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Radar Cross Section of General
Three Dlmensmnal Scatterers

. -Abstract—Two dlsparate approaches—-—the finite-difference time-
domam (FD-TD) method and the method-of-moments (MOM) sur-
face-patch techmque—whlch permit highly realistic modeling of elec-
tromagnetit" scattermg problems are compared. New results of
induced surface currents and radar cross section are presented for an
important three-dimensional canonical cube scatterer. It is shown
that a hlgh level of agreement for the two modelmg approaches IS
obtamed for this scattering example ' _ |

- Key Words—Radar cross section, scatterers, three-dimensional,
cube, finite-difference trme-domam, method of moments.

1 ndex C ode—J 10d.

1 INTRODUCTION

ENERAL ELECTROMAGNETIC scattermg problems have
been difficult to treat with either analytlcal or numerical
methods because of the compllcatmg effects of curvatures,
corners, apertures, and dielectric loading of structures. In
an attempt to gain insight into scattering mechanisms using
analytical and numerical approaches it has been necessary
to use canonical structures, rather than realistic models. Two
potent1al alternate approaches which may permit more realis-
tic modelmg of scattering problems are the f1n1te difference

- time-domain (FD-TD) method [1]-[12] and the method-of-

moments (MOM) surface-patch techmque [13] [19] . These

two modelmg approaches are similar only in that they both
permit a detailed treatment of general three-dimensional
scattermg problems in the resonant range. In fact, they have a

substantlally different theoret1cal toundation and numerlcal -

realization, as summarized below. -

FD-TD: This is a direct solution of Maxwell’s time depend-
ent curl equations for the electric and magnetic fields at a
regular lattice of points covering a volume of space that con-
tains a scatterer. A tully explicit numerical algorithm is used
to simulate real-time wave propagation and scattering. Field
boundary conditions at adjacent dissimilar media are auto-
matically satistied by the curl-equations analog The radiation
condition is not inherent, and must be formulated separately
to properly work in the near field and in the time domain.
Sinusoidal steady state results can be obtained for a smus01dal
wave source in the limit as the number of time steps is made
sufficiently large. The latter approach can be viewed as being

~ an iterative solution to the time-harmonic Maxwell equations.
MOM surface patchmg ‘This steps up a scheme for solving

the time-harmonic integro-differential ‘equation describing
electric and magnetic field boundary conditions at the surface
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of a scatterer. An implicit numerical approach (matrlx inver-
' 1on) is used to solve the resultmg set of simultaneous equa-
tions for the fields at the scatterer surface. The radiation
condition is implicit in the formulation. Sinusoidal steady-

state results are ayailable immediately upon matrix inver-

sion. This can be viewed as a one-step solution to the tlme-
harmonic Maxwell equations.

The goal of this paper is to present the f1rst detailed com-
parison of near- and far-field results for an important three-
dimensional canonical scattering problem obtained using both
the latest FD-TD and MOM triangular surface patch modeling

[12], [18], [19]. By comparing the com-
puted results for scatterer surface currents and radar cross-

section, it is shown that a high level of agreement of the two

d1sparate modelmg approaches is obtained for this scattering
example. “ o ' '

" Given the fundamental dlfferences in basm and method of
FD-TD and MOM, it can be argued that this agreement en-
hances confidence In each technique. Indeed, it can be argued
that MOM must agree well with FD-TD (in the problem size
range where. each is applicable) if both techniques are valid
models of the wave-scattering physics that occur in nature.
To thlS end, an initial attempt has been made to lnvestlgate
modeling of distinct near-field phenomena such as current
singularity behavior at edges. Ideally, MOM and FD-TD
would agree on edge behavior using no a priori assumptions
regardlng current singularity behavior. Here, however, it was
found that MOM required incorporation of just such an
a priori assumption to correspond with direct FD-TD results.

(Use of a similar edge condition for FD-TD would probably

relax its spatial resolution requirements.) Considerable work
remains to examine how near- and far-field physics for both
MOM and FD-TD is dependent upon such assumptlons and
the basic question of spatial resolution. .

Thls paper will first briefly review the baSIS of the latest

FD-TD and MOM triangular surface-patch approaches for

modeling scattering problems. Results of these two methods
for surface currents (magnitude and phase) and for far-scat-

‘tered fields are then compared for the case of a metal cube
H1llum1nated by a plane wave at normal incidence to one face.

The paper concludes with a discussion of the direction that
research in the MOM and FD-TD modelmg approaches may
follow in the near future

II BASIS OF THE F D-TD METHOD FOR SCATTERING
. ' PROBLEMS

The FD- TD method is a dlrect solut1on of Maxwell’s time-

dependent curl equations. Recent research efforts have con-
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centrated on examining the usefulness of applying the FD-TD
method to model three- -dimensional penetration and scattering
“problems, partlcularly involving structures having “volumetric
complexity.” This refers principally to structures having
cavity-backed apertures that may be filled with complex
- media. Examples of such structures include missile seeker
sections, which may have apertures for infrared or radar de-
tectors leadmg to 1rregular interior cavities contamrng various
metal and dielectric structures and electronic circuitry [l 1].
The goal of the FD- D approach is to model the propaga-
tion of an electromagnettc wave into a volume of space con-
tarnrng a dielectric or conductrng structure. By time-stepping,
i.e., repeatedly implementing a finite- difference analog of the
curl equations at each cell of the corresponding space lattice,
the incident wave 1s tracked as it first pr/opagates to the struc-
ture and then interacts with it via surface -current excitation,
d1ffus1on penetration, and dlffractron Waye- -tracking  is
completed when the desired late-time or s1nu501dal steady-

state behavror is observed at each lattice cell. The ratlonale.

for this procedure is that it achleves simplification by dnalyz-

ing the interaction of the wave front with portions of the

structure surtace at a given instant in time, rather than at-
temptrng 31multaneous solution of the entire problem. The
followmg is a briet listing of key pornts on which the FD-TD
method for scattering problems is based [1], (7] - [10] [12]

A. Time- Steppmg Relatzons

- Time- -stepping for the FD-TD method IS accomplrshed by
an explicit finite- drfference procedure due to Yee [1]. For a
_ Cartesran cubic- cell space lattrce ‘this procedure involves

positioning the components of li and H about a unit cell '

of the lattice, as shown in Fig. 1, and evaluating E and H at
alternate half-time steps. In this manner, centered difference
~expressions can be used for both the space and time derivatives
to attain second order accuracy in the space and time incre-
ments without requiring srmultaneous equations to compute
the fields at the latest time step. For example, the x compo-
nent of the V X E equation [4], wr1tten as

OH, 1 (dEy aEZ>
of M \ 0z ay /-

Geometry of a general scatterer in free- -space medrum and F ”(z 7, k) =

(1a)
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is implemented as the following time-stepping relation for
o _ _ o

H U236 i+ 1/2,k+ 1/2)
' 5t
u(i,j+1/2,k+1/2)8

‘ E, (z/+1/2 k+1) E"(z;+l/2 k)+ '
| £ (z],k+1/2) E”(z/+lk+1/2) |

=H V236 j+1/2,k+1/2) +

(lb)

In (1b), it is assumed that all media are isotropic and time
invariant; and that the space-time functional notation
F(ib, jé, k6, ndt) applies, where 6 = Sx =68y =
0z 1s the space 1ncrement 62‘ is the time 1ncrement and 7,
], k, and n are 1ntegers - '

B Implicaﬁons for ComputerResource Requz’rﬁements

- The Yee system is termed fully explicit, smce the new
value of a field vector component at any lattice point depends

~only on existing field values stored in memory. The explicit

formulation is partrcularly suited for parallel -processing or
vector-array -processing computers. Also, the required memory
and execution time increases only lmearly with NV, the total
number of field components. '

With the Yee formulation of the FD- TD algorlthm the value
of NV is clearly a functron of the normalized electrical volume
of a scatterer, e.g., N ~ L3, where L = (scatterer characteris-
tic dimension)/Ay. For the MOM surface- patchmg approach .
N is a functron of only the normalrzed electrical surface
area of a scatterer (if the scatterer has little or no 1nternal
complexrty) e.g., N ~ L?. For such scatterers, the aggregate
computer resources needed to store and invert the MOM-

derrved impedance matrix vary with a dimensionality as low
as N? ~ L% [20], which is little more than the FD -TD re-

qu1rements However if the scatterer has “volumetric com-

' plexrty . as defined earlier, the MOM requirements for N

will tend towards L3, rather than L2 For such scatterers,
the aggregate computer resources for the MOM approach will

tend toward N*> ~ L°, significantly greater than the FD- D

dependence of L3. As a result, it is possible that the FD-TD
approach will find its most advantageous appllcatlon to model

structures with significant volumetric complexity, if modehng :

accuracy can be demonstrated for such structures
It can be shown that the number of time steps requ1red

for the FD D techmque is relatively independent of the

electrical size of the scatterer being modeled, over a wide size
range. Small scatterers have features which are usually tightly
coupled (electrically), SO that relatively many time steps are
needed to permrt wave energy to diffract from one feature
to another and back again, and back again, and so forth,
to reach the smusordal steady state. Large scatterers have fea-
tures which are usually more loosely coupled: (electrtcally)
reducmg the need to extend t1me-stepp1ng to model the
physics of multiple- drffractron effects. The result is that a
25-wavelength scatterer may requne no more than twice -
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F1g 2. Division of FD-TD lattice into total-field and scattered-field re-
~ gions. (a) Lattice division. (b) Typical connecting condltlons between
regions.

the number of time steps of a 5-wavelength scatterer, if the
space increment is held constant for both cases. In a more
typical case where the space increment is reduced to define
better geometrically the 5-wavelength scatterer, the number of
time steps for the two cases may be nearly equal.

C. Total-Field/Scattered-Field Lattice Division

As shown in Fig. 2, the most recent FD-TD approaches

[7]-[10], [12] divide the computation space into two regions
separated by a rectangular surface. Region 1, denoted as the
total-field zone, contains the scatterer. Region 2 surrounds

Region 1 and is denoted as the scattered-field zone. The

outer lattice planes bounding Region 2, called the lattice
truncation planes, serve to 1mp1ement the free-space radia-

tion condition.

In Region 1, the scatterer of interest is mapped into the
space lattice 51mply by assigning values of/ﬁermlttmty, conduc-
“tivity, and permeability to each compohent of £ and H. In
this manner, inhomogeneities or fine details of the scatterer
can be modeled with a maximum resolution of one unit cell.
Thin surfaces are modeled as stepped-edge sheets. Since total

fields are computed in this region, no special handling of

electromagnetic boundary conditions at media interfaces is
needed because the curl equations generate these conditions
in a natural way. Thus the basic computer program need not
be modified to change from one scatterer to another. Further,
the total-field formalism yields a very high computational
dynamic range useful for modehng fields W1th1n cav1t1es or
in shadow regions.

The rectangle faces comprising the boundary between
Regions 1 and 2 contain E- and H-field components which
according to the Yee system of equations, require the formula-
tion of various field-component differences across the bound-
ary planes for the proceeding one time step. By either adding
or subtracting appropriate values of the incident wave, a con-
sistency relation can be enforced wherein total-field quantities

are always subtracted from similar total-field quantities;

‘and scattered-field quantities are always subtracted from

scattered-field quantities. This enforcement of consistency

serves to precisely connect the two regions, as well as generate

polarization [8]-[10],

~second method has two additional requirements.
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Fig. 3.
the desired incident wave of arbitrary angle of arrival and
[12]. An alternative approach for
incident-wave generation based on the Huygen's source formu-
lation is discussed in [7] . '

The rectangle faces comprising the outer boundary of
Region 2 are used to simulate the extension of the lattice to

infinity. Recent work discussed in [9], [10], [12], [21],
[22] has demonstrated such a radiation condition which is

sufficiently accurate to permit only fractional-decibel pertur-
bations of the fields in Regions 1 and 2 for most conditions.

D. Derivation of Sinusoidal Steady-State Data

Sinusoidal steady-state (phasor) data can be obtained from
the FD-TD method either by: '

a) directly programming a single-frequency incident plane

wave, or
b) performlng a separate Fourier transformatlon step on

the pulse wavetorm response.

Both methods require tlme-stepplng to a maximum time
equal to several wave periods at the desired frequency. The .
First, a

short-rise-time pulse suffers from accumulating waveform

“error due to overshoot and ringing as it propagates through

the Yee space lattice. This leads to a numerical noise com-
ponent which must be filtered before Fourier transforma-
tion. Second, Fourier transtormation of many lattice-cell
field-versus-time waveforms would significantly add to the
total requ1rements for computer storage and execution time.

Recent work [10], [12] has shown that very accurate
magnitude and phase information for sinusoidal steady-state |
FD-TD problems can be obtained by method a) above and
observing the peak positive- and negative-going excursions
of the fields over a complete cycle of the incident wave (after

‘having time-stepped through 2-5 cycles of the transient

period following the beginning of time-stepping). In this
manner, the uncertainty introduced by possible decaying
dc offsets of the field-versus-time wavetorm or by amblguous
phase reference pomts can be avoided.

E Derzvatzon of Far-F zeld Scattermg Data

~ Far-tield scatterlng data can be obtained with the FD-TD
method by applying a powerful and flexible near-field to
far-field transformation [8], [10], [12]. By reference to Fig.

'3, a rectangular virtual surface S,, which fully encloses the
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~scatterer, is located in the scattered-field region (Region 2

of Fig. 2). The tangential components of the scattered fields
ES and H® are first obtained at S, using FD-TD. Then, as
indicated in Fig. 3(b), an equivalent problem is set up which
is completely valid for Reglon B, external to S,. The new
excitation data are J cq and M the equrvalcnt surface
~electric and magnetlc currents, respectlvely, on S, which

~ are obtained accordlng _tO [23] o

Jseq(?) =n HS(?)

Seq(r) = —1 X Es(r) ~ (2b)

where 7 is the outward unit normal vector at the surface Sa.

The scattered far fields are given by the transtorm of the '

equivalent currents of (2a) and (2b) over the free-space Green’s
function [24], [25]. If (uo, €o) are the region-B medium

characteristics with ko = 2m/Ao and ng = 120 =, for 6 and ¢
polarizations the follow1ng scattered far field expressmns are
obtained: ' '

(3a
Mo >
- Fo
Ly = (—TkoNo) [Ap —— (3b)
_ o -
where '
A9=A cos 0 cos¢+A cosd sin g — A, smd (4a)
_ FG:F cosdcos¢+F cosdsmqb F, srnd - (4b)
A(b — --'—' x Sln (D + Ay (.«OS. (b . B (40)
‘ F¢ = ---Fxsin ¢ + Fy CosS @ '. - (44d)
| *-and the potentlals in the far fleld reglon are g /ven by
/Z o "!’*0" /[ ' S
}-_; 477r [ s"q]e”‘or COSE ds - (5a)
r'cos g: (x COS qb + y sin¢)sin6 + zl. cosO.- -~ (5b)
The radar crosssection RCS i calculated a the ratlo.
- Eaz-l-E(p . o - |
RCS = 4nr*| —z——0 r—>oo. -~ (6)
B B o I

where E,' and Eqb are the corresponding components of the

- incident plane-wave excitation.

Thrs approach to computing the far scattered fields is very
promising since a) the near-field data for arbitrary scatterers

can be obtained in a straightforward manner using the FD-TD
method; and b) the transformation of the near-field data

to the far field is computationally simple and independent

of the nature of the scatterer which resides within the integra-

tion surface S,. The complete bistatic radar cross section is

a natural result of this procedure, for a given incident angle

(2a)

- 21’(?) = Z" [ f (7 )(‘(? ?’) as'
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and polarization of the illuminating wave. For problems in-
volving varlable incidence and/or polarization of the illuminat-
ing wave, new FD-TD data are requlred for each selected
incident-wave condition. '

[11. BASIS OF THE MOM SURFACE-PATCH MODEL

General arbitrary-shaped scattering bodiescan be analyzed

"based on a frequency-domain integral-equation/boundary-

value problem approach. A popular technique for the numeri-
cal solution which implements this approach is the method of
moments [26]. This method is particularly suited for low-
frequency scattering problems, but can be applied to bodies

- spanning approx1mately 1 wavelength in three dlmen51ons

[18], [19]. _ : _ .
" The following formulations of the method of moments
have been found to be generally suited for certain scattering

~ bodies based upon their geometry and material characteristics.

1) Conducting Scatterers (homogeneous, isotropic).
a) Electric-field integral-equation formulatlon (EF IE) _
for closed and open bodies. .
b) Magnetic-field integral-equation formulatlon (MFIE)
for closed bodies. -
2) Dielectric Scatterers (homogeneous isotropic).
- Combined-field integral-equation formulation (CFIE).

Recent work has concentrated on Case 1) [18], [19] , especially *

~in the development of the triangular-patch model for arbitrary

scatterers. Research efforts are underway on Case 2) for
dielectric scatterers. '

To treat arbitrary-shaped conducting bodies [18] the EFIE
formulation is generally used. On Fig. 4(a), if S denotes the
surface of an open or closed body, the scattered electric field
iS glven by

| -»

E° - ——]'wA—+V¢ ' (7)

EE where the magnetlc vector potentlal and the scalar potential
are deflned as ' -

- -
[
.

8

- ¢(r) = [/ p (r )G(? ?') ds (9)
4WEO -
. e—f’folf’-?'l | . .
G(r r')-—-—-———-—-——-—-*, - (10)
7—7"| I _ -

and where (ug, €g) are scalar constants representing the per-
' meablhty and permittivity of the surrounding medium; J and

p¢ are the unknown electric current and charge distributions

induced on the conducting scatterer; and R = |7 — 7 | is the
distance between an arbrtrarlly located observation point

7 and a source point 7 on S. Both 7 and 7' are defined with

respect to a global coordinate origin. .
An integro-differential equation for J s derived [19] by

‘enforcing the boundary condltlon I X (Et + ES) = 0 on S,
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Fig. 4. Scatterer with triangular-patch modeling [18] , [19].

obtaining
- Etani = (—jwA — V¢)tan’  ToOnS. .

In arbitrary surface modeling, the above EFIE has the

advantage that it applies to both open and closed bodies,

~ whereas the MFIE applies only to closed surfaces [18]. On
‘the other hand, for arbitrarily shaped objects the EFIE is
considerably more difficult to apply than the MFIE.

For modeling arbitrarily shaped surfaces, planar triangular-
patch models (an example [18], [19] of which is shown in

Fig. 4(a) and (b)) have been found to be particularly appropri-

ate. Since triangular patches are capable of accurately con-

forming to any geometrical surface and boundary, the patch

scheme is easily described to the computer, and a varying
patch density can be used according to the resolution required

in the surface geometry or current. This patching method

permits the straightforward construction of MOM basis func-
tions defined on the triangular patches which are free of line

charges, Fig. 4(b). I .

In [18] and [19], planar triangular-patch modeling and
~ the MOM [26] were applied to develop numerical procedures
using the EFIE formulation to treat scattering by arbitrarily
shaped conducting bodies. An efficient computer code based
on this formulation was described which is capable of handling
either open or closed and arbitrarily curved structures of

finite extent. Discounting computer limitations, the code can,

in principle, treat any conducting object whose surface is
orientable, connected (or multiply-connected), and free of
- intersecting surfaces. An updated version of this computer

12
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Fig. 5. Geometry of‘metal-cubescattere’r.
V. COMPARISON OF FD-TD AND MOM NUMERICAL
. RESULTS -

This section presents comparative numerical results ob-

- tained using the most recent formulations of the FD-TD
- [10}, [12] and MOM triangular surface-patch techniques
- [18], [19] for the surface currents and far scattered fields of
a canonical three-dimensional scatterer, a conducting cube,

illuminated by a plane wave. It is shown that a very high de-
gree of correspondence exists between the results obtained
by these two disparate approaches. '

A. Scatterer Geometry

Fig. S illustrates the basic geometry of the cube scattering
problem. The cube was assumed to have the electrical size

kos = 2, where s = side width of cube. The plane-wave excita-
- tion was assumed to have the field components £,’ and H,'

and propagate in the +y direction (normal incidence to one
side of the cube). For the FD-TD analysis, the cube was
embedded in a 48 X 48 X 48-cell spatial lattice (663 552 un-

known field components), and each side of the cube was
‘spanned by 400 square cells (20 X 20 lattice-cell divisions).

For the MOM analysis, each face of the cube was spanned
by either 18 triangular patches or 32 triangular patches (to
test the convergence of the patch model). The 18-patch/

face MOM model required the filling and inversion of a 162 X
162 system matrix. The 32-patch/face MOM model required

the filling and inversion of a 288 X 288 system matrix. These
particular sizes for the FD-TD and MOM systems were selected
because they have approximately equal computer costs (about
$200 to $300). A more detailed discussion of computer re-

~ source requirements will follow after presentation of the

modeling results.
B. Comparative Surface Currents

Figs. 6 and 7 graph the _éomparative results for the FD-TD

~and MOM/triangular-patch analysis of the magnitude ‘and

phase of the surface electric current along two straight-line
loci traversing the cube surface, as shown in Fig. 5. Locus
abcd is parallel to the incident magnetic field; currents plotted
along this locus will show the effects of the edge singularities
of the cube. Locus ab'c'd is parallel to the incident electric
field; currents plotted along this locus are the “looping cur-

- rents” driven by the wave electric field around the scatterer.

| N -
The FD-TD computed surface current is taken as n X Hiyp,

whe:é n is the unit normal vector at the cube surface, and
[}tan is the FD-TD value of the magnetic field parallel to the
~cube surface, but at a distance of 0.5 space cell from the
- surface. (The displacement of the H-component from the cube

program was used to obtain benchmark data for the surface
‘currents and scattered fields for the conducting cube scatterer
discussed next. ' '
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Fig. 6. (a) Magmtude of looping current, center vertlcal cut. (b) Phase

of looping current, center verttcal cut.

surface IS a consequehce of the spatially-interleaved nature

of the E- and H-components of the FD-TD lattice).

In Fig. 6(a) the magnitude of the FD-TD computed loop--

ing current agrees with the 32-patch/face MOM solution to
better than 2.5 percent (¥0.2 dB) at all comparison points
along locus ab'c'd. It should be noted that the 32 patch/face
MOM model yields better magnitude agreement wrth\ the
FD-TD results than the 18-patch/face MOM model.

In Fig. 6(b), the phase of the FD-TD computed loopmg
current agrees with the 32-patch/face MOM solution to bet-
ter than *1° at all comparison points along locus ab'c'd.

It should be noted that the lower resolution 18- patch/face
‘MOM model yields a phase anomaly of almost —100° in the

shadow region. The MOM phase is corrected to coincide

with the FD-TD results upon going to the hlgher resolution
32-patch/face MOM model. This type of slow convergence
~ of phase has been noted in previous applications of the MOM
surface-patch approach, in particular the case of the bent
plate [27]. - -

- In Fig. 7(a), the F D-TD computed magmtudes agree w1th
the edge-corrected [28] 32-patch/face MOM model to better

- than #2.5 percent (0.2 dB) at all comparison points along
- locus abcd. Obvious slow convergence behavior s noted

——
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for the 32-patch/face MOM model without edge correction,
especially near the cube edges b and c. Evidently, the MOM

 patching approach requires edge correction to permit proper

resolution of the current singularity behav1or for physmally
realizable numbers of patches.

In Fig. 7(b), the phase of the FD-TD computed z-directed ’

‘current agrees with the 32-patch/face MOM model to better
than £10° along locus abcd. The 18-patch/face MOM model

is again seen to have substantial slow convergence in the

shadow region. In fact, the switch from 18 patches/face to 32
patches is seen to result in better phase agreement with the
FD-TD model at nonshadow points as well.

C. C’ompara tive Scattered Far-Fields

'- Fig. 8 shows the bistatic radar cross-section (RCS) for the
conducting-cube scatterer shown in Fig. 5. The RCS results
are computed in two ways. First, the discrete plotted points

are found by applying the near-to-far field relations of (2)-
(6) to FD-TD-computed near-field data. Second, the con-

tinuous line is derived by directly integrating the induced sur-

face electric currents on the cube that were computed using

the MOM surface-patching technique. Good agreement (to
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better than *1 percent or 0 09 dB) between the two sets
of RCS results is obtained. ~

D Comparative Compu_ter Resources

It is difficult to compare directly the computer res0urces
for the particular FD-TD and MOM approaches tested, since
a) neither computer program is presently optrmrzed for
minimum running time or storage; b) the programs were run
on different computers (Cray-1S used for FD- ID, Cyber 203
used for MOM); and c) insufficent convergence-analysis runs

were performed to test the agreement of the results as the FD-

TD space increment is increased. Nevertheless the following

- comments can be supported

a) At least one-half of the total computation resources
needed for the MOM surface- patching model were de-
voted to filling the impedance matrix. _

b) Without changes in the means of solving the MOM SY's-

tem of equations, such as by using an acceptable itera-

tive scheme, 1ncreasmg the system matrix much beyond
288 X 288 may present problems in terms of computer
storage and running time, as well as accuracy of the tinal
result (the latter dependrng upon the degree of 111
condrtromng of the matrix).

c) Even with a computationally accurate and efficient
means of MOM matrix solution (such that onl]y about
N? operatrons are needed, where N is the number of
field or current unknowns), scatterers havrng volumetric
complexrty as discussed in Section II-B may requrre
aggregate computer resources approaching an L% de-
pendence, where L is a normahzed characterrstrc di-
mension of the scatterer.

d) Scatterers having volumetric complexrty can be modeled
~using FD-TD with aggregate computer resources propor-
tional only to L3. However, the accuracy of such models
remains to be demonstrated especially for relatively
coarse lattice-cell sizes approaching 0.1A¢, which would
be necessary to implement FD- TD models of three-di-
mensional structures spanning 5 or more wavelengths.

_ Demonstratlon of accuracy for such models would

point the way to considerably larger models, taking
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advantage of the relatively slow (order of L>) computer-
resource dependence and the appearance of capable
supercomputers. ' '

V. POSSIBLE DIRECTIONS OF RESEARCH

Extension of the MOM surface-patching model to larger
and more-realistic scatterers, including those with volumetric
complex1ty, will likely require : a) incorporation of dielectric
media into the model; b) resolution of remaining questrons
concernrng convergence of the magnrtude and phase of the
computed currents and fields; ¢) examination of three-dimen-
sional structures with empty and loaded cavities; and 4) in-

vestigation of iterative (and other 1nnovat1ve) approaches

to solving the large matrices produced by the MOM technrque

Extension of the FD-TD model to larger and more realistic
scatterers will lrkely require : a) demonstration of accuracy for
coarse lattrce sizes approaching 0.10q; b) demonstration of
accuracy for structures having curved surfaces cavrtres and
volumetric complexity; c¢) examination of the effect of scat-

terer “0” or ringing time upon the number of time steps

needed to attain the srnusordal steady state; and d) incorpora-
tion of graded lattrces field equivalences, or hybr1d approaches
to permit treatment of very large structures that have only
a llmrted number of complex substructures that chrefly impact
scattering. ' ‘
Extension of both the MOM surface patchrng and F D TD
approaches will require incorporation of the latest features
and capabilities of computers, array-processing computers,
and multiprocessor computers. Available central memories
and f]oatrng -point operation rates of these machines will
largely determine the maximum size and complexity of
problems that can be modeled if the problems listed above
can be solved. :

VI. CONCLUSIONS

General electromagnetrc scattering problems are difficult
to treat. In this paper, two disparate approaches—FD-TD

and MOM—which permit analysis and modeling of realistic
scattering problems, are summarized and compared. New
results based on these two methods for induced surface
currents and radar cross section are compared for the three-
dimensional canonical case of a conductrng metal cube illumi-

nated by a plane wave.
This paper has shown for the f1rst time (for three-dimen-

sional problems) that FD-TD and MOM can provide excellent
agreement of computed surface currents and far fields for a
canonical scatterer. Because the level of agreement is very
high, confidence in each approach is increased. This paper
consequently asserts that FD-TD is a viable approach for
scattering problems that is at least competrtrve with MOM or
other comparable approaches
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