbitrary com-
binaions of transmitting- and receiving-antenna polarizations may be deter-

¥ mined from these four quantities according to Equation 5.

2,2 SCATTERING CENTER CONCEPT

One of the most important concepts that has been applied in recent
investigations of short wavelength scattering is that the scattered fields
appear to have lucalized sources (scattering centers) on the target, In terms
of formal electromagnetic theory, each scattering center is identified with a

mathematical discontinuity in the Chu~Stratton radiation integral — that is to
i say, with a corresponding physical location on tl.ec target at the place where
it the discontinuity occurs. Simplification of the scattering inteiraction in terms

1 ¥, of scattering centers rests largely upon the cancellation properties of an

integral with oscillating integrand and upon preservation of mathematical

continuity except at the recognized geometric discontinuities. Thus, although
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2 surface remote from a discontinuity is assumed to produce a net contri-
bution of zero to the total scattered field, truncation of the surface could
introduce a pronounced discontinuity, and, so, generate a new scattering
center, A smooth surface, then, plays a very important, although largely
hidden, role in the description of the scattering interaction.

According to the scattering center concept, the field reradiated from
each center on the target depends primarily upon ihe local dimensions and
the surface conditions of the target, Secondary effects involve interactions
between the various centers on the target. The {first step in the analysis is
to take a body of complex shape and find its individual scattering centers,
N<xi, an analytical theory which accounts for aspect, frequency, polarization,
and bistatic dependence is used to estimate the total field (primary and
secondary contributions) reradiated from individual scattering centers.
Finally, the vector and phasor sum of these contributions allowe estimation
of radar observables.

To illustrate the nature of the localization of scattering centers, let
us consider monostatic scattering by a finite, right-circular cylinder. At
aspect angles which exclude specular contributions, the important scattering
cen. '8 are formed by the three illuminated edges. Then target scattering

appears to arise from those three unshadowed points common to the extremities

of the cylinder and the plane containing the axis of symmetry of the target and
the radar line of sight.* Such edge scattering centers behave in an extremely
localized manner: for example, the phase associated with each scattering
center behaves as if the contribution arises at a point, For aspects at which
specular scattering occurs, reradiating area which is associated with the
scattering center spreads laterally — because of the surface orientation
relative to radar line of sight -~ while preserving its localization along the
line of sight. Then the smooth surface which joins adjacent edge scattering
centers becomes important due to reduction (and eventually disappearance,
at the specular point) of the phase cancellation in the integrand of the radiation
integral. Thus, for scattering by a cylinder at the broadside aspect, the
singly-curved smooth cylindrical surface supports a scattering line the full
length of the cylinder, Finally, lateral localization is minimal in the case

EP
A fourth point, which is in the shadowed region of the target, also exists,
It ie usually much weaker than the other three.
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of specular scattering by a cylinder at the axial aspects; here each point on
the planar surface contributes equally to the scattered field,

According to the scattering center concept, the radar cross section
of the target is given by the square of the absolute value of the complex
v
scattering coefficient ¢/ @ ° which in turn is given by:

, Y, 0.
7”5 g e (6)

(=t

sP; .
where /o7 e % is the complex contribution from the i*h gcattering center,
and where there are A& important scattering centers on the target. The radar
cross section ¢ is given by

2
N JP"
T | e (7
i=f
and the scattering phase )0 is given by
N
Z«d} sen g,
-] =7
pP= tan ~
S /7 cos p, (8)
rer

&
As demonstrated in the previous subsection, the scattering matrix of a body
of revolution is known when we solve for the principal polarization values
of & and )0 .

The major simplification attendantupon applications of the scattering
center corcept is apparent in Equations 6 through 8; by treating only a small
number of localized regions on the body (the discontinuities), target scattering
can be estimated, Thus, the difficulty of the computation of high frequency

9
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scattering is unrelated to the actual size of the target and depends only upon
the number of important scattering centers N . Although large smooth
surfaces on the target cannot be ignored when they support specular scattering,
appropriate modification of scattering center formulations in these instances

does not appreciably complicate the computations,

The scattering center concept is inherent in the geometrical theory of
diffraction, which will be discussed in subsection 2,3. It has also proved
useful as a guide to analysis: for example, Kell'l was led to a proof of a
bistatic-monostatic equivalence theorem based upon rigorous electromagnetic
theory rather than upon physical optics as was an earlier more approximate

relationship that has been frequently cited. 12

The scattering center concept incorporates a powerful tool for
synthesis: successful treatment of une type of center allows prediction of
rerndiation from similar centers located on targets of quite different shapes,
Furthermore, unrelated analytical techniques may be combined to produce

the optimum descriptor of scattering by a particular target.

Finally, it should be noted that the scattering center concept is not
just a convenient mathematical fiction and that scattering actually does arise
at the scattering centers, Returns from scattering centers are observabie
and coincide in position and magnitude with analytical predictions when the tar-

get is examinad by a radar which transmits very short pulses,

2,3 GEOMETRICAL: DIFFRACTION THEORY

By far the most practical of the asympiotic techniques formulated so
far is the geometrical theory of diffraction developed by J, B, Keller and his
associates of New York University. It has been described in a long series of
papers treating various theoretical aspects of the method, the best general
introduction being Kt:ller.6 Helstroml3 has added an important rederivation
of geometrical diffraction theory based upon Green's formulas. As stated
earlier, the theory is not yet related in any precise manner to the exact
asymptotic solution of Maxwell's equations, although it nevertheless gives
very good esults for many practical targets. Keller's approach provides

the logical tool for the study of scattering centers at high frequencies,

10

PO

praese

T Ly N T P LY N




PR

R e

ST—

e ]

T

At AR DA LA Mt s # n  eur mssrmpa iam at o R B S S

In particular, geometrical diffraction theory provides estimates of the
principal polarization values of scattering center contributions 4/7; ¢ fe

introduced in the previous subsection,

Starting with geometrical optics, Keller introduced an extension of
Fermat's principle that takes into account diffracted, as well as reflected,
rays. The theory assumes localization of the scattering interaction at points
defi .ed by stationary phase arguments or by abrupt geometric discoutinuities.
It further assumes that the current distribution in the neighborhood of a
scattering center is obtainable from that of a known (or solvable) case of similar
geometry. A diffraction coefficient is assigned to each center based upona
known solution to a similar two-dimensional problem, and this coefficient is
weighted by a divergence factor to allow treatinent of three-dimensional
problems, Having thus assigned a magnitude to diffracted rays, a phasor is
introduced which is proportional to the distance along a ray projected from
the scattering center to the radar, Incident rays which are diffracted in the
direction of the receiver are termed '"singly diffracted." Interaction between
scattering centers is described by the mechanism of doubly and higher-order
(multiply) diffracted rays. Once the complex vector fields reradiated from
important scattering centers on the target are formulated, the calculation of
scattering follows directly. The accuracy of results increases as the ratio
of body size to wavelength increases, but they are often useful for wave-
lengths as large as the body, *

The literature on geometrical diffraction theory is devoted almost
entirely to analyses of scattering problems; experimental investigation of
its validity has not been extensive, For right-circular cones, Keller has
provided the formulation for backscattering14 and has compared the results

. C oy 15
with measurement for axial incidence.

Of great interecst is the ability of
the theory to predict the angular dependence of an objects radar cross section.
Bechtel 6 has compared cone results with measurements over a wide range

of aspect angles and has found good agreement, except for a range of aspect

“The present investigation is limited to use of the single-diffraction case,
Then scattering centers should be separated by at least a few wavelengths,

11
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angles around nose-on for vertical polarization, for which case further work
has been done on this contract, Ross” has applied the method to rectangular
flat plates and has shown the results to be in very good agreement with
measurement data for all aspects except those within 10 degrees of grazing
incidence, Rosl18 has investigated nonspecular scattering by a finite right-
circular cvlinder and has reported very good agreement between theory and
monostatic measurements against aspect angle for four linear polarization
combinations,

This report extends the earlier analysis of scattering by cylinders,
Nonspecular scattering by cylinders, frustums, cones, and combinatorial
shapes is treated using unmeodified geometrical diffraction theory, In all

cases, the edge scattering centers are analyzed using the diffraction
coefficient obtained from the asymptotic expansion of the exact solution for
the two-dimensional wedge, Modifications to geometrical diffraction theory
are introduced to extend capability for specular scattering and for scattering
by ring discontinuities at and near axial aspects. Formulas based upon
unmodified and modified theory are derived in Appendices A through C,

12
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3, OUTLINE OF TECHNICAL PROGRAM

In this section we detail the scope of the present investigation and
note general comments pertaining to evaluation of analytical data.

3.1 SCOPE OF INVESTIGATION

The technical program involved investigation of scattering from the
following basic generic surfaces and their derivable shapes: finite, right-
circular cylinders, frustums, and cones., Specific shapes, size conditions,
and the desired range of calculations are listed in Table 1 along with the
measured data supplied to CAL by GD/FW. The technical tasks listed in
Table 1 include monostatic scattering, bistatic scattering, short pulse

diagnostics, and measurements.

As part of the monostatic and bistatic scattering tasks we have
developed analytical expressions which describe scattering from all shapes
except the cone-cylinder~flare, These analytical expressions are used to
predict principal polarization radar cross sections and scattering phases,
Computer programs have been written for each of the shapes for which
expressions have been developed and, excluding the bemisphere-cylinder,
are such that computations are made every 0.1 degree over 360 degrees of
aspect angle. In cases where bistatic predictions are required, the basic

monostatic formulations have been appropriately extended. '

Under short pulse diagnostics, short pulse measurement data supplied
by GD/FW have been analyzed in an effort to determine secondary phenomena
associated with scattering by a finite cone,

Under measurements, conventional scattering data were supplied to
CAL by GD/FW. These data comprised principal polarization radar cross
sections and scattering phases as functions of aspect angle for the various
shapes and conditions noted in Table 1. All data were contained on magnetic
tape in a format compatible with our computer requirements, and were
plotted at CAL using a CALCOMP plotter,
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Table |
TECHN!CAL TASKS

KO. OF CONDITIONS
TYPE STUDY SHAPES SUCH AS Ka,Kh AND CALCULATIONS
CORE ANGLE
MONOSTATIC CYLINDER 3 COMPUTATION EVERY 0.1
SCATTERING CONE " DEGREES OF ROTATION,
COMPUTAT IONS INCLUDE
FRUSTRUM 3 Ck’ 3 SECTION AND PHASE
CONE-CYL INDER 3 FOR BOTH VERTICAL AND
FRUSTRUM- 3 HORIZONTAL POLARIZATIONS.
CYLINDER
CONE-CYL INDER- 3
FLARE
HEMISPHERE~ 3
CYLINDER
BISTATIC ANGLES [VALUES
BISTATIC CYLINDER 10.25 30.0| 2 COMPUTAT 1ONS EVERY O, !
SCATTERING FRUSTRUM 10.25 s0.0| 2 DEGREES FOR 360 DEGREES OF
ROTATION. COMPUTATIONS
CYLINDER=- 10.25 30,0y 2 INCLUDE CROSS SECTION AND
FLARE PHASE FOR BOTH POLAR!ZATIONS.
SHORT PULSE | CONE A NINIMUM OF § MEASURED DATA USED TO AID. IN
DIAGNOSTICS MEASUREMENTS MADE BY DEVELOPMENT OF SCATTERING
GD/FW AND DATA CENTER EXPRESSIGNS.
SUPPLIED TO CAL,
MEASUREMENTS | ALL OF THE MEASUREMENTS MADE BY DATA USED AS AN AID IN
ABOVE SHAPES | GD/FW AND DATA DEVELOPING ANALYTICAL
SUPPLIED TO CAL. EXPRESSIONS AND USED TO
COMPARE WITH ANALYTICAL
RESULTS.
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Values of radar cross section and scattering phase calculatec from
the analytical expressions derived at CAL were compared with scattering
matrix meagggements obtained at GD/FW, Designations and dimensions of
each of the basic generic shapes examined in this study are given in Table 2,
The nominal operating frequency was 6 GHz, which means that the minimum
dimension of any target was about 1.5 wavelengths. Scattering by the simple
shapes described in Table 2, and by various combinations of these shapes,

is examined in Section 4.

Table 2
DIMENSIONS OF GENERIC SHAPES

LENGTH LENGTH
MAX. DIA. | MIN. DIA. MAX, MIN.

MODEL TYPE | DESIGNATION | (INCHES) | (INCHES) | (INCHES) | ( INCHES)
CYLINDER Cy3 6.320 - 10,618

Cy4 4,892 - 8.000 -

cy6 7.500 - 17.260 -

cye l5.736 - ‘N- 320 -
CONE ¢! 6.320 0 11.783

c2 6.320 0 15.814

cY 7.600 0 13.983
FRUSTRUM F3 7.500 8,320 8.358 -

4 6.320 4.892 4.063 -

F5 7.600 4.892 7.421 -
HEMISPHERE H3 6,320 - 3.100 -

3.2 DATA COMPARISON PROCEDURE

Prior to comparing theory and measurement, it is instructive to
comment upon certain characteristics which are common to evaluation studies.
These comments are noted below in separate discussions of plotea of radar
cross section and scattering phase., Problems encountered in plotting
measurement data from magnetic tapes are discussed at the end of this

subsection.
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3.2.1 Radar Cross Section Data

Comparison of theoretical and experimental radar cross section data
is straightforward: all plots present radar cross section (dBsm) versus
aspect angle (degrees), The method of selecting the measurement data for
comparison with theory may be illustrated by the case of a cylinder target.
Theory predicts identi-:al dependence of a cylinder's radar cross section in
the aspect intervals 0 =$s 90, 0s ¢# s -90 degrees, where # = 0 denotes
axial incidence. Similar data obtained experimentally exhibit a high degree
of correspondence but do not completely agree due to measurement errors.
We have ploited measurement data for both aspect intervals and have utilized
that section of the experimental results which compares most favorably with
theory. Since the comparison plots show theory superimposed directly upon
computer plots of measured data, the particular choice of aspect interval
made in each case is apparent. Notice that agreement between theoretical
and measured deptas of nulls rnay be influenced by measurement capability:
The minimum value of 2xperimental results obtained from GD/FW is approxi=
mately -40 dBsm,

3.2.2 Scattering Phase Data

Although scattering phase is calculated and measured module 2 T,
it was decided that plots of the cumulative value of scattering phase were
more desirable. The advantages of the latter format are clear representation
of the phenomenon and the ability to correct for that component of measured
phase associated with the separation between radar and target. ¥ Towards
this end, subroutines have been developed for accumuiating scattering phase,
both from the theoretical calculations and from the measured data., The
resultant phase plots show the cumulative scattering phase (radians) versus
aspect angle (degrees)., Sirce the absolute value of scattering phase is
unimportant, and since it determines the level of the phase progression with
aspect angle, theory and measurement are compared by appropriate shifting
of levels, As in the case of radar cross section plots, that section of the

£
Thia is the component phase #, extracted from the scattering matrix in
Equation 4 of subsection 2,1,
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aspect angle plot of measured phase which agrees most favorably with theory

has been chosen for purposes of comparison,

Comparison of theoretical and experimental scattering phase data is
not straightforward due to two complications. Cne complication is associated
with the basic scattering mechanism: it is a characteristic of scattering
phenomena that the major changes in scattering phase occur simultaneous
with minima in the level of the scattered signal (i.e., when nulls occutr in
the radar cross section record). Such behavior can be expected to perturb
experimental estimates of scattered phase, especially for the horizontal
polarization case where extremely deep cross section nulls are observed.
However, theoretical predictions appear to be sensitive to the same char-
acteristic., Mr. John C, Cleary of RADC has employed our formulation to
predict cylinder's scattering phase using 0.01 degree increments in aspect
angle., When his values of scattering phase were compared with corresponding
results obtained at CAL (here using 0.1 degree increments in aspect angle),
he observed that the direction of accumuiation of the horizontal polarization
scattering phase is opposed in at least one aspect region! Investigation of

this behavior lav outside the scope of the present investigation,

The association of rapid phase change -- generally by either + 7T or
0 radians -- with passage through a null in the radar cross section pattern
also stresses the importance of otherwise negligible gradients in electro-
magnetic field along the line of sight of the radar used for measurement.
The null arises by virtue of the more-or-less exact balance between two
oppositely phased field contributions from interfering scattering c2nters; the
phase of each center is changing smoothly and continuously as t'ie aspect
angle changes, and the rates of phase change for the two centers are different.
Whether there will be an abrupt change by 7 radians or an abrupt change but
returning to the previous mean phase curve will depend solely upon which of
the two nearly equal centers is the stionger. Therefore, a small local anomaly
in field intensity can alter this phase progression very markedly.

An estimate of this effect can readily be made by observing that the
depth of null is an index of the relative strength of centers, Thus, a -40 dB
null is produced by two centers which differ by only 1/6 dB; a -30 dB null
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represenis two centers differing by 1/2 dB; da -20 dB null represents two

centers differing by 1.8 dB. If there are! \ differences - due to background

scattering, or even simply 1/R field gradie... -~ of 1/2 dB or more over the
test region occupied by the target, we may exp. 't experimental phase errors
when 30 dB nulls occur,

A second complication in the comparison of predicted and rneagured
scattering phases is related to the accuracy to which the phase reference
chosen for measurement is positioned with respect to the center of rotation
of the target. Figure 1 illustrates the problem. The center of mass of the
cylinder has been chosen as the reference for phase measurements (Point B),
Thia phase reference is shown digplaced a distance & from the center of
rotation of the target (Point A), and the line AB makes an angle & with the
aspect angle corresponding to -180 degrees. 1f £ is not zero, the phase
progressions measured in the aspcct intervals 0 = & =-180, 0 < #=< 180
will not match except at the end points, * The two sets of phase data will
tollow different slopes, with the true value of the scattering phase being the
arithmetic mean between corresponding values in each set. Mr, W,P, Cahill

of GD/FW has supplied estimates of the two-way electrical path length (242 )

in degrees and the initial angular parameter § in degrees for each target
examirned in this report. His data are tabulated in Table 3. No attempt to
remove the bias from phase measurements has been performed. We simply
note that large values of 24F will result in cumulative displacement between

theoretical and measured values of scattering phase,

*Also, if R 1is not 2ero and § 1is not 0 or 180 degrees, there will exist a
sinuscidal discrepancy between cylinder's aspect angle and the aspec®
registry assigned according to turntable rotation. However, this effect
is believel to be negligitle for the & values associated with present
measurement data,
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Finally, in view of the complications attendant upon the comparison of
phase data, we apply the following criterion, Theoretical and measured
values of vertical polarization phase are considered to agree if the fine
structures of phase variations coriespond, and if the curves overlay to within
a slope factor consistent with offset errors indicated by parameters intro-
duced in Table 3. The horizontal polarization case is more critical; here we
consider theory to be accurate if it agrees with measurements after vertical
displacements between the twa sets of phase data have been ignored,
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Takble 3
PARAMETERS DEFINING PHASE RESIDUALS
BISTATIC
DESIGNATION | FREQUENCY |  ANOLE '3 2R
{GNz) | (DEGREEG) | (DEGREES) | (DEGREES)
cvs 5.97% 0 198.5 75
cvs 6.0 0 234.8 2u8
5.805 10.25 97.8 3
6.080 30 245,93 7
cve 6.0 e 339, 4 ™
5.885 1025 162.5 81
6.050 30 76,9 137
¢l 8.0 0 2144 298
c2 6.0 0 2.4 599
cu 5,875 0 177.4 839
Fa 6.0 0 16,6 186
FY ¢.0 0 91,4 330
5.885 10,26 97.0 o7
6.050 30 85.1 86
F5 6.0 0 20.3 336
5.885 10,25 163.9 176
6,050 30 216, 4 18
FucYs 5.975 0 97.3 83
CYUFY 5.886 10.26 0 483
6.050 30 180 7
c20Y8 5.975 0 97.8 126
CHeYS 8.0 0 225.8 209
H3CY3 5,975 0 90,0 90 |

3.2,3 Discussion of Magnetic Tapes

We note two limitations to the program specified in Table 1 due to
problems with tapes containing measurement data, Altogether, eight magnetic
tapes were received at CAL under this program., The designations of these
tapes are 062566, 062563, 062680, 064216, 064389, 065501, 065979, and
965979, Of these eight tapes, three were of no use, Tapes 062563 and 065979
were recalled due to errors in measurement data, Much of the data on
tape 062563 was repeated and made available in other tapes. Tape 965979 was
sent to replace tape 065979. However, the CAL computer system would not
allow extraction of measurement data from tape 965979 in the conventional

manner, and plots of data were not obtained in this case,
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Because of the recall of tape 062563, monostatic theory and measure-
ment can only be compared for one frustum-cylinder instead of three (see
Table 1 under monostatic study), However, bistatic measurement data were
available, and these additional data were examined in the comparison of
frustum-cylinder theory with experiment (see Table 7 of subsection 4,4.2),
The bistatic study of the cylinder-flare calls for investigations of two models,
However, measurement data were recelved for only one., Further, study of
monostatic scattering by the hemisphere-cylinder calls for measurement data
taicen on three models; again, experimental results were received for one
target,

A second problem with magnetic tapes was encountered when plots of
these data were constructed. In a few isolated instances, the plotting pro-
gram generated an error message which indicated that measurement data
were not stored on the tape in the proper format, In these instances, we

simply present theoretical estimates of scattering matrix parameters.

Certain difficulties can be expected in any program which includes
experimental results, The overall consistency of measurement data received
from GD/FW by CAL is considered exceptional, and we feel that the problems
discussed above do not lirnit the goal of the present program.
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4, ANALYTICAL RESULTS AND
COMPARISON WITH EXPERIMENT :

This section contains the comparison of theory and measurement for
cylinders, frustums, cones, frustum-cylinders, cylinder-flares, cone- ¢
cylinders, and the hemisphere-cylinder, The number of targets examined :
in each case is as specified in Table 1, subject to limitations noted in sub=-
section 3,1 and 3,2,3, All targets are conatructed from the simple shapes :

having designations and dimensions given in Table 2 of subsection 3, 1.

For each of the above targets we present analytical formulations,
compare predicted and measured values of principal polarization radar
cross sections and cumulative scattering phases, and comment on the agree-
ment obtained, To avoid repetition, we explain the polarization convention
and the angular limits on scattering center contributions in the discussion
of the cylinder only; these same observations apply for all other targets
examined in this section,
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4.1 CYLINDER
4.1.1 Analytical Formulation

According to theoretical considerations discussed in
Section 2, the radar cross section ¢ and the scattering phase p/ ofa

finite, right-circular cylinder are given by

|t
o .l 5; e (9
f=
and
V% i fi
= & -1 ix
P = tan 7 (10)

Z /o cos p;

=

th scattering center

where /77 e s the complex contribution from the ¢
on the target, and there can be four important scattering centers on a
cylinder, Appendix A contains the detailed derivation of fields reradiated
from the four scattering centers (edges) on a cylinder based upon the
single-diffraction version of geometrical diffraction theory, These expres-
sions exhibit dependence upon cylinder's dimensions and aspect angle, and
radar's frequency, polarization and bistatic configuration, Thus, they are

suited to prediction of the bistatic scattering matrix of a cylinder,

Figure 2 shows the location of scattering centers J
through J¢ , cylinder geometry, the aspect angle $¥ , and the azimuth
component of the bistatic angle /3, . Target symmetry permits restricting
treatment of aspect dependent scattering to the limited angular interval
o= sg. Summarizing the analysis of nonspecular scattering presented
in subsections A.l through A.4 of Appendix A, we obtain scattering center

amplitudes:

V= & sin(EE) Jr {c,,(g)-e,,@g};ft)}i{ c,,@r)-c,,(z;.)}"J (1)
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Figure 2 SCATTERING CENTERS ON A CYLINDER

/7 = £ 5in(82) /E;T:Tﬁ Rm (2= —co:(#)i-; §cas(§-"')- m(_@&ﬂ (12)

~0i$<Afe b= Afe

L2 in (e M%HM( o (220 o 52)-cn(e) J (13

—_—.05 #,%‘_% ¢g-zzr—ﬁ

2

vz =% sin (&) o Arss R“’(”) “"’(m“} {m 2)- cos ?‘%Zq (14)

A .
=0,’% <f<—z——z& %--T'—*ﬁ"é_

F4
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and scattering center phases:

BT - 2(kcos H)asing o hoosg] (15)

fo= T~ 2(keos Fe)a 5in p - cos ] (16)

== T w2(kcos Ye) a 3in b —hcos ] )

pr=~F ve(keos /yg)[“zn #theos f] (18)
where # is the radius of the cylinder

h is the half-height of the cylinder

# is an equivalent azimuth aspect angle defined to be the

angle between the axis of symmetry of the cylinder and
the bistatic angle /4

/3 is the bistatic angle between transmitting and receiving
directions

/% is the vrojection of /2 in the plane containing the axis
of symmetry of the target and the direction of the angle ¢

and 4 is the wave number (= Z%2 ).

Numerical subscripts used in Equations 11 through 18 refer
to scattering centers illustrated in Figure 2. Dependence upon polarization
is contained in the choice of signs in Equations 11 through 14, The upper
signs are used for vertical polarization ( £ vectors associated with
corresponding incident and scattered fields lie perpendicular to the azimuth
{(x -y ) plane), and the lower signs are used for horizontal polarizati~n
( £ wvectors lie in the azimuth plane). The angular restrictions on

Equations 12 through 14 are a consequence of a single-diffraction analysis:
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individual scattering centers contribute to the total (sinply-diffracted)
scattered field only when they are directly illuminated by the transmitter

and directiy observed by the receiver,

Notice the presence of singularities in Fiquations 11
through 14 at aspect angles which produce specular scattering ( ¢ =0, Tz )
and in the forward scattering bistatic case (3 =/, =m). Modification of
geometrical diffraction theory has been effected for specular scattering.
These analyses are detailed in subsection A, 5 of Appendix A; only the

results are given below,

At and near axial aspscta, the polarization-independent
contribution from scattering centers 5, and 3J; accounts for the specular
return. We denote this component by the expression (/9 e
According to the small angle analysis performed in subsection A. 5.3 of

Appendix A, we have

if /Ps 7 (Zha cos B4 5in$)
I~ l/ =2k /3, z Y 'z
< %€ +tyY% € )f‘" Zomheos it « (2ka cos /e sin ¢) ) (19)

e-j% ~j2kh cos/Ye cos &

where J; is the first order Bessel function. Equation 19 has Jj (¥)/z
dependence, as does the physical optics result, Further, evaluation

of the specular contribution at the axial aspect ( $ = 0) gives
<~
o($=0) =,..—-4:{§-— cos = /3 (20)

and the monostatic form of Equation 20 agrees with the physical optics
formula for scattering by a circular disc, 19 Thus, use of Equation 19 to
describe the specular contribution from centers 5, and J, at and near
axial aspects eliminates two singularities contained in the scattering center
description of reradiation, We remove the remaining singularities in

Equations 11 through 17 by introducing the following constraint
csc ¢ = kacos /% (21)
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This constraint insures that the total contribution from scattering center J;
and the polarization-dependent contributions from centers 5, and S, are
finite, It also results in a formulation that predicts polarization-dependent
scattering at the axial aspect, which behavior is known to be incorrect.
However, the inclusion of polarization-dependent terms is necessary to
achieve continuity in scattering predictions. The fact that the proper
polarization dependence is not incorporated in the formulation is of little
practical consequence; the specular contribution of Equation 19 is the major
scattering contribution at and near axial aspects and it comnpletely masks the
secondary effects associated with polarization-dependent terms. It remains
to determine the range of aspects in which the modification to the theory
represented by Equation 19 is to be applied, Estimates of scattering by
cylinders are found to be continuocus in aspect angle when we use Equation 19

in the angular interval ¢< ¢ =4, _, where &, denotes the axial 'crossover"
aspect angle given by the relation

2ka sin bop =244 (22)

For ¢ = &, we employ the scattering center description based upon unmodified
geometrical diffraction theory (Equations 11 through 18).

At and near the broadside aspect, the polarization-independent
contribution from scattering centers 5, and 5 should account for the
specular return. We denote this component by the expression
([frf—ej'p' + Joz & e )/,,t‘» . According to small angle analyses performed
in subsection A,5.2 of Appendix A, we have

it e - - faleos Bl sin (244 co5 /Y cos #)
({5—1— é + /}: € )folt' Ty Bk CO5 /72 ZA (ZZA casﬁz cos f‘T x

1 W~ 2ha cos 3 3in 6 (23)
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Again the 3 "A; dependence in Equation 23 is common with the physi.al
optics solution of the corresponding problem, At the broadside aspect
(# =72 ),radar cross section predicted by Equation 23 is

(p=T) = ka (24)"cos /Y2 (24) B

Setting /4 = 0 in Equation 24 we duplicate the well-known monostatic result

itk i e e b il e

based upon physical optics. Modification of geometrical diffraction theory
for the specular contribution alone is sufficient at and near broadside aspects,
Estimates of scattering are found to be continuous with aspect angle when we
employ Equation 23 in the aspect interval ¢cb = ¢ s —Z: . Here #; is the
broadside ''crossover' aspect angle given by the relation

Zkh cos $yy =2.25 (25)

In summary, Equations 11 through 18 describe cylinder's
scattering according to the single diffraction representation of unmodified .
geometrical diffraction theory. They apply in the limited aspect interval
#,_.,_ <¢ < ﬁ.‘ where the crossover aspects arc defined by Equations 22 and 25.
For scattering at and near the axial aspect (2 < # €%, ) we modify the theory
according to the specular formulation of Equation 19 and introduce the con-
straint of Equation 21, Similarly, for scattering at and near the broadside
aspect ( $4 = # =7, ) we modify the theory according to Equation 23, The
resultant description of cylinder's scattering was programmed for the i
IBM 360 and GE 635 digital computers. Computations were performed in the

aspect interval ¢ % = Z at 0,1 degree increments in aspect angle.

We next compare the analytical formulation with measure-

ment data,

4,1.2 Results

Table 4 lists the designations of three cylinders used in

the evaluation of cylinder theory. The table includes the dimensions of cach

target, the operating frequency, and the bistatic angle. The number of

individual targets and bistatic situations listed are as specified in Table 1.
28
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Table 4
PARAMETERS FOR CYLINDER STUDY

MODEL DIMENS IONS ( INCHES
DES | GHATION ( ) FREQUENCY | BISTATIC ANGLE /5,
DIAMETER (2a)  LENGTH (2n) (6Hz) (DEGREES)
cvs 6.320 10.513 5.975 0
6.000 0
cYs 7.500 17.260 5.885 10.25
6,050 30.0
6.000 0
cve 16,736 44,320 5.885 10.28
6,050 30.0

A comprehensive discussion of results obtained for cylinder CY3 follows:
This is intended to serve as background for limited discussion of other

targets, whetre only major points are noted,

Figures 3 through 6 compare theoretical predictions with
experimental estimates of parameters which describe the scattering matrix
of cylinder CY3. Figure 3 shows the variation of radar cross section with
aspect angle when the transmitting- and receiving-antennas are vertically
polarized, The predicted lobe structure (dashed curve) faithfully duplicates
experimental results (solid curve). Although some disagreement in the
patterns is observed at intermediate aspect angles (40< ¢ <55 degvees),
it is known that vertical polarization measurement data are most sexsitive in
the same aspect interval.* Specular lobes are reasonably well predicted
both in magnitude and angular width., In general, measured nulls are deeper

than theoretical nulls, and measured peaks are somewhat lower than

* . . X .
When vertical polarization measurement data obtained in the equivalent
aspect regions 0= $ =T, , 0 % <7 are compared for consistency,
observed discrepancies are greatest at intermediate aspects,

29

e s o A,

S

st

RCT NIUET 3 T

e e

RN .




e il R

. ER N

P

predictior.s, Figure 4 shows corresponding data for the horizontal polarizatizu
case, DBetter agreement between theory and measurement is observed,
Notice that theoretical nulls may extend below the lowest measurable radar
cross section (approximately ~42 dBsm), The three solid verticzl lines which
terminate at the top of Figure 4 at aspect angles ¢ = 68, 73, anc 74 degrees

correspond to measurement errors. Such errors usually are associated with

FOTT T R ST

measurements obtained at low signal level. Figure 5 compares predicted
and measured estimzates of the cumulative value of scattering phase,
Agreement is good oui to ¢ = 73 degrees, at which aspect the experimental
curve is abruptly displaced by about 5 radians, This discontinuity illustrates
the effect of a bad data point upon the logic employed in accumulating phase
data, In such instances, one should ignore the displacement and compare the
shapes of ensuing phase progressions. With this provision, agreement is good
over all aspects. Figure 6 compares corresponding data for the horizontal :
polarization case., Analysis and experiment are in close agreement except at

the isolated aspect angle ¢== 69 degrees, where the directions of phase accumu- !
lation are cpposed. As stated in subsection 3.2, 2, either measurement or ) i’
theoretical calculation could be correct, since the difference between then is
2 7 radians, and both methods report data modulo 2 7 . If one ignores the
displacement between theor stical and measured scattering phases for

¢ = 69 degrees, close corr2spondence of aspect dependence is observed,
The very rapid phase change occurring near $# = 69 degrees need to be
followed more closely to resolve this ambiguity.

Monostatic results for cylinder CY5 are presented in
Figures 7 through 10. In gerieral, theoretical estimates of the principal
polarization radar cross section tend to be higher than corresponding

L3
measurement data (see Figures 7 and 8). Vertical polarization phase

b
The accuracy of geometrical diffraction theory should increase with an
increase in the size of the target in wavelengths, so that better agreement
should be cbtained for CY5 than for CY3. Since this is not the case, we
compared monostatic and bistatic measurements of the radar cross section
of CY5 (see Figures 11, 12, !5, and | or these latter data), The major
effec* of bistatic operation should be a 8hift in lobe position, the lobe
amplitudes remaining essentially constant, In the case of CY5, comparison
of measurements suggests that the monostatic experimental data are low in ,
the region of intermediate aspect anglesy. i
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data show good correspondence and, neglecting displacements, the same is
true for horizontal polari: tion phase data. Birtatic results for CY5 are given
in Figures 11 through 14 : fa = 10,25 degrees. It is seen that theory pro=-
vides very good estimate * of parameters describing the scattering matrix,

The disagreement betwe . predicted and measured phase slopes for vertical
polarization is probably due to the center-of-rotation offset error discussed

in subsection 3,2,2. Figures 15 through 18 represent corresponding data for

CY5 with A, = 30.0 degrees. Again, theory and measurement are in very
close agreement,

Monostatic results for cylinder CY6 are chown in Figures 19
through 22. Due to the complexity of radar cross section patterns for this
large a target, the comparison procedure f radar c.nss section is changed
in favor of a vertical displacement format. Measured data constitute the upper
curve, with theoretical data presented below. We employ a uniform shift of
20 dB in all cases. The resuiting comparison of radar cross sections indicates
gross agreement is goud, Vertical polarization pkases agree except for a slope
factor related to center-of-rotation offset error. The disagreement between
horizontal polarization phases reflects the complexity of the phase tehavior;
however, the basic shapes of each pattern, whea compared segment by segment,
show considerable similarity. Bistatic results for CY6 with /4, = 10.25 degrees
are given in Figures 23 thro.gh 26, Good agreement beiween theory and
measurement is evidenced, Corresponding data for [, = 30.0 degrees are
given in Figures 27 through 729, Here predicted and measured radar cross
sections are in excellent »g-eement based upon independent overlay of results,
Vertical polarization { hase data suggest the presence of offset error, Hori-
zontal polarization phase data agree very well for 0 < ¢ < 40 degrees, at
which aspect displacement is observead,

4,1.3 Remarks

Results preserted in Figures 3 through 30 establish confi-
dence in geometrical diffractioa theory for predicting the bistatic scattering
matrix of a finite, right-circular cylinder. Modifications to the theory for
specular scattering have been performed satisfactorily, and the assigned values
of cross-over aspect angles appear to have general application. The very rapid
phase changes associated with horizontal polarization data need to be followed

more closely to resolve ambiguities between theory and measurement,
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4,2 FRUSTUM
4.2,1 Analytical Formulation

A frustum is a doubly truncated cone, Figure 31 illustrates
the bistatic radar-target relationship: the axis of symmetry of the target and
the bisector of the bistatic angle define an azimuth {x-y) plane, Two axially
symmetric edges located at the extremities of the frustum give rise to four
geometric discontinuities in the azimuth plane; these discontinuities, labelled

s % .+ J,and J,, constitute the four scattering center on the target.

Scattering by a frustum is treated in Appendix B, Scattering
center contributions based upon unmodified geometrical diffraction theory

have amplitudes given by:

S - ’Mzr/”’)/f{f;{{c”(q/m)_“, .__’:Ef)} {cos(ﬂ'ﬁ’-) aas &)} }(26)

=0; $>7-x~af b s T-x - fafp

F s‘”ﬂ(:%‘) ;:::;Z[{cos( )-C'as('”r—:*} {cos( cos(/,“% J {(27)

aﬂ;#‘—ﬁf’% #E“x*/i/é

‘J,,T ""éﬂ/”‘)/i;—:f;:[{cu(%)—cosCr—:’:?—’-‘—)}: {Cas(—z-;)—coS(%)zq} (28)

0; ¢ =% "% $=3F -

ol B e b

[P T PR TN

SO b e e A it




qwm\ﬂ'*

© vy

§y oisecrion of

i

iNCIpENCE DIRECTION
A%iS OF % OFf SRSERVATION
SYNNETRY
OF TARGET
s
-
%
4
J F
A - - el 4
PHASE REFERENCE
sl
— —
Figure 31 SCATTERING CENMTERS ON FRUSTUM
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- Jnv,,’{:/ﬂz) E_L‘;{‘;‘Bcosg’-’;)-eoséﬂ'_ﬁ:_z_’_‘)g I?cos(—%}-cas(‘%)}* }

e Bt B iy B B Ra it ST MR et et B M B T At

cos /P
=0 ; %#MD#DZ—/G% *5x‘ﬂ’/‘ (29
n(%,) |/ p’ } " rezd)l” N\ -
3en cse - — ra
- 2t 5 2 :t“:/% {Ca:(—h-‘)-cas(-—n‘——-)f I{C’os(ﬂz/ Cos@,:)f
#:% ¢
and phases given by: :
b= -2k cos Bk [n, Sin @ rheos ﬂ] A (30) :
1
fo = ~thcos B [aysinp-hoos s |+ Th (31)
i
p’ w o 2k c‘a:/’é[‘, ﬂn#-écas,‘]—’z {32} :
&.”z,(- cas/?é{‘, Sin oo +/1ce.1¢]-—% (33) ;
‘_';
j 4
where ¢ is an equivalent aspect angle, defined as the angle between :

the axis of symmetry of the frustum and the bisector of the

bistatic angle /3 ( # = 0 for axial incidence and direct
illumination of the smaller end of the frustum);

/3 is the bistatic angle between the transmitting direction and ;
the receiving direction;

/3. is the azimuth bistatic angle, which should be considered as
projecting into the plane containing both the axis of symmetry
of the frustum and the line defining the direction of ¢ ;
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@, is the smaller radius of the frustum;
a, is the larger radius of the frustum;
4 is the half-height of the frustum;

% j8 the frustum angle (x = tan~' 3‘;‘;“—( } in radians

(34)

-

Peflas el
Aln AR

nz =
k is the wawve number (4 -i’z ).

Egquations 26 through29 may contain singularities at aspects
which produce specular scattering { ¢ =0, 7 -z, 7 ). At and near the
nose-on axial aspect { # = 0), the polarization-independent contribution from
scattering centers 5, and 5; accounts for the specular return, According
to the small angle analysis reported in subsection B.3 of Appendix B, we
have

/A 2] - 2 (2ha, co3 /% sin$)
(/E;’e +ofay € pti Z/ﬂ—;écos/%‘! (Zéa, co:ﬁ/z 5"&?#)

e-—j% —s 2k cas /B% c03 ¥

{35)

We remove the remaining singularities in Equations 26 through 29 by applying
the constraint ¢se @ < £a, cos Yz . Estimatee of scattering by a frustum
are found to be continucus when we employ the axial cross-over angle .,
given by 24a, sin #., = 2.44. For 0= ¢ =g we use the modification of
Equation 35,

At and near the tail-on axial aspect (# =7 ), the term

0L PRCP Yo, € JF‘),,,‘. produces the specular contribution, where

(/'/7_2— €jf‘* /F_:e./.'& ot ™ 2y eostty @l J, (2ka, cos e sing) i
(2ka, cos By Scn ) (36)
e*J”é v2khoes Az cos #
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and the remaining terms are constrainel by the bound ¢sc ¢ =ka, cos 2% .
Her2 the cross-over aspect becomes 7 -¢#,, with ?5“ now determined by
the relation 2ka, scn f., = 2.44.

At and near the broadside aspect ( # =7/ré - %}, contributions
from scattering centers 5, and <2 should account for the specular return,
But the corresponding diffraction coefficients become singular for & -% -x.
Although the small angle approximations do not allow removal of singularities
in this instance, we have observed that unmodified geomecrical diffraction
theory fails gracefully at the broadside aspect (see Figure B-2 of Appendix B).
In gubsection B,4 of Appendix B, we report an analysis of broadside scattering
by a frustum based upon physical optics, While the result obtained is valid,
the physical optics expression is relatively complex compared to other
expressions used throughout this program. For this reason a simple curve-
fitting techiiique has been employed as a temporary alternative., Specifically,
we curve fit the predictions based upon unmodified geometrical diffraction

theory througn the physical optics result
T er [x) -, )" e
r(96=—2- _z)’—'—fy_l' s o5 % 0572 (37)

Further analysis of small angle approximations to unmodified geometrical
diffraction theory in this aspect region is recommended to replace the curve-
fitting opexration.

4,2.2 Results

Table 5 lists parameters used in the examination of frustum
theory and experiment, The number of individual targets and bistatic situations
contained in the table satisfy specifications noted in Table 1, The phase refer~
ence chogen for measurements was the center of the base of the frustum. For
romparison purposes, the phase reference used in the analysis (see
Figure 31) was translated to the base by adcing the factor - 244 cos /P2 cos #
to theoretical estimates of scattering phase, '
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Table §
PARAMETERS FOR FRUSTRUM STUDY
MODEL DIMENS IONS ({ INCHES)
DESIGNATION | MIN. DIA, | MAX. DIA, | LENGTH | FREQUENCY | BISTATIC ANGLE
2a, 229 2 (eHz) (DEGREES)
Fa 6.320 7.500 3.358 6,000 0
6.000 0
Fy 4.692 6.320 4,063 5,885 10.25
6.050 30.0
6.000 0
F6 4.897 7.500 7.421 5.885 10.25
$.050 30.0

Figures 32 through 35 compare monostatic theory and
measurement for frustum F3. Notice that F3 does not satisfy the basic
assumption underlying single-~diffraction analyses -- the height of this target
is less than several wavelengths. When scattering centers §, and J, are
the major contributors to the radar cross section of the target, predictions
may bhe expected to be compromised. The effect observed in Figures 32
and 33 is that predictions tend to be larger than measurements, Vertical
polarization phases shown in Figure 34 agree except for a slope factor,

The basic shapes of the horizontal polarization phase curves agree except’
for displacements.

Monostatic results for F4 show better agreement due to an
increase in the length of the target (see Figures 36 through 39). Furthermore,

the capability of the theory seems to improve with increasing bistatic angle
(see Figures 40 through 43 for

A = 10,25 degrees; see Figures 44 through
47 for /3. = 30.0 degrees),
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Frustum F5 is8 made by combining frustums F3 and F4,

Monostatic results for F5 are given in Figures 48 through 51, Differences
between theoretically and experimentally derived radar cross sectiohs are
maximum when the predicted return is determined by those scattering centers
( 5 and 5 ) which € minimum separation. As noted in the table, a
rather large offset erri&s present in monostatic measurements taken on
frustum F5, This is because the actual phase reference used for measure-
ments was the base of component F3, which is very close to the center of F5,
To achieve the agreement shown in Figures 50 and 51, the phase reference
for theoretical calculations was moved from the base of F5 to the center of
the target, Accuracy of predictions improves when the bistatic angle is
10, 25 degrees; the overall agreement between theory and measurement
shown in Figures 52 through 55 is quite good. Finally, results for F5 with

/34 = 30,0 degrees are depicted in Figures 56 through 59, Here the agree-
ment obtained between principal polarization radar cross sections is excellent.
In the light of comments on the difficulties in comparing theoretical and
experimental estimates of phase, the agreement obtained between principal

polarization scattering phases is also excellent,

4,2.3 Remarks

The study of frusturmn F3 is actually an examination of the
low frequency capability of a high frequency technique. In this context, the
agreement obtained is remarkable. Accuracy increases as the larger
frustums (F4 and F5) are examined, and the results obtained for F5 with

/a = 30.0 degrees are considered excellent,

Further analysis of scattering by this target at the broad-
side aspect is required to eliminate the curve-fitting procedure presently
employed,
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4,3 CONE

Investigation of scattering by a cone is limited to preliminary
analyses, It was recogunized at the outset that the cone problem differed
from the previously discussed problems of scattering by cylinde: s and’
frustums., The reason is that the creeping wave mechanism, which .s of
secondary importance in the case of the latter targets, is of primary
importance for cones, For the cune, there exist no strong acattering centers
to mask this contribution near axial aspects. An attempt to empirically
upgrade the analysis using diagnostic short pulse data p-oved unsuccessful;
no systematic creeping wave contribution was discovered (see subsection C.4
of Appendiz: C for a discussion of the diagnostic investigation), However,
certain useful modifications to geometrical diffraction theory have been

performed, and the present status of the cone problem is reported below.

4,3,1 Analytical Formulation

Figure 60 illustrates monostatic illumination of a finite,

right-circular cone of length 24 and base diameter Z2a, The scattering

24 —
l"ﬁ 5]

a

: l

3 ’{
PHASE REFERENCE

b o

Figure 60 SCATTERING CENTERS ON CONE
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matrix of the cone is to be found. The two extremities of the target are
geometric discontinuities which form three scattering centers ( 4, , 5, ,
and S, in Figure 60). Previously reported applications of geometrical
diffraction theory to a cone are reviewed in Appendix C. They provide

expressions for singly-diffracted contributions from centers § and 5 :

-f -1
_ 20 (W) [aese @ o, r-2¢ kA
1/f' = R Z cos 7, Cos *—"';-""“ ¥4 cos 77, —-f

(38)

-f et}
3 _smf;’/n,) /a.:scsﬁ BC‘,,%-C”:’.”_”‘:_{ﬁ§ F {cosg’-i} J

0= =X
=0; 2<¢<

(39)
n (T4 ) T M-2¢ o
- J"nn?(?’ 7, 42“?‘ [{casﬁ - cas—:;)’—-—{
-7
7- Cos—:’r; -7 ]
p = %’ —Zka sin (40)
f - _:;T-f-zéa, sin & (41)
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; [

where 7, =3/2 + %4 and angular, polarization,and parametric conventions
are those detailed in earlier discussions,

TR S Y o

Singularities may arise in Equations 38 and 39 at axial aspects
(% = 0,7) and at the broadside aspect (% .zz_r -%), For incidence at and near

i i)

TP TS

tail-on, we employ the amall angle modification to obtain the specular contri-
bution

TR T

| ’ Y - T
(ﬁew,@ea’,;m . 27 kat J(2hasing) ¥

(Ztéd Sen #) (42)

Equation 42 applies for #> 7— ¢, where the cross-over angle is given by
2ka 5¢n $,, = 2,44, Again the constraint cscg s 4a cos 4 is introduced to
Dol limit the polarization-dependent terms in Equations 38 and 39, For incidence
. 3 in the limited region near nose-on (¢=# £x), we modify the theory and

; 5 replace Equations 38 through 41 with the expression

. y o [' -1
n v7 et v fi e Fr_ 2ym :;ﬁ‘m /w[ cps%—caS%’—’rf T (2ka siné)

(43)

-7
m
3 - J, (Zka sin$) F {Cos =t } T (Zkasing)

A detailed derivation of Equation 43 is presented in subsection C.2.2 of
Appendix C,

BRI

In the aspect region £ < ¢ <« _;__r, the above description only

. allows a contribution from scattering center J, , This angular interval

includes the broadside aspect (¢ = z -x ), for which case Equation 38

contains a singularity in the diffraction coefficient. Thus the theory in its
present form predicts a srmmooth return throughout the interval x < ¢ <%r s
with a cusp when incidence is broadside,

However, measurements reveal
lobe structure in the same angular interval. In an attempt to extend the
capability of geometrical diffraction theory, we introduce an approximate
expression for the contribution from the cone tip: the result is approximate

because the tip diffraction cuefficient is unknown, Now we have contributions

97
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#

from centers S5, and &, , and the interaction will produce lobe structure.
If the proper contribution from center 35, could be determined, we could
expect the modified theory to fail gracefully at the broadside aspect, and the
curve-fitting routine introduced in subezction 3,3.2.1 could be employed,
Analysis has progressed to the point where an initial test function has been
assigned to scattering center 5, . From Equation C-32 of Appendix C,

we have

V% ' n % g [ % i kb o

[ e.//?' = ___fLéL_ cas-g-:_c.as 2(mr-x - )E :’e.ln J/ cos &
4£VZ” s . Z

(44)

02 & & T-x
= 0 ¢>ﬂ"—£

where 7, = 2 - %ri-‘ . Eguation 44 has negligible contribution to the total
return from the cone for aspects near axial, as it should., The polariza=-
tion dependent term associated with the contribution from center &, is
disregarded in keeping with the approximate nature of the present analysis,

4.,3,2 Preliminary Results

Table 6 lists designations, dimensions, and operating frequenc:
for three cones which meet the specification noted in Tabkle 1, Due to the
preliminary nature of the cone investigation, only monostatic studies are

called for,

Table 6
PARAMETERS FOR CONE STUDY
MODEL DIMENSIONS [ INCHES) FREQUENCY
DESIGNATION DIAMETER 2a LENGTH 2h (BHZ)
(7] 6.320 11,783 €.000
c2 6.320 15,814 6.000
cy 7 500 13.983 5.975
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Figures 61 through 72 compare theoretical and measured
estimates of scattering rnatrix parameters for the three cones. The agree-
ment obtained is considerably poorer than that achieved for other targets
examined in this program, We note the following general observations.
Modification to geometrical diffraction theory in the aspect region

according to Equation 43 is valid: The predicted polarization dependence of

vertical and horizontal polarization radar cross sections agrees with measure-
ment data. Inclusiun of a tip return according to Equation 44 broadens the

specular cusp predicted at the broadside aspect, but the tip magnitude is

& sl BRGNS R e F e e

insufficient to produce a specular which fails gracefully. For vertical
polarization, the theoretical radar cross section agrees with measurement

data in the angular region within 40 degrees of the tail-on aspect, For

P ——————— e UL LT L G e A -"*m*

horizontal polarization, the corresponding interval is reduced to about

20 degrees due to the presence of finer structure in measured data. Better

3 agreement can be achieved in the horizontal polarization case by extending
the analysis to include interactions between centers 3 and Sp in the interwval
[ % = ¢ =M, As discussed in Section 2, treatment of multiple-diffraction
Py lies cutsire the scope of this program. Finally, examination of scattering
phase data appears premature at this stage in the analysis. The gross

: patterns of phase progression show little correspondence. This is partially

Pg due to the large offset errors associated with cone measurements (see Table 3),

% 4,3,3 Remarks

CoF Preliminary analyses of scattering by a cone have been
L]
R performed., These analyses were directed toward extension of tiicoretical

capability at and near nose-on and tail-on axial aspects, Considerahle

,’

success has been achieved in these aspect regions. However, evaluation of
# ‘cone results shows that geometrical diffraction theory, in its present form,

is severely limited in the aspect interval x < ¢ =< 2—70 , where x is the

cone half-angle. An attempt to empirically upgrade theory in this aspect

region was unsuccessful; reduction of short pulse data failed to reveal any

systematic secondary scattering mechanism,

A direction for future analysis has been outlined within

the context of geometrical diffraction theory (see Appendix C).
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