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Fig. 3. Comparison of theoretical and experimental results of (a) magnitude
of the transmission coefficient (dB) and (b) phase of the transmission
coefficient (degree) a = 22.86 mm, b = 10.16 mm, d = 0.7937 mm, € =
2.22, hy = 10.6363 mm, W = 2.032 mm, &k = 8.16 mm, A’ = 1.0 mm,
C = 2.0 mm.

a comparison of the theoretical and experimental results of |Ss1| in
decibels, and Fig. 3(b) shows the comparison /52 in degrees of the
sample discontinuity.

V. CONCLUSION

A new type of discontinuity in the unilateral fin line is analyzed
using hybrid mode analysis in conjunction with the Transverse
Resonance Technique. Appropriate basis functions are chosen to
model the field in the slot and current on the discontinuity strip.
Comparison curves of the transmission coefficient for a sample
discontinuity are also presented. The two results are shown matching
reasonably well. which validates the choice of bagis functions.
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Analysis of Spherical Radar Cross-Section Enhancers

John R. Sanford

Abstract—A method for determining the plane wave scattering by
a spherical radar cross section enhancer is described. In the two-step
process, the desired field representation is expressed as a superposition
of vector spherical wave functions. This allows the plane wave scattering
from a spherically stratified object to be determined. Love’s equivalence
principle is then employed to account for the metallic portions of the
spherical reflector. The analysis utilizes the expansions of a plane wave,
an electric current element, and a magnetic current element in terms of
spherical wave functions. Measured results show fairly good agreement
with predicted results.

1. INTRODUCTION

Microwave passive reflectors are widely used to increase the radar
cross section (RCS) of target drones or other test vehicles. An
extremely effective RCS enhancer is a spherical dielectric lens with
an angular sector covered by a conducting surface “cap.” Such RCS
augmenting devices are produced by a number of firms in Europe and
the United States. The principle of the structure is as follows: The
spherical lens has a permittivity that varies with radius. We choose
a variation that causes the lens to focus a plane wave to a small
area on the surface of the lens [1]. The cap reflects this energy back
through the lens where it emerges as a plane wave, as depicted in
Fig. 1. This combination of lens and cap serves as a passive reflector
of microwave energy throughout a solid angle roughly equal to that
subtended by the cap.

Here, we outline 2 method for determining the plane wave scatter-
ing by such reflectors. It is a two-step process. First, the desired field
representation is expressed as a superposition of mode functions that
are chosen in order to permit simple evaluation of the associated
boundary conditions. This allows the plane wave scattering from
the “capless” lens to be determined on the surface of the device.
Afterwards, field equivalence is employed to determine the scattered
field of the passive reflector. The analysis requires the expansion of
a plane wave, an electric current element, and a magnetic current
element in terms of spherical wave functions. The currents on the
conductor are assumed to be those dictated by the equivalence
principle.

II. SPHERICAL WAVE FUNCTION EXPANSIONS

In spherical coordinates, arbitrary fields are represented by a sum
of vector spherical wave functions m and » as given by Stratton [2]

m m sin ;
memn F g Zn(kr)Py" (cos 8) cos (mg)d
0
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Fig. 1. Spherical RCS enhancer and coordinate axis.
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where 7, 6, and gzg are unit vectors in the coordinate directions. The use
of e or o denotes the even nature of the cosine function and the odd
nature of the sine function. The spherical Bessel function of arbitrary
type is represented by Z,(kr). The type is determined by the field
region of interest [3]. A general solution of the vector wave equation
requires a linear combination of the even and odd components of both
m and n for all orders m and n. The coefficients can be determined
since the m’s and n’s form an orthonormal basis for the vector space
of solutions. The expansions of sources with a number of symmetries
simplifies the undertaking by imposing criteria forcing some of the
coefficients to zero [3]. When we prescribe that the incident field has
an z-oriented polarization and is symmetric about the y-axis, we find
that the fields are represented by

_ S 41 ) (1)
E=F nE—1 i A+ 1) lanm,y, —iban,p,] (3)
kBo = .n 2n+1 W LW
H e N n ki3 4
B — n(n + 1) [b meln + ta noln] ( )

where the superscripts indicate the use of the spherical Bessel function
of the first kind, j,(kr), which dictates finiteness at the origin. In
exterior regions, the spherical Bessel function of the third kind is
required.

This form is particularly useful when considering a z-oriented
plane wave traveling in the z-direction. The form of the solution in
(3) and (4) is compared to the known representation of a plane wave
in spherical coordinates for each vector coefficient [4]. This yields
the plane wave coefficients of the vector spherical wave functions
explicitly (a, = 1, b, = 1). However, if we have an electric current
element, the expansion is found by comparing the known far-field of
the current element to the vector spherical wave function [3], which
yields the coefficients for the region interior to 2’

Pk
bl

"
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(n 4+ 150, (k") ~ njls (k)
i+ (2n + 1)

The modal expansion technique, as given by Harrington [4, pp. 292],
was extended to multiple-layered spherical objects with losses [3],
[5]. The approach is summarized below. The total electromagnetic
field exterior to the lens is the sum of the source radiation, and the
scattered radiation and is represented by

b, = &)

o 2nt1
E=E [ N
° nzl EETCESY
Janmly, = ibanl), + awmly, —ifanl)]  (6)
k > : 2n+1
H=-"E n T
pow ,,Z: n(n+1)
[bam), +iaanly, + Baml, +icanl)] (D

where the a, and b, are the source coefficients given in (5),
and ol are Bl are the scattering coefficients, which have not yet
been determined. Each shell of the lossy multiple layered sphere
is characterized by a permittivity, permeability, and conductivity.
These give rise to boundary conditions between the different spherical
shells. When these boundary conditions are applied to shell p, one
finds that the transformation of the incident field to the next adjacent
shell is represented by a 2x2 matrix and takes the form

p L]{en? b ‘
RIS I

where U, and V, are complex 2x2 matrices whose entries are
expressions involving nth order spherical Bessel functions and their
derivatives. Equating the tangential electric and magnetic fields on
each side of the spherical boundary gives the values for these matrix
elements '

1 CnJ, - Thnnl Cnhl - ThnC'

Urtt = — [ Jn In Gnlin 9
A | TinTn — Nndrn Tinln — nhy, ©)
1 [7lnjn = butth, TCahn — had;
An [Jnfn = Tnjn Jnln — Tnhs, 10

where the lack of a prime denotes the use of the wave number in the
present layer, while a prime uses the materials wave number of the
next inner shell (p = krp, p’ = k'rpi1), and where

Jn =in(p) ho = hﬁ”(p) (1)
_19 .0
ln = > 5 [ohy ()] ™= e [mn(p)] (12)
. Ko
An =Jn<n - hnnn T= _k_ —ﬂ_, (13)

Since we are concerned only with the fields in the regions exterior to
the sphere, the scattering matrices of each shell are cascaded to obtain

. n by, by
)=l [Elem ] e
where
S, =Uvvs...uY, T.=Vviv3..vM. (15)

The ok, al), B, and bY have special significance since they are given
by the conditions of finiteness for the fields at the origin and by the
incident wave, respectively. Hence, we can now obtain ol and g1
from (14) by a simplified matrix inversion. For far-field computation,
we must use the asymptotic form of the Hankel function. The solution
technique is independent of the source type, thus our method is
valid for any source for which we can determine the spherical wave
expansion. As will be shown, computation of the scattering by a
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Actual Optimum Design
Radius €. Radius €,
) () Am )
.03755 1.93+.0003j 0459 1.98+0j
0552 1.74+.0003j 0649 1.88+0j
0741 1.71+.0003j 0795 1.79+0§
.0838 1.65+.0003j 0918 1.71+0j
09415 1.64+.0003j .1026 1.63+0j
0994 1.56+.0003j 1124 1.54+0j
1184 1.54+.0003j 1214 1.46+0f
125 1.50+.0003j 1298 1.38+0j
134 1.40+.0003j 1377 1.29+0f
1427 1.28+.0003j 1451 1.21+0§
1515 1.20+.0003; 1522 1.13+0f -
1590 1.10+.0003j 1590 1.04+05
np=1.0 6,=0.0 Hp=1.0 c,=0.0

Fig. 2. Test device electrical parameters.

spherical passive reflector requires both the plane wave coefficients
and the current element coefficients given in (5).

Although some assumptions have been made about the orientation
of the source, the utilization of a vector coordinate rotation R(8,¢)
allows the consideration of any alignment of a radially transverse
source [8]. The product of scattering solution of an infinitesimal
electric current element and the spherical rotation operator R(4, ¢)
can be considered the general electric current Green’s functions
G°(r,r") for the spherical lens, where 7' is the position of the
current element, and r is the observation point. Similarly, a magnetic
current element Green’s function, G™ (r, ') is found by duality. This
representation will prove useful in the next section.

III. REFLECTIVE CAP

In the previous section, the scattering of spherically stratified
geometries is addressed. Plane wave and electric current element
excitations are considered. The scattering by an arbitrary current
distribution is represented

B(r) = }{ (G5 (r, 7)o (') + G™ (r, ¥ )M ()] dS' (16)
where electric and magnetic currents J(r'), M (') are unknown. In
the following paragraphs, the principles for the characterization of a
smooth conductor in the vicinity of a spherical scatterer are discussed.
They are then applied to the metallic cap covered lens.

If the fields due to plane wave incidence on a spherical lens are
calculated in the region of the lens, equivalence can be applied in
order to approximate the currents on any metallic regions. Physical
optics principles define a method of replacing a conducting surface
by an equivalent current representation. Physical optics is based
on the equivalence principle and image theory. Instead of physical
optics, we apply Love’s Equivalence, which employs both electric and
magnetic currents. This formulation is more credible than a single
current type formulation since the electric and magnetic fields are
not coupled in a trivial way, as with plane wave incidence upon
a conducting plane [6, pp. 329-346]. Direct application of Love’s
Eguivalence guarantees that the incident fields do not penetrate the
metallic cap. The integration of a tangential field on the spherical
surface is equivalent to the integration of a surface current density
over the same surface. On the metal cap, the induced currents are

assumed to be
Js=nx H
M,=nxFE an

and everywhere else they are taken as zero. The validity of these
approximations is discussed in numerous texts [4], [6], [7]. This gives

a method of determining the scattering by an arbitrary conductor in
the vicinity of a spherical lens.

The spherical passive reflector is a subset of this problem. The cap
is positioned at a fixed radius. Hence, the scattered field need only be
computed for a single current element. All other Green’s functions are
determined by applying the rotation matrix to this scattered field. The
computer implementation of the algorithm requires that the integral
representation in (16) be represented as a summation. The metallic
cap is broken into small, approximately equal area sectors defined
by 6,¢. Each sector contains the currents dictated by (17). The
observation points are assumed to be on a sphere of constant radius
that may, but need not be in the far-field of the lens. Consequently, the
current element scattering need only be calculated once. The problem
has been reduced to one of coordinate rotations and interpolation.
The symmetries about the = 0 and y = 0 planes reduce the
data storage by a factor of 4. Knowledge of the observation region
can further decrease the storage requirements. Each Green’s function
is determined by applying the rotation operator to the stored data.
To obtain data at the observation point, a third order B-spline is
used to interpolate the Green’s function. Methods for the numerical
evaluation of the required functions are available [3]. The algorithm
has good convergence characteristics for the described geometry.

IV. RESuLTS

RCS measurements and calculations were made in order to com-
pare the reflectivity of the spherical lens reflector to the maximum of a
flat smooth metallic plate of the same projected area. The parameters
of the test RCS enhancer are given in Fig. 2. Fig. 3 shows a prediction
of such a reflectivity, which has been generated by the algorithm
described above. The results compare surprisingly well with the
measured values in the regions of interest. The approximations
used for the induced surface currents are valid when the transverse
dimensions of the reflector and the radii of curvature of the reflector
are much greater than a wavelength. The tested case has roughly a
5.3 wavelength radius of curvature. The good agreement is due in
part to the focusing property of the lens, which reduces the edge
diffraction of the cap.

The RCS is not more than 5 dB below the theoretical maximum
over a 50° opening angle. The design can be improved using a
different radii and permittivity profile. The theoretical result of
an optimized design is also shown. This displays the two major
advantages of the spherical lens reflector over the triple bounce corner
reflector: 1) The theoretical cross-section is above that of a circular
corner reflector of the same diameter, and 2) The solid angular
coverage of the lens is far superior to that of the corner reflector.
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Fig. 3. Reflectivity pattern of a 30-cm diameter passive reflector measured at 10 GHz.
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