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ABSTRACT. In this paper we consider the problem of
scattering from a class of three dimensional (3-D) targets
which are finite cylinders but whose cross-section varies
along the axis of the structure. We devise a technique
wherein the solution to this 3-D problem is reduced to a
sequence of two dimensional (2-D) problems. Solutions of
2-D problems are easier to obtain than the solutions of 3-D
problems and further a variety of well established 2-D
methods are available.  This procedure results in a
dramatic reduction in computational complexity and also
makes the technique suitable for implementation on
computers with kighly parallel architectures. A number of
targets with agival and elliptical crass-sections were built
and their back-scattered RCS was measured at 3, 6 and 10
GHz Good agreement between computed and experimental
results is obtained validating the technique described here.

1. INTRODUCTION

It is frequently of interest to compute the scattering
from three dimensional (3-D) targets with rather arbitrary
shape. While a number of numerical techniques exist [1]-
[L1] to solve two dimensional {2-D) problems efficiently,
relatively few techniques are available to solve the 3-D
problems. Some of the methods are based on integral
equations such as the surface patch code [6], [7]; others are
based on solving the Maxweill’s equations directly as in the
FD-TD method [8], [9]. Codes that consider bedies of
revolution are also available [10], [11]. Inevitably, 3-D codes
demand large amounts of CPU time of powerful machines
even for targets that are of moderate size. In addition to
numerical techniques, high frequency techniques such as
GTD, UTD or PTD [12], {13] may be used advantageously
in cases where the targets are electrically large and when the
requisite diffraction coefficients are available. Diffraction
coefficients are not always available, however, as when the
target is made of a dielectric, for instance. By combining
numerical techniques with asymptotic techniques in
appropriate fashion, hybrid methods [14] are realized which
may be used to solve a wider class of problems.
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In this paper, we are interested in computing the
scattered field from a class of 3-D targets which are finite
cylinders but whose cross-section may vary along the axis of
the structure [15]-[17]. The technique itseif is valid for
targets that are made of metal, dielectric or both, though, we
are only interested in perfectly conducting targets for the
present. While the target is 3-D, the induced currents are
determined by solving a sequence of 2-D problems.
Efficient numerical techniques and codes [4], [5] are
available to solve these 2-D problems. The notion of using
2-D solutions to solve 3-D problems is often used in the
context of GTD, except that the solutions in this case are
analytic and are based on asymptotic approximations {12].
Kumar has solved the problem of radiation from tapered
dielectric rod antenna [18], by using the known solution to
the underlying 2-D problem. Lai et. al. [19] have
determined the scattering from straight dielectric structures
by solving the underlying 2-D problem.

A number of models were fabricated. Some of
these models are thin while others are bulbous. Some
models have sharp edges while others are rounded.
Measurements of backscattered RCS were made on these
targets at 3, 6 and 10 GHZ and for both horizontal and
vertical polarizations. These measured results are compared
with results predicted by the theory described in this paper.
Overall, excellent agreement is obtained between computed
and experimental results. A salient feature of the method is
the numerical efficiency. Computations are typically carried
out using a PC. One of the typical cases consists of a target
that is approximately 30A’ in surface area. To compute the
monostatic backscattered RCS over a range of 180 different
angles of incidence, the CPU time required, on a Zenith
Z386/25 PC with Weitek co-processor, is under three
minutes! It may also be noted that the algorithm described
here is specially suited for implementation ont a parallel
machine with many processors because each of the 2-D
probiems may be solved by a separate processor
simultaneousiy and independent of the other 2-D problems.



2. THEORY

In this section we describe a technique to obtain the
induced currents on a frustum of arbitrary cross-section
illuminated by a plane wave as shown in Fig. 1. We also
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FIGURE 1. FRUSTLIM OF ARBITRARY CROSS-SECTION

enumerate an efficient method to compute the field radiated
by these induced currents. The frustum is divided into a
number of electrically small blocks bounded by cross-
sectional contours as shown in Fig. 1. Block numbered "m"
is bounded by cross-sectional contours numbered "m" and
"(m+1)". These contours need not be similar. The current
on any contour, say the m™ contour, is taken to be the same
as that on an infinitely long cylinder (shown with dashed
line in Fig. 1) with the same cross section and subject to the
same illumination. This is a 2-D problem and may be
solved readily and efficiently. Thus, determining the current
induced on a frustum is reduced to solving a sequence of 2-
D problems. In order to determine the scattered field, we
need to know the induced current at every point on the
scatterer such as p on the m® block. This current is
obtained, approximately, in terms of the current on the m"
contour, The details depend upon the polarization of the
incident wave and we discuss here both the TM and TE
polarizations.

2.1 TM Polarization: Induced Currents:

The electric field of the incident plane wave is
parallel to the axis of the frustum and is given by,

E, = E et ?) . ()

E, is the amplitude of the incident field, k is the propagation
constant and ¢, is the angle of incidence. For an arbitrary
observation point p', the current is given by,
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T = K¢,z" $, h,<z'<h : @
The unit vector § is as shown in Fig. 1. For an
observation point p’ that is on the m* contour,

T@)=T @5, z/ =h, . 3)
For an observation point p’ that is on the (m+1)* contour,

f(p’) = Jm*l(‘#,) § ] Z, = lhl‘:rul M (4)

The currents J(¢) and ] .,,(¢) are obtained by solving 2-D
problems. For p’ arbitrary, say on the m™ block (h,< z<
h,..), J(¢) remains unknown but may be approximated in
terms of the known currents J_(¢) and J_,,(¢). Given that
the m™ block is electrically small, the magnitude and phase
of the current may be assumed to vary linearly between m*
and (m+1)" contours. This gives,

J@Y = |1, (@] Y+ 7 a3

5
h.<z'<h_, ©)
Where,
T8 = 1)) e*"
wm
&l = m (z’—hm)
me
=g )
a’m = ]Jmﬂ_l - |Jm i
awm = lljmtl - l[’m
Sh, =h_ ., -h, (6)

In Equation (5), the change in magnitude 8 is quite small
and may be neglected; however, the change in phase may
not be neglected. Thus,

j(d)l) . Ijm(¢))l ef(*,,,u“)
- Jm(d’,) . g%

According to Equation (7), the current on the contour
through p’ (refer to Fig. 1) may be taken to be the same as
that on the m™ contour with the addition of the phase factor
™ The change in phase & may be computed from
Equation (6). It is highly desirable to find a closed form
expression for &p. This may be accomplished if one
assumes that &y is simply the difference in the phase of the

)



incident field on the m® contour and the contour through p
(dashed contour, Fig. 1). With this assumption, 3¢ is given
by (refer to Fig. 2),

oY = k(i p) d(z) . ®

The vecter &, is the unit vector in the direction of
propagation and is given by,
i, = - cosp, % - sing; ¥ . ®

Also, as shown in Fig, 2,

Pm(@®) - p(¢)
(z'- h,) tany(d)

d@’)

(10)

and is a measure of the taper of the m™ block at ¢ = ¢’
Finally, the current is given by,

H(i;-0) d(z)

CHREMCY I

(1)

Y

FIGURE 2. GEOMETRY FOR EVALUATING PHASE FACTOR
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2.2 TM Polarization: Scattered Field:

The z-component of the scattered field from the m®
block, E_, is given by,

jien [0 [0 Lf(p')-_da’

en 37 [T @)secv(#)

(12)
L byz-h )tﬂnv(é’)e

"((ﬁ')dg Id¢

In the far field, making the usual far field approximations,
we obtain,

O A L e L S O E

Note that,
r = distance from the source point to the observation point,
r, = distance from the origin to the observation point, and

$, = azimuthal coordinate of the observation point.

Referring to Fig. 2, we obtain,

p) = p'p - £/ -hatany(®) . (14)
Let,

¢, = [ P - cos(dy-¢')] tany(d)) (15)
and

F(@) = Secy(e!) I (¢) M=) . (e

Now, the scattered field from the m™ block may be obtained
as,

~fhery,

E_ = kn£— I

17
drrr, ™ an

where,

Iy = [0 F@Y0' o ($0d' [[ P o

- [T F@) tany(@)as’ [17 ' eI g
(18)

Note that in Equation (18), variations with respect to ¢ and



Z are separated. Further more, integrations with respect to
z may be carried out in closed form to yield,

Ing = [ F@)0/ (80,8 dd'

= o0

- wa F(¢Htany(¢) Q,(¢") do’ . (19)

¢'-0
Where,

. 8h
[ sm[kcleJ

0,8) =6n, ¢ T (20)
oh
2]
2
and
. [kc ma]
Sh . ke om SIKC—=
Oy = oo | ghetta S L2 ) o)
Jke, Sh

Thus, to compute the scattered field from the m™ block, it is
only necessary to carry out one numerical integration with
respect to the azimuth. The scattered field from the target
as a whole may be obtained by summing the field from all
the blocks. The number of blocks are taken to be
sufficiently large to yield a converged scattered field.

2.3 TE Polarization: Induced Currents:

For the TE polarization, the magnetic field of the
incident plane wave is parallel to the axis of the cylinder and
is given by,

H, = H, "0t . (22)

e

At an observation point p on the m™ block, the induced
current is given by,

Te" = 1,@) S gy (23)

The unit vector i, (¢’) depends upon the azimuthal

coordinate of the observation and is shown in Fig. 1. All
other variables of interest in Equation (23) were previously

defined in section 2.1. Note that, as before, &F is

neglected in obtaining Equation (23)}.
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24 TE Polarization: Scattered Field:

Using the far field approximations, the z-component of the
scattered magnetic field due to the m™ block, H_, may be
expressed as,

H - e ~Jkry P
m - 4, TE : (24)
Where,
ITE = -[:;jo [fo x d{(qs,) 'ﬁz] F(¢’)Q1(¢')p"m(¢’)d¢!

- [T o % )] F@htany($)Q,(8) dé' . (25)

/=0

The functions F(¢), Q,(¢) and Q,(¢) are defined in
Equations (16), (20} and (21). The total scattered field may
be obtained by summing up the contributions from all the

blocks comprising the target.
3. EXPERIMENTAL WORK

In order to test the theory described in Section 2, a
number of models which are finite cylinders with varying
cross-section were built. Two basic cross-sectional shapes
were adopted. These are the circular ogive and the ellipse.
The ogival geometry leads to a target with edges while the
elliptical cross-section is used to devise targets that simulate
the behavior of rounded edges. While all the targets with
ogival cross-section are chosen to be "thin" blade like
targets, some elliptical targets are thin and others are
buibous. Thus, a variety of models were fabricated. Typical
geometries of these models are shown in Fig. 3. These
targets are completely characterized by specifying the five
parameters, L, D, L,, D, and H. In this study, the height,
H, of all the targets is taken to be 18 cm, which is six
wavelengths at 10 GHz. Different tapers are obtained by
changing L,, D, and L,, D,. It may be noted that the slant
angle v is a function of azimuth. In the case of elliptical
targets, the ratio of minor to major axis, may be controlled
to obtain a "thin" or "bulbous" target. Three ogival targets
and four elliptical targets were built initially. However, for
the sake of brevity we present here the results corresponding
to three ogival cylinders and two elliptical targets. The
nominal dimensions of these cylinders are listed in Table 1.
The actual dimensions realized after the fabrication process
are also given {in parentheses) in Table L. It may be readily
seen that there are discrepancies between the actual and
nominal dimensions of the target. These discrepancies are
due to the fabrication process used.



4. THEORETICAL AND EXPERIMENTAL RESULTS

The back scattered RCS of the five targets in Table-

1 was measured in the Multi-Spectral Measurement facility

“edge-on® at the Wright Patterson Air Force Base (WPAFB). These

measurements were made at three different frequencies, 3,6,

and 10 GHz, and also for both TE and TM polarizations.

That is, a total of thirty scattering patterns were measured.

z Based on the theory presented here, scattering patterns were

\ computed for each of these thirty cases. All the scattering

*broadside” patterns shown here are computed in the azimuthal plane

(a) because the measured patterns corresponded to this plane.

However, the scattering pattern in any plane may be

computed since the method determines the current on the

target. The underlying 2-D problems of scattering by

cylinders of arbitrary cross-section illuminated by TE and

TM polarizations were solved by using the method of

moments (MOM). The particular versions of the MOM and

the corresponding codes are described in [4] and [5] for TE

and TM polarizations respectively. The computed scattered

field depends upon the number of blocks into which the

target is divided. Numerical experiments are carried out to

ensure the convergence of the scattered field as the number

of blocks (of equal height) is increased. Indeed, good

convergence is obtained and for the targets under

consideration, a block size of about N4 or shorter appears to

(e) yield good results. All the computational results shown here

FIGURE 3. GEOMETAY OF TARGETS (a) OGIVAL CYLINDER (b ELLIPTICAL CYLINDER are based on subdividing the target models into 24 blocks of
equal height, which is a block size of M4 at 10 Ghz.

Table 1: Dimensions of Target Models

Model No. Cross- L1 D1 12 D2 H
Section Cm MM Cm MM Cm

I
01 Ogive 75 6.3 6 5 18

(7.52) (7.24) (6.03) (6.35) (18)

02 Qgive 8.7 7.5 6 5 18
(8.96) (7.9) (5.99) {5.74) {18.01)

03 Ogive 9 7.5 6 5 18
(9.02) {7.93) (6.0) (5.74) (18)

El Ellipse 7.5 6.3 6 5 18
(7.48) (6.81) (5.98) (5.74) (18.01)

E2 Ellipse 9 22.5 6 15 18

(8.9) (20.0) (5.9) (12.62) (17.98)
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We present here the results of both the theoretical
and experimental work described. However, thirty scattering
patterns are too many to be presented in a conventional
fashion. Instead, the data has been presented in the form of
five graphs, (Fig. 4 to Fig. 8) with each graph corresponding
10 one target. In order to accomplish this, the following
conventions are used: All the targets are symmetric with
respect to the "edge-on" angle of incidence and the "broad-
side" angle of incidence. The edge-on angle of incidence is
taken to be 0° and the broad-side angle of incidence is taken
to be 90°. Hence, each of the Figs. 4-8 is divided into two
parts where the region corresponding to 0°-90° corresponds
to the TM polarization and the region corresponding to 90°-
180° corresponds to the TE polarization. For each target
and for each polarization, there are three different curves
corresponding to the three frequencies. The RCS data
corresponding to 6 GHz (o) is plotted as is. The RCS data
corresponding to 3 GHz (o,) is augmented by 15 dB and
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plotted, while the RCS data corresponding to 10 GHz (,,)
is reduced by 15 dB and plotted. This procedure allows all
three sets of data to be plotted on the same figure and assess
the degree of agreement between the theoretical and
measured data at the three frequencies simuitaneously.

5. CONCLUDING REMARKS

In this paper we present an approximate but simple
and computationally efficient technique to obtain the RCS of
a class of 3-D targets. Scattering from any of the targets
considered here may be readily computed using a PC. Not
only is this technique computationally efficient, it places a
minimum of demands on the memory required. It is only
required to store the data necessary to compute the currents
on one of the contours at a time. Once these currents have
been used to compute the scattered field using Equation (19)
or (26) for TM and TE polarizations respectively, these
currents may be discarded and the memory cleared and used
to compute scattering from the next block.

Our original intent of carrying out this investigation
was to extend the use of the low frequency techniques like
the method of moments into intermediate frequency region
and for a class of commonly occurring 3-D targets. The
technique has succeeded in doing so and appears to give
useful results well into asymptotic region. It must be
pointed out, though, that the technique is approximate.
When the cylinders are straight the agreement is excellent.
As the taper is increased and at the highest frequency,
especially for edge-on angles of incidence, discrepancies
occur as in Fig. 6. One possible reason is the difficulty of
realizing a good edge in practice. The scattered field from
the edge may be modelled by the field of a line source of
travelling wave current located along the edge. Given that
the length of this line source is larger than 6X, at 10 GHz,
it’s scatiered field has a very narrow beam and changes
rapidly. A slight discrepancy in fabrication can result in
tilting this pattern causing a rather large change in the
measured field. Another possible reason is the breakdown
of the assumption that the field of these targets is purely TE
or TM, especially, for cases with the greatest taper (target-3
for instance). All of these may be a factor in the relatively
large discrepancy seen in Fig. 6 for the edge-on angles of
incidence.

The ansatz presented here is not limited to perfectly
conducting targets, but may be readily extended to include
penetrable, composite and coated targets. [Investigations
along these lines are discussed elsewhere {20], [21]. While
we have used the MOM to solve the sequence of 2-D
problems, one could equally well have used the FD-TD
method or perhaps the finite elements method. Thus, the
technique is quite flexible.
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