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Abstract

A method of moments (MoM) cede has been
developed to compute the scattering from a pla-
nar or cylindrically confermal slot array antenna.
By hybridizing the MoM with the shooting and
bouncing ray (SBR) method, the scattering from
a large, complex target with a slot array antenna
can be computed. The scattering problem can
be decomposed using the field equivalence prin-
ciple such that the MoM is employed to model
the slot array while the SBR method is used to
compute the scattering from the large, complex
target. Sample results show the utility of the
method and the need to include slot array scat-
tering when computing the RCS of a complex
target.

1 Introduction
The presence of a slotted waveguide array antenna on a
radar target may have a significant contribution to the
overall radar cross-section (RCS) of the target. There-
fore, the computation of the RCS should include the
scattering from the slot array. Recently, a method of mo-
ments (MoM) procedure has been introduced to compute
the scattering from a cylindrically conformal slotted-
waveguide array antenna {1, 2]. However, this procedure
does not take into account the geometry in which the
siot array is located. If the slot array is located in a
complex, three-dimensional (3-D) geometry, the MoM
cannot efficiently account for the effect of the geome-
try. A more efficient method to compute the scattering
from a large, 3-D body is the high frequency shooting-
and-bouncing-ray (SBR) method. However, this method
cannot accurately account for the slots, each of which is
typically smaller than an electromagnetic wavelength in
size. In this paper, the MoM computation of the scatter-
ing from a slot array is hybridized with the SBR method
to compute the electromagnetic scattering from a large,
3-D target which includes a slot array antenna.

The basis of the hybrid method is the field equiva-
lence principle, which allows the scattering geometry to
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be decomposed into separate regions. The MoM is ap-
plied to the slotted waveguides, while the SBR method
is applied to the region outside the waveguides, which
includes the complex, 3-D target. By using the hybrid
method, the scattering from a large, 3-D target, which
includes a slotted-waveguide array antenna, can be effi-
ciently and accurately computed.

The remainder of this paper is divided into four sec-
tions. Section 2 describes the formulation of the prob-
lem, including the use of the MoM, the use of the SBR
method, and techniques to decouple the computations
of the two methods. Section 3 describes briefly how the
method has been tested, and Section 4 gives some nu-
merical results which show the capability of the method.
The results in Section 4 also demonstrate the need to in-
clude the slot array in scattering computations. Finally,
Section 5 gives a brief conclusion.

2 Formulation

Consider the example target shown in Figure la. The
target is complex and 3-D, and it includes a slotted
waveguide array antenna on its surface. The slotted
waveguide array antenna may be planar, or it may con-
form to the surface of a cylinder. The first step to com-
pute the scattering from this target is to analyze the
slotted waveguides using the MoM. Then, the scattering
from the target with the slot apertures covered by per-
fect electric conductor (PEC) is computed using the SBR
method. During the SBR calculation, the incident field
on the slot array antenna is computed and stored. This
incident field is combined with the MoM analysis to find
an equivalent magnetic current on the outer aperture of
each slot. Finally, the radiation of these equivalent mag-
netic currents in the presence of the complex, 3-D target
is computed using the reciprocity theorem. This result is
added to the previously computed SBR scattering result.
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Figure 1: Example of a complex, 3-D target with a slot array antenna and the local slot geometry.

2.1 Use of MoM

The first step in the formulation of the problem 1s to
analyze the slotted waveguides using the MoM. There
are two main steps in the application of the MoM. First,
the problem must be described in terms of an integral
equation. Then, the integral equation is discretized to
find a numerical solution. The steps are outlined here,
and more detail is given in [1,2].

To derive the integral equation, the apertures of each
slot are first covered with PEC, and equivalent magnetic
currents over each aperture are introduced. Figure 1b
depicts the situation for the i** slot. The region outside
of the antenna is denoted Reglon I, the region inside the
slot is Region II, and the region outside of the slot but
inside the waveguide is Region III. An equivalent mag-
netic current My is introduced on the inside of the outer
slot aperture (between Regions I and I}, and the equiv-
alent current M? is introduced on the waveguide side
of the inner aperture (between Regions II and II). Be-
cause the electric field must be continuous across each
aperture, —M? must be introduced on the outside of the
outer aperture, and —M¢ must be introduced on the slot
side of the inner aperture. Note that when the analysis
is completed, —M¢ are the currents that radiate in the
presence of the complex, 3-D body as discussed above.

To derive the integral equation, the continuity of
the tangential magnetic field across each aperture is en-
forced. Denoting the tangential magnetic field in Region
III on the i** slot aperture due to the magnetic current
on the j** aperture as HIY (M%), the following must hold
on each inner aperture:

SO HI (M) + H(M?) - HE (MF) =0.

2

(1)

Further, denoting the tangential incident field on the it
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slot aperture as HSPR,
3 HL(ME) + HE(MY) — HE (M?) = HEPR (
i 2)

must hold on each outer slot aperture. Note that the in-
cident fields are calculated using the SBR. method, and
the magnetic field due to a magnetic current is found
from

H*(M) = f f &% r,r) - M(r')dS' (3)
5

where « is I, I, or 1ll, depending on the region of in-
terest, aa(r, r’) is the magnetic-source-magnetic-field
dyadic Green’s function in the appropriate region, and r
corresponds to the point at which the magnetic field is
to be evaluated. Combining Equations 1, 2, and 3 gives
an integral equation for the magnetic currents.

The second main step in application of the MoM is
to discretize the integral equation to find a numerical so-
lution for the currents. To accomplish this step, the cur-
rents are expanded in terms of sinusoidal basis functions.
Defining £ to be the direction parallel to the lengths of
the slots and using a local coordinate system in which
&; = 0 at one end of the j** slot, the current on the jt*
slot aperture is expanded as

N
~ i q1r
Mg = €3 van (e,
g=1 -

where N is the number of terms in the expansion, and
3 represents a for the current on the outer aperture or b
for the current on the inner aperture. Equation 4 is valid
for points on the 7t slot aperture; for points outside of
the aperture, the expansion is defined to be zero. As-
suming the width of a slot is much less than its length,
the £ component of the current is the only component of
interest.

(4)



Substituting the expansion given In Equation 4 into
the integral equation allows the integral equation to be
converted 10 a matrix equation which can be solved nu-
merically. For more details about solving the integral
equation, the reader is referred to [1,2]. However, one
important step that should be mentioned here is the
derivation of the dyadic Green’s functions for the var-
ious regions. The Green’s functions given in [1,2] for
Regions II and III are applicable to the present prob-
lem. For Region I, the dyadic Green’s function can be
written as

=1 —cyl —diff
G (rr)=G (rr)+G (rr) (5)

The Green’s function given in [1,2] for the exterior re-

=cy! ~diff .
gion corresponds to G (r, 1), and G (r,r') is a per-
turbation term due to diffraction and reflection by the
complex target in which the slot array is embedded. Ne-

glecting _Gdlﬁ(r, r') neglects fields which are scattered by
the slots, diffracted or reflected by the large body back
to the slots, and scattered by the slots again [3]. These
fields are usually an insignificant part of the scattering,
and this term is neglected in the computations. Thus,
the Green’s function given in [1,2] for Region I is used
for the present problem.

2.2 Use of SBR

As previously mentioned, the MoM is used to analyze
the slot array antenna while the SBR method is used
for the remainder of the problem. Thus, there are three
main tasks to be accomplished by the SBR method: to
compute the scattering from the complex, 3-D target, to
compute the incident magnetic fields on the slot aper-
tures, and to compute the radiation of the equivalent
currents on the slot apertures in the presence of the com-
plex, 3-D target. In all of these cases, the slot apertures
are covered with PEC.

The details of the SBR method are discussed in [3—
6]. For the present problem, the SBR procedure is used
to compute the scattering from the complex, 3-D tar-
get with the slot apertures closed by PEC. The SBR
procedure is implemented using the XPATCH software
package [4,5].

The incident magnetic field on the slot apertures is
computed using SBR at the same time the scattering

from the complex, 3-D target is computed. While trac- -

ing the rays to find the scattering, some rays will hit on
or near a slot aperture. The field contributions from each
of these rays are combined with appropriate phase shifts
to find the incident magnetic field on each slot aperture.
The incident magnetic ficlds on the slot apertures are
used by the MoM to compute the equivalent magnetic
currents on the apertures.
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The remaining step in the problem is to compute
the radiation of the magnetic currents in the presence of
the large body. The SBR method together with the reci-
procity theorem is employed for this task [3,6]. Consider
an infinitesimal dipole placed at the scattering observa-
tion point. If the target containing the slot array is in the
far field of the dipole, the dipole launches a plane wave
toward this target. Recall that for the SBR method, the
grid of rays launched toward the target corresponds to
a plane wave. Note also that the reciprocity theorem

siates
/f/ ESt . 34V = f/ HSBR . M°dS ()
v 5

where HSBR is the incident field on the slot apertures due
to the dipole at the scattering observation point, M*? is
the current on the outer slot apertures, which is found
using the MoM, ES'° is the radiation due to —M*, and
J is the dipole current. Thus, if the dipole current (J }is
appropriately chosen and mono-static scattering is being.
computed, all components to find E¥'* using reciprocity
are computed already. If bi-static scattering results are
desired, HSBR resulting from a dipole at the scattering
observation point must be computed first, then ES'°* can
be computed.

2.3 Decoupling the MoM from the SBR
Method

As they are presented in Section 2.1, the MoM compu-
tations are coupled to the SBR method computations.
This is due to the fact that the incident magnetic field
on the slot apertures, which is computed using the SBR
method, is required for the MoM computations. To avoid
having to repeat the MoM computations in order to ana-
lyze the scattering from many different incidence angles,
it is desirable to decouple the computations of the two
methods. There are two ways of doing this. The first
method preserves the coupling interactions between dif-
ferent slots; the second involves an approximation which
neglects the coupling between different slots to achieve
lower computational complexity.

To decouple the MoM computations from the SBR
computations while preserving the coupling between the
various slots, the incident magnetic field on the slot aper-
tures can be expanded in terms of basis functions. Ag-
suming that the width of a slot is much less than its
length, the component of the incident magnetic field
along the length of a slot is the only component of in-
terest. A convenient basis set is the set of pulse basis
functions, where each function is defined to be oneon a
portion of a single slot aperture and zero elsewhere. The
magnetic currents on each slot aperture are then com-
puted with the incident field on the slot array set equal
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Figure 2: Comparison between the proposed MoM/SBR technique and a previously published FEM/SBR technique.
The scattering results are computed at a frequency of 8 GHz, and the scattering contribution of the slot only is

shown.

to each of the basis functions in turn. A matrix-vector
multiply is then carried out during the SBR computa-
tions. This matrix-vector multiply converts the incident
magnetic fields on the slot apertures to the equivalent
currents on the apertures.

The second method of decoupling the MoM computa-
tions from the SBR computations neglects the coupling
between the individual slots. One slot on the array is
chosen, and it is assumed that this slot is the only one
present. The MoM computation is carried out with a
magnetic field of unit amplitude on the chosen slot, and
the result is a magnetic current on the aperture. It is
then assumed that all of the slots in the array are equiva-
lent; the magnetic current on each one is set equal to the
incident magnetic field times the single magnetic current
computed by the MoM. This approximation significantly
reduces the computational complexity and the sizes of
data files. However, it does not produce accurate results
when the frequency is near the working frequency of the
slot array. This is demonstrated in Section 4.
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3 Testing

Before using any new numerical technique, the technique
should be tested against measurements or alternate tech-
niques to ensure its validity. Ideally, measured data is
used for comparison, but unfortunately measured data
for this problem is unavailable. However, the validity of
the MoM computation involving the coupling between
the different slots in the array is validated by comparison
with previous MoM and finite-element method (FEM)
techniques [2,7]. The SBR method is also validated
through extensive, previous testing (4,5]. The hybrid
technique is validated by comparison with a previous
hybrid method to compute the scattering from complex
targets with cracks and cavities on their surfaces {3]. The
comparison is accomplished by considering a waveguide
with each end terminated by a (short-circuit) PEC plate
and with a single slot on the waveguide surface. The
geometry is shown in Figure 2a. The waveguide with a
single slot can be modeled both as a slotted cavity for
the FEM technique and as a slotted waveguide for the
MoM technique. Figures 2b and 2¢ show a comparison of
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Figure 3: Configuration of the slots on the surface of waveguides.

the magnitude and the phase of the backscattered field
from the slot in the presence of the waveguide. There is
good agreement both in magnitude and in phase. Both
magnitude and phase agreement are important so that
when the scattered field from the external geometry is
added, correct results are produced.

4 Numerical Examples

' To show the capability and utility of the proposed tech-
nique, several numerical results are presented. For all
of the numerical examples, the slot array contains 16
waveguides with 16 slots on each waveguide, and the ar-
ray is designed to radiate at 9.1 GHz. In addition, the
following parameters apply to all of the examples pre-
sented: the upper waveguide wall in which the slots are
cut is 0.08 cm thick, the waveguides are separated by
walls 0.1 cm thick, each slot is 1.6 ¢cm long and 0.16
cm wide, and the slots are positioned on the waveguide
surface as shown in Figure 3, where the offset of each
slot from the center of the waveguide is 0.15 cm. Unless
otherwise noted, the coupling between individual slots
in the array is included in the results.

The first example is a planar slot array sitting on a
simple ground plane. The waveguides are 2.230 cmn wide
by 1.016 cm high, the slot centers are 2.444 cm apart,
and the first and last slot centers are 1.222 cm from
the ends of the waveguides. Thus, the entire slot array
and the ground plate are 37.3 cm wide by 39.1 cm long.
In Figure 4, the RCS of the plate with the slots is su-
perimposed on the scattering from the plate alone. The
scattering frequency is 9.1 GHz, which is the working fre-
quency of the slot array. Figure 4 shows results in both
the H-plane and the E-plane and for waveguides which
are terminated both with matched loads and with short
circuits. For matched waveguide loads, each waveguide
is terminated with an impedance sheet which is matched
to the characteristic impedance of the guide. In the case
of short circuit waveguide loads, each waveguide is ter-
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mintated with a PEC plate. For some incidence angles,
the slot array has a dominant effect on the scattering.

The second example is a slot array on a cylinder with
anose cone. The radius of the cylinder is 16.096 cm, and
the length without the nose cone is 100 cm. The nose
cone is 30 em long. The waveguide cross-sections are sec-
toral in shape and are 1.016 cm thick. Along the slotted
surface, the waveguides are 2.230 cm wide. The slots are
9.573 cm apart, and the first and last slots are 1.287 cm.
from the ends of the waveguides. The entire slot array
is 37.3 cm along the circumference of the cylinder and
41.2 cm along the axis of the cylinder. In Figure 5, the
H-plane RCS of the cylinder alone and the RCS of the
cylinder with the slot array are compared. The scatter-
ing frequency is 9.1 GHz, the working frequency of the
slot array, and again, there are scattering directions for
which the slot array dominates the return.

The next example is intended to show the effect of
the uncoupled slot approximation which was discussed
in Section 2.3. Figure 6 shows the RCS of the same
geometry considered in the second example, but as a
function of frequency. The incident direction is 40° in
the H-plane. The RCS computed considering the cou-
pling between individual slots is plotted with the RCS
computed by neglecting the slot coupling. The approx-
imation neglecting slot coupling is reasonably accurate
away from the working frequency of the slot array an-
tenna, but there is significant error near the working fre-
quency. Thus, this approximation must be applied with
care.

The final example shows the usefulness of the
method. The planar slot array antenna from the first
example is mounted in the nose cone of an aircraft. Fig-
ure 7a shows the aircraft, and Figures 7b and 7¢ show the
HH-polarized range profile of the airplane both with and
without the slot array. The range profile is the time do-
main response to an incident sinc pulse. The sinc pulse
in this example has a center frequency of 10 GHz and
a bandwidth of 4 GHz, and the slot array has shorted
wavegnide loads. The slot scattering has an impact on
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Figure 4: RCS of a planar slot array on a ground plate at 9.1 GHz, the working frequency of the slot array.

the range profile.

5 Conclusion

A hybrid MoM/SBR. method is developed to compute
the scattering from a complex, 3-D target with a slotted

waveguide array antenna. Because the target is large and

3-D, the MoM alone cannot efficiently compute the scat-
tering, and because the slots on the waveguides are small
features, the SBR method alone is not accurate. The
hybrid method combines the two individual methods in
such a manner that the scattering can be effictently and
accurately computed. In the hybrid method, the MoM
is used to model the details of the slot array, and the
SBR method is used to model the electromagnetic inter-
actions with the large, complex target. The method is
validated by comparison to previously published meth-
ods. Numerical examples show the need to include a
slot array model when computing the scattering from
a complex target with a slotted waveguide array. The
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exampiles also illustrate the capability of the method.
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