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Abstract—The finite-difference time-domain (FD-TD) method is
proposed as a means of accurately computing electromagnetic scat-
tering by arbitrary-shaped extremely complex metal or dielectric
objects excited by an external plane wave. In the proposed method,
one first uses the FD-TD method to compute the near total fields

within a rectangular volume which fully encloses the object. Then, an
electromagnetic-field equivalence principle is invoked at a virtual

surface of this rectangular volume to transform the tangential near
scattered fields to the far field. To verify the feasibility of this method,
the surface currents, near scattered fields, far scattered fields, and
radar cross section of two canonical two-dimensional objects are pre-
sented. For these cases, it is shown that the FD-TD method provides
magnitude of current and field predictions which are within 2.5
percent and further phase values within 1 3° of values predicted by the
method of moments (MOM) at v1rtually every point including in
- shadow regions.

Key Words———Electromagnetlc scattering, complex objects, finite-
difference time-domain method, equivalence principle,
current, near scattered fields, far fields, radar Cross section.

L. INTRODUCTION

ENERAL electromagnetlc scattering problems have been
difficult to treat with either analytical [1] or numerical
methods because of the complicating effects of curvatures,
corners, apertures, and dielectric loading of structures. In an
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‘attempt to gain insight into scattering mechanisms using
~analytical and numerical approaches, it has been necessary to

use canonical structures rather than realistic models. A po-

tential alternate approach is the finite-difference time-domain

(FD-TD) method [2]-[17] which allows the computation of
internal and external near fields by direct modeling of realistic

structures

In order to treat realistic scattering problems effectlvely,
method has been developed [14], [15], [17] which involves
combining the FD-TD method with a near-field to far-field
transformation using field equivalences [18]. In this method,
the scattering problem is analyzed in two steps by treating the
relatively complex near-field region and the relatively simple
far-field region separately. The method involves first the de-
termination of equivalent electric and/or magnetic currents
tangential to a virtual surface surrounding the scatterer of
interest by using the FD-TD method for a given external
illumination. The computed near-field equivalent currents are
then transformed to derive the far-field scattering pattern and
the radar cross section. Since the FD-TD method can deal with
dielectric, permeable, and inhomogeneous materials in a natural
manner, it is possible to incorporate most of the physics of

wave interaction with any complex scatterer of interest.

- To validate feasibility of this hybrid method, the FD-TD

‘computed surface electric-current distribution and near scat-
 tered electric and magnetic fields are presented for the case of
~ a rectangular metal cylinder subject to plane-wave illumination

at normal and oblique incidence. These currents and scattered
fields are compared to method of moments (MOM) computed
results. The far scattered field pattern and radar cross section
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Fig. 1. Geometry of a general scatterer in free-space medium and FD-
' - TD lattice arrangement. :

are derived from thé FD-TD data using a near- tqof far-tfield

transformation and are also compared to the results obtained

‘using MOM [19]. It is shown that a very high degree of cor-

respondence is obtained using this proposed method.

[I. FORMULATION

A brief enumeration of the steps to analyze scattering by

- complex objects is presented in this section, based on the

application of the FD-TD method to obtain the near fields,
and then the transformation of the near fields to far fields to
obtain the scattering cross section. In Fig. 1 is shown a geom-

‘etry of an arbitrary-shaped scattering object. This object can

be either conducting, dielectric, or permeable as well as
inhomogeneous. It can have apertures/cavities containing in-
ternal dielectric loading [9], [10]. The incident field (E’, HY)
‘excites the scatterer to produce, simultaneously, some interior-
field penetration and also an exterior scattered field (E°, H®).

" A. Near-Field Analysis

- As shown in Fig. 1, the scatterer is enclosed in a rectangular
volume with a boundary surface S, for analyzing the near

total fields based on FD-TD [9], [10], [14], [15], [17]. The

finite-difference formulation of the FD-TD method allows a
‘straight-forward modeling of the surfaces and interiors of
arbitrary complex structures. The structure of interest is

mapped into the space lattice, Fig. 1, by first choosing the

“space increment [10] and assigning values of permittivity and

conductivity to each component of total electric field E. No
special handling of electromagnetic boundary conditions at

- media interfaces is required because the curl equations generate

these conditions in a natural way [10]. The various details of
the structure are modeled with a maximum resolution of
one unit cell, with thin surfaces being modeled as stepped-

“edge sheets. The explicit numerical formulation of the FD-

I'D method is particularly suited for programming with mini-
mum storage and execution time using recently developed
array-processing computers. The required computer storage
and running time increases only linearly with /V, where N is the
total number of unknown field components [9]. Since all
FD-TD operations are explicit and can be performed in paral-
lel, rapid array-processing techniques can be readily applied.
As demonstrated [9], [10], these can be used to solve for
more than 10° field components in a single FD-TD problem
(current array-processing capability). -

- As discussed in [9], [10], the FD-TD method is a direct
numerical solution to the Maxwell’s time-dependent curl equa-
tions usetul for studying propagation of an electromagnetic
wave into a volume of space containing an arbitrary-shaped
dielectric or conducting body. By time-stepping or repeatedly
implementing a finite-difference analog of the curl equations
at each cell (Fig. 1) of the corresponding space lattice, the
incident wave is tracked as it first propagates to the structure
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and then interacts with it via penetration and diffraction. Wave
tracking is completed when the desired late-time or sinusoidal

steady-state behavior is observed at each lattice cell. The time-
stepping for the FD-TD method is accomplished by position-

~ ing the components of E and H about a unit cell of the lattice,
as shown in Fig. 1, and evaluating £ and H at alternate hali-

time steps. Centered difference expressions can be used for
both the space and time derivatives to attam second order
accuracy in the space and time increments.

The following discussion briefly summarizes 1mportant new
features of the FD-TD method A more complete dlscussron is
contained in [15], [17]. ' o

1) FD-TD Lattice Regwns and Plane-Wave Source Condi-

- tion [12], [14]-[17]: As shown in Fig. 2(a), the latest for-

‘mulation of the FD-TD lattice involves the division of the

computation space into two distinct regions, separated by a

- rectangular surface which serves to connect fields in each re-

- gion. In 2 dimensions, the surface has 4 faces;in 3 dimensions,
the surface has 6 faces.

are comprised of the sum of the incident wave and the scat-

tered field. The interacting structure of interest is embedded
w1th1n this region. -

- External to Region 1 is Reglon 2 of the FD-TD lattlce

which is denoted as the scattered-field region. Here, it is as-

sumed that all computed field quantities are comprised only of

the scattered field. The outer lattice planes bounding Region
-2, called the lattice truncation planes, serve to implement

- the free-space radiation condition.

- The rectangle faces comprising the boundary between
- Regions 1 and 2 contain E and H field components which
require the formulation of various field-component differences
across the boundary planes for proceeding one time step. Typ-
ical FD-TD computations at these boundary points are as fol-
lows, using the spatial coordinates shown in Fig._.2(b): '

Ezn+1(ia ]0)

n+1 '
E,"* 1, Io) ordinary FD-TD

analog [9]
4 Cb(m)Hx’"+1/2(l jo — 1) . (la)
H "“/2@ jo—§)=H U2 jo — L) |ordinary FD-TD
' analog [9]
+E ln(la]o) (1b)

Here E "”(z Jo) is the usual FD- TD value of the total E,

component evaluated at point (i, j,) and time step n + 1.

Similarly, H, 123G j, — 1 ) is the usual FD-TD value of the

scattered H,° component evaluated at point (i, jo — 1 1)and

time step n -+ 1
defined in [9],

. Cp(m) denotes a proportionality factor
[15] [17]. The superscript i denotes the

incident field component value. These computations serve to

connect the total-field and scattered-field regions and simul-
taneously generate the desired plane wave of arbitrary polar-
ization and angle of incidence [14]-[17]. An alternative

approach for incident-wave generation based on the Huygen S

source formulation is discussed in [12]. _ _
There are a number of key advantages to this methodology
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Region 1 of the FD- TD lattroe is denoted as the total f eld
‘region. Here, it is assumed that all computed field quantities
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regions. (a) Lattice d1v131on (b) Typlcal connecting conditions be-
tween regrons

Fig. 2.

a) The total-field formal1sm is reta1ned for the entirety of the
interacting structure, permitting accurate computations of
low-level fields penetrating into cavities through apertures,
and in the shadow regions of scatterers. b) The scattered-field
formalism is retained for the lattice truncation region, permit-
ting a very accurate simulation of the radiation condition.
c) The incident wave contribution need be computed or

‘stored only for the field components at the rectangular surface

connecting Regions 1 and 2. This results in much less com-
putation or storage than if the incident field were to be com-
puted at all points within the interacting structure to imple-
ment a pure scattered-field formalism. d) The scattered near
field in Region 2 can be easily integrated to derive the far-
field scattering and radar cross section, as discussed later in
this paper. '

2) Lattice Truncation Condztzons [3]-[5], [8], [15]-
- [17], [20], [21]: A basic consideration with the FD-TD

‘approach to solve electromagnetic-field problems is that most

such problems are usually considered to be “open” problems

~ where the domain of the computed field is ideally unbounded.

Clearly, no computer can store an unlimited amount of data,
and the field computation zone must be limited. The com-

putation zone must be large enough to enclose the structure
- of interest, and a suitable boundary condition on the outer

perimeter of the computation zone must be used to simulate
the extension of the computation zone to infinity. Outer
boundary conditions of this type have been called either radia-
tion conditions, absorbing boundary conditions, or lattice
truncation conditions. _ '

In 3 dimensions, an outgoing scattered-wave field com-

ponent F° (either an electnc or magnetic field) has a (r 0, o)
variation of the type 122] '

- IS =LFO ef(w;fﬂkor) [A(B Q))

(2)

4 . 4 2

B(a o ]

Here, the bracketed 1nﬁn1te series represents in effect, a multi-
pole expansion of the scattered field, where A, B, are
initially unknown functions of angular position.

- First-order FD-TD simulations of the outer lattice bound-
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ary condition approxunate the A(B ¢)/r dependence only

Second- and higher order approximations simulate the B(6,¢)/r?
and higher order r-dependent behavior of F* in addition to
the A(, ¢)/r term [15]. A typical FD-TD computation

realizing a second-order correct radiation condltlon [16] is
given by '

CE"TN0,7,k+ )

~ , c6t-——6
=—E," " (Lj,k+ 2)+

cor+ o
) [Ezn+1(1:ja k+ ‘1’) +Ezn—1(0:1ja k T ‘1"’)]
20
06t+6

4

(E"o. j e+ D)+ B (L k+ )]

(c51)*

o —_—
206(cdt + o)

F pr

E)"0,j+1,k+1)—2E"0,j,k+ 1)
CHEMO, - 1Lk+ 1)

M

+Ezn(1,f+ 1,k + -21-)_ 2Ezn(l,j,k+-%—)

+E,"(1,j— 1,k + b

| , +E"(0],k+3) 2E"(01,k+1) 2
CHE0,5,k— 1) _
+E"(1,7, k+ 2)—2E,"(1, 7,k + 1)
HEMLLE-D

In (3), E,”"1(0, j, kK + L ) is the de31red truncation-plane

value of £, at point (0, j, k + 1 ) o is the lattice cell size;and

&t is the time step. Analogous conditions can be written for

the five other truncation planes (in three-dimensional prob-
lems). The accuracy of this formulation is discussed in [16],

[20].
3) Sinusoidal Steady -State Information: Such data can be
obtained either by a) directly programming a single-frequency

incident plane wave or b) performing a separate Fourier

transformation step on the pulse waveform response. Both
methods require time-stepping to a maximum time equal to

several wave periods at the desired frequency. The second
- method has two additional requirements. First, a short-rise-
time pulse suffers from accumulating waveform error due to
overshoot and ringing as it propagates through the space lat-
tice. This effect leads to a numerical noise component which

must be filtered before Fourier transformation. Second,

Fourier transformation of many lattice-cell field-versus-time
- wavetorms would signiticantly add to the total requirements
for computer storage and execution time [10] .

Recent work has shown that very accurate magmtude 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 be-
~ ginning of time-stepping). For certain two- and three-dimen-
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~ sional scattering problems, a dc offset of particular computed

field components can be possible. This leads to the following
requirements to obtain correct magnitude and phase data:

‘1) The peak-to-peak value of the sinusoidal response at any
point must be observed to eliminate the effects of any
“dc offset upon the computation of the phasor magnitude.
2) The zero-crossing of the field waveform may not be
useful in determining relative phase. Rather, it may be
- necessary to locate the zero-derivative points of the
~waveform for this purpose, possibly incorporating an
“interpolation algorithm to enhance resolution of the
relative phase computation without requiring a smaller
‘time step.

As will be shown, this methodology has been found to be

successful in achieving +2.5 percent (or better) and *3°
correspondence of FD-TD results with moment-method com-

putations for two-dimensional canonical problem:s.

B. Near-Field to Far-Field T, ransformation

In principle, the solution to electromagnetic scattering by
arbitrary conducting bodies leads to the determination of the
induced surface electric-current distribution on the body.
Then, the induced currents are used to calculate the near or
the far fields. However, the surface may have a complex shape
or may be loaded with dielectrics in some way as to make a

~unique problem for each scatterer. A useful alternative would

be to obtain the scattered-field information from off-surface
near-field -data, rather than surface-current data. Further,

the near-field data could be integrated along arbitrary planar

virtual surfaces which completely surround the object of
interest. In this manner, accounting of the data would be
simple and would be independent of the precise shape of the
object which resides within the integration surfaces by using
powerful electromagnetic-equivalence relations.

The scattered near field can be transformed conveniently
to the far field using an electromagnetic equivalence [18] as
shown in Fig. 3. Suppose (E°, H®) are the known scattered
fields in the region close to the object, which are in fact ob-
tained earlier by the FD-TD analysis. An arbitrary closed
virtual boundary surface S, can be introduced which separates
the exterior infinite region B and the interior region A con-

~ taining the general scatterer. The closed boundary surface S,
- is optimally rectangular to conform with distinct planes of the

FD-TD lattice located in the scattered-field region (Region 2)
of Fig. 2. If 7i is the outward unit normal vector at the surface

S,, then an equivalent problem external to S, is set up [18]

by defining the equivalent tangential electric currentJg, and

- equivalent tangential magnetic current M, eq O S, ‘
Seq(r) =n X H*(r) (4a)
M, (r) = =i X E5(r). (4b)

The equivalent surface currents on S, produce the same
scattered field (£°, H”) external to S, as in the original prob-

lem. Region 4 is now made empty with zero fields and no

sources. & _
The scattered far fields are thus given by the transtorm of

~ the equivalent currents of (4), over the free-space Green’s
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function [22], [23]. If (04, Mg, €g) are the Region-B medium

characteristics, we have, with s = jw, the following scattered-

field expressions:

H(r,s) =———[V(V - F(r,s)) — Yo F(r,5)]
x Yo .
{ . _
+— V XA, s) (5)
Mo ’
E°(r,s)=— [V(V A(r, S)) Yo AC, S)]
_ ’Yo
' +  'S V X F(r, 5) r>r (6)
— r,s), .
' (0'0 + Seo) ' | 4 -
In (5) and (6), the eiectric vector potential is given by
(7a)
(7o)
r—r | =[x —xY + @ —y)+ @ —2)*1"? (Tc)
and the magnetic vector potential is given by
. No _ _
A(r s) = /[ Seq(ra G, r, s) ds, (7d)
where the propagation constant is o
Yo = [suo(0g + s€p)] 1/2 = JKo- (7e)

Taking the limit » - oo gives the required far-field scattering

distribution [23].

[1I. NUMERICAL RESULTS—TWO-DIMENSIONAL CASE

In order to validate the feasibility of this hybrid method to
analyze electromagnetic scattering, two canonical two-dimen-

sional conducting and dielectric structures are studied. The
numerical results of the FD-TD-computed surface-electric-

/ J,(x', y)elko(x coso+y'sing)gp
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Fig. 4. Geometry of a T M-excited conducting cylinder.

current distribution, and near electric and magnetic fields are
presented for the case of a two-dimensional rectangular metal
cylinder subject to a TM-polarized illumination at normal
(broadside) incidence. These electric currents and near fields
are compared to the MOM-computed results [19], [24]. The

“scattered-field pattern and the corresponding radar cross

section (RCS) are derived from the near- to far- field transfor-
mation of the FD-TD data. These are then compared to the

- results obtained by using the MOM. Additional RCS results for
the case of circular metal and dielectric cylinders are also

presented. It is shown that a very high degree of correspond-
ence is obtained using this method. '

A. Square Cylinder

The scattering by a two-dimensional conducting cylinder
of arbitrary cross section is considered first to validate feasi-

‘bility of the proposed hybrid method. This canonical problem,

shown in Fig. 4, is well documented [19], [22], [24] . For the

- case of a TM-polarized plane-wave excitation, the following

integral equation for the surface electrlc current J, was solved
using MOM

. kOnO o . - 1r )
E.i(p) =21 [ 1Dk 10— D, pec
_ ' C . - _
I (sa)
E, (p) E, e'—]kop cos (¢ (b’) (8b)

In (8a) and (8b), ¢ ! is the angle of incidence (angle between
the x axis and the direction of propagation); Ho(z) is the
Hankel function of the second kind and zero order; k, is the
propagation constant in the free-space medium; and n, is the
intrinsic impedance = v/ /€ - '

- The far-field distribution can be obtained from the mduced
currents J, as follows:

(92)
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F1g 5 Comparison of MOM and FD-TD results for magnltude of elec-
- tric currents on surface of cylinder.

and the scattering radar cross section (RCS) in the far-field
region is given by -

~ RCS = 2mp

Ei
lim p > oo, (90)

We first cons1der the example of the scattering of a plane
wave by a square conducting cylinder. The cylinder has the
electrical size kgA; = 1, where A is the half-width of the side

of the cylinder. The plane-wave excitation is TM-polarized,

with field components £,’ and H., and propagates in the +y

direction, so that it is at normal incidence to one side of the
- cylinder (¢' = 90°). An 84-point MOM solution of (8a) is used
as the benchmark for comparison with all FD-TD results w1th

pulse current expansion and point matching [19], [24].
For the FD-TD analysis, the square cylinder is embedded in

‘a two-dimensional lattice as shown in Fig. 2. Each side of the

surface between the FD-TD total-field and scattered-field

- regions is located at a uniform distance of 5 cells from the

cylinder surface. Figures 5(a) and (b) graph the comparative

results for the FD-TD and MOM analyses of the magnitude
~and phase of the cylinder surface electric-current distribution

for this case. Here, the FD-TD-computed surface current
is taken as n X H.,., where n is the unit normal vector at the

cylinder surface, and H,,, is the FD-TD value of the magnetic

field parallel to the cylinder surface, but at a distance of 0.5
space cell from the surface. (The displacement of the H com-

“ponent from the cyllnder surface is a consequence of the

cylinder spans 20 lattlce cell divisions. The connectmg v1rtual '

spatially-interleaved nature of the £ and H components of

the FD-TD lattice, indicated in Fig. 1.) In Fig. 5(a), the magni-
tude of the FD-TD-computed surface current agrees with the
80- pomt MOM solution to better than *1 percent (£0.09 dB)
at all comparison pomts more than 2 cells from the cylinder
edges (current singularities). in Fig. 5(b), the phase of the
FD-TD solution agrees with the MOM solution to within
+3” at all comparison points, including the shadow region. The
uncertainty bars shown in this figure indicate the present level
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Fig. 6. Comparlson of MOM and FD-TD results for phase of near magnetic
. ‘ tangential to contour §,,. . -

‘of imprecision in using the FD-TD method to locate the cross section, the near-field to far-field transformation dis-
constant-phase points of the computed time-domain Hi,, cussed in Section IIB is followed for two-dimensional structures.
waveform (equivalent to *1 time step). This imprecision can The near scattered fields shown in Figs. 6(a)-(d) are converted

be reduced in future FD-TD programs by incorporating a into the corresponding equivalent electric and magnetic current

simple interpolation algorithm to achieve fractlonal time-step distributions along §, according to (4a) and (4b). For the two-

resolution of points of constant phase. - dimensional case, we have in the far-field region [22] [23]
Fig. 6(a)-(d) shows the comparison of the magmtude ahd - '

phase of the near-scattered electric and magnetic fields com-  E,° = —jwug ¥, eq + jk 0[ "xeq sin g + F, g COS ] (lOa)

puted by the FD-TD method and MOM. The electric field is

tangential to a virtual surface S, located at a uniform distance  where

of h, = 7 space cells from the cylinder surface; and the mag- '

netic field is tangential to a virtual surface S, , located at 6.5

cells from the cylinder surface. Both virtual surfaces are em- v eq -~
bedded in the scattered-field region of the FD-TD lattice. The T 1
level of correspondence between the FD-TD and MOM results : o Lk (x'cos B4y’ sin
is £2.5 percentp(+0 2 dB) and £3". _ - 'Fx’yequ [ Mseqx (x 7 )e o/ cos 91 @ ar
- In order to obtain the far-field pattern and the scattenng ,

K / Seq (x y )e+]k0(x cos¢>+y sin qb) dl (10b)
S, _

“Se (10c)
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incidence case (¢! = 45° ).
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Fig. 9. Scattering cross section of the conducting circular cylinder.
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Fig. 10. Scattering cross section of the dielectric circular cylinder.

0. O

and

 K=————¢/37/%) o o -~ (10d)

\8rkyp

and the scattering cross sectlon based on the equivalent cur-

rents is glven by

eq

RCS,, = 27Tp o

limp > (10¢)

‘Fig. 7 shows the scattering cross section of the square con-
ducting cylinder obtained by the near-field (FD-TD data) to
far-field transformation. The results agree very well with the
scattering cross section derived directly from the electric cur-
rent on the square cylinder. The validation has also checked
for different polarization and incidence angles. For ¢! = 45°
the results of the electric current are shown in Figs. 8(a), (b).

B. Circular Conductifzg and Dielectric Cylinders
The above analysis using the FD-TD method and the near-

field to far-field transformation has also been verified for the
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case of a circular conducting cylinder [1] and a circular dielec-
‘tric cylinder. The results of the scattering cross section are
- shown in Figs. 9 and 10.

[V. CONC LUSIONS

General electromagnetic-wave scattering problems are dif-
ficult to treat. This paper proposes a method to analyze scat-
tering by complex objects by combining the FD-TD method
to obtain near scattered fields with a near-field to far-field
transformation based on electromagnetic equivalences. To
validate the feasibility of this hybrid method, two canonical

two-dimensional structures are analyzed and the results are
verified with respect to the MOM. This potentially alternative

approach has wide application to analyze scattering by struc-
tures with complex apertures and dielectric or permeable
loadings. Recently, the hybrid method has also been extended

to three-dimensional structures, and it has been found to yield

the same high accuracy level dlscussed in thls paper for two-
dlmenswnal structures. |
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