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Abstract— Transient electromagnetic (EM) scattering by conducting objects is formulated by
time-domain magnetic field integral equation (TDMFIE). Traditionally, the TDMFIE is solved
by combining the method of moments (MoM) in spatial domain and a march-on in time (MOT)
scheme in temporal domain. We propose a different scheme in which the Nystrom method is
used in spatial domain while the MoM with Laguerre function as basis and testing functions is
employed in temporal domain. The Nystrom method is simple in implementation and does not
require a basis or testing function and conforming meshes. The time-domain MoM can naturally
enforce the causality and fully eliminate the numerical instability. A numerical example for EM
scattering by a conducting cylinder is presented to demonstrate the approach and its merits can
be observed.

1. INTRODUCTION

Transient electromagnetic (EM) problems can be formulated by a time-domain integral equation
approach. For conducting or homogeneously penetrable objects, the time-domain surface integral
equations (TDSIEs) including the time-domain electric field integral equation (TDEFIE), time-
domain magnetic field integral equation (TDMFIE), or their combination can be applied. Tradi-
tionally, the TDSIEs are solved by combining the method of moments (MoM) in spatial domain and
a march-on in time (MOT) scheme in temporal domain [1]. The MoM requires a well-designed basis
function like the Rao-Wilton-Glisson (RWG) basis function [2] which needs conforming triangular
meshes in geometric discretization and double surface integrations in evaluating matrix elements.
The MOT scheme, on the other hand, suffers from a late-time instability problem although some
improved versions have been proposed in recent years [3]. The instability and accuracy are still
dependent upon the choice of time step [4].

In this work, we propose a different scheme to solve the TDMFIE for transient scattering prob-
lems by conducting objects. Compared with the TDEFIE, the TDMFIE is thought of little more
difficult to solve due to the nature of its integral kernel. We use the Nystrom method [5] to dis-
cretize the spatial domain while employ the MoM with Laguerre basis and testing functions to
discretize the temporal domain for the TDMFIE [6]. The merits of Nystrom method in spatial
domain includes the simple mechanism of implementation, removal of basis and testing functions,
and allowance of using nonconforming meshes. The Nystrom method requires an efficient treatment
for singular integrals, but we have developed a robust technique to handle them [7] and it can be
applied to the TDSIEs by a minor revision. The time-domain MoM (TDMoM) with Laguerre basis
and testing functions may be superior to the MOT because the Laguerre function can naturally
enforce the causality and also the Galerkin’s testing scheme can fully eliminate the numerical in-
stability with a march-on-in-degree (MOD) procedure [8]. A numerical example for EM scattering
by a conducting cylinder is presented to illustrate the scheme and its robustness has been verified.

2. TIME-DOMAIN MAGNETIC FIELD INTEGRAL EQUATION (TDMFIE)
Consider the scattering of transient EM wave by a conducting object with a surface S in free space.
The problem can be formulated by the TDMFIE, i.e.,

n X [Hmc(r,t) + Hsca(r,t)] =J(r,t), res (1)

where H(r,t) and H**(r,t) are the incident magnetic field and scattered magnetic field, respec-
tively, n is the unit normal vector at an observation point r, and J(r,¢) is the induced electric
current density on the object. The scattered magnetic field is related to the vector potential A(r,t)
by

H* (r, 1) — :Ov < A(r,t) ()
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and the tangential component of the magnetic field can be written as
1 J(r',7) 1
hx H(r,t) = —V x | —22dS" = -J(r,t ][V dS’ 3
() = v [ S 3 3)

where the integral with a dash indicates that it is a Cauchy-principal-value (CPV) integral. With
the above derivation, the MFIE can be formulated as follows

/
1J(r,t) —n X 1][ V x J(r',7) ds’ = n x H™(r,t) (4)
2 s R

from which the unknown current density can be solved.

3. NYSTROM-BASED APPROACH FOR SOLVING THE TDMFIE

We mesh a conductor surface into N small triangular patches and AS,, is the area of the nth patch.
We introduce the unknown source vector e(r’,¢) which is related to the unknown current density
by

J(' t) = gte(r/,t) (5)

and it can be expanded as

N
= en(®)In(r)). (6)
n=1

The unknown current density can then be expanded as

N )
— ZJn(r’)aen(t). (7)
n=1

If we apply the Nystrom method in spatial domain, i.e., the integration over a small triangular
patch is replaced with a summation under a quadrature rule provided that the integrand is regular,
then we have

10 " 10%e, (Trmpng) R
el O w —_mpngq
g gty T = 4 i X nzl Zq = [c 07 "™ Ry

1 enlTimpna) 5 -\ Honpng

ot R?

mpng

l . —
=vi®), m=12,...,N; p=12,...,Q (8)

where J,,, = J(r), ) g+ Jp,0 is the value of spatial component of unknown current density at
the source point rnq or the gth quadrature point in the nth patch and it only has two independent
components Jy, and Jy, in a local coordinate system {u,v,w} established over the patch plane
because it is a surface current density. Also, Jp = J(rmp) = Jp,0 + Jp,,0 has an analogous
meaning but for the observation point r;,, located at the pth quadrature point in the mth patch.
These spatial components of current densities should be transformed into the components in the
global coordinate system {z,y,z} in the implementation. We have chosen two orthogonal unit

tangential vectors t(l) = tO(rpy) = tf,%)a% + ty(l)y + tz(l)z at the observation point (I = 1,2) to
test the above equatlon so that the TDMFIE can be transformed into a matrix equation in space
domain. The right-hand side of the equation is given by

VA0 = iy FE(1p01) ?

and 7, is the unit normal vector at the observation point. The above procedure can only be used
for a far interaction between the observation point and a source patch or m # n which allows the
direct application of a quadrature rule. If the observation point is inside the source patch or m = n,
we have a singularity problem and we have to employ a singularity treatment technique to handle
it [7].
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In the temporal domain, we use the Laguerre function ¢;(t) = e~/2L;(t) as a basis function to
expand ey, (t) [6], i.e.,

t) =) enjdj(st) (10)
=0

where s is the scaling factor to control the support of expansion. Substituting this representation
to Eq. (8) and using ¢;(st) as a testing function to test Eq. (8), we can obtain

) 1 7j—1 .
’S)l’l/)p 2 Z (emJ + Zemk> Z Z 1nq Zenj + Z(j - k)enk Iij(SRmImQ/C)
7=0 n=1qg=1 7=0 k=0
+s I§;qz ( €nj +Zenk> $Rupng/¢) g = V) i=0,1,...,00 (11)
where
U] w l A Rm mn
Ling = 7ty fimp X Tng KZHZ (12)
0)
I
O} 1ng
J e (13)
2nq Rmpnq
TR ) = [ 61068165t = 5B/ ) (s (14)
0)
vin = [ asnvin den (15)

and I;; (s Rimpng/c) and Vrfn)n can be calculated according to the formulations in the appendix in [6].
()

Note that there are two spatial-domain coefficients in [}, and I;Qq which are the two independent
components J;, and Jy, of Jnq and they should be combined with the time-domain coefficient ey;

together to form two new unknown coefficients which can be determined by two groups of Eq. (11)
when [ =1, 2.

4. NUMERICAL EXAMPLE

We consider the transient EM scattering by a conducting cylinder to demonstrate the approach.
The cylinder is centered at the origin of a rectangular coordinate system and it has a cross-section
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Figure 1: Solution of z-directed current density at  Figure 2: Solution of #-component of normalized far-
z = 0 on a cylinder surface for transient scattering zone scattered electric field for transient scattering
by a conducting cylinder. by a conducting cylinder.
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radius ¢ = 0.5m and a height h = 1.0m. The surface of the cylinder is discretized into 826
triangular patches. A Gaussian plane wave is illuminating the scatterer along the —z direction and
the electric field and magnetic field are defined by

A -7 : .

Einc(r, t) = x‘ijﬁ Him(r, {) —7172 < Eime(r! 1) (16)
where v = 4(ct—cto+r-2)/T, T is the width of Gaussian impulse, and ¢ is the time delay denoting
the time when the pulse peaks at the origin. We choose a Gaussian pulse with 7" = 8.01m (light
meter) and ctp = 12.0lm as an incident wave. Figure 1 shows the solution of z-directed current
density at z = 0 on the cylinder surface while Figure 2 plots the solution of the #-component of
normalized far-zone scattered electric field observed along the backward direction. The results agree
well with the solutions obtained from the inverse discrete Fourier transform (IDFT) of frequency-
domain solutions.

5. CONCLUSION

In this work, the transient EM scattering by conducting objects is formulated through the TDM-
FIE. We develop a different scheme to solve the TDMFIE by combining the Nystrom method in
spatial domain and the MoM with the Laguerre basis and testing functions in temporal domain.
The benefits of the new scheme include the simple mechanism of implementation with a use of non-
conforming and low-quality meshes in spatial domain and the natural satisfaction of causality with
a full elimination of instability in temporal domain. A numerical example for EM scattering by a
conducting cylinder is presented to demonstrate the scheme and good results have been observed.
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