Radio Science, Volume 27, Number 5, Pages 611-622, September—October 1992

Transient scattering from dielectric cylinders: E-field, H-field, and combined field solutions
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In this work, the problem of transient scattering by arbitrarily shaped two-dimensional di-
electric cylinders is solved using the marching-on-in-time technique. The dielectric problem
is approached via the equivalence principle. Three different formulations, namely, the elec-
tric field integral equation formulation, the magnetic field integral equation formulation,
and the combined field integral equation formulation are considered. Numerical results are
presented for two cross sections, namely, a circle and a square, and compared with inverse
discrete Fourier transform (IDFT) techniques. In each case, good agreement is obtained

with the IDFT solution.

1. INTRODUCTION

In recent times, the numerical solution of scattering prob-
lems directly in the time domain has received consider-
able attention mainly owing to the availability of fast com-
puters. Of all the available time domain techniques, only
the marching-on-in-time technique, developed by Bennett
[1968], deals with the solution of integral equations, wherein
the domain of the problem is confined to the scattering
structure. Several cases have been studied using this tech-
nique involving one-dimensional [Miller et al., 1973], two-
dimensional [Damaskos et al., 1985], and three-dimensional
[Bennett and Ross, 1978; Rao and Willon, 1991] structures.
Please note that no attempt is made to cite all the refer-
ences. However, one common problem associated with the
marching-on-in-time technique is the occurrence of late-
time oscillations. Various different reasons were attributed
for these instabilities such as insufficient sampling, accu-
mulation of round-off/truncation errors and so on. Of late,
a series of papers were published by Smith [1990], Rynne
and Smith [1990], and Rynne [1991] suggesting that these
instabilities are mainly due to the nonuniqueness of the
solution of the integral equation at certain characteristic
frequencies. QOur objective in this work is to verify this
claim by developing alternate formulations which are free
from the nonuniqueness problem and examining them.

It is well known that the dielectric cylinder problem can
be formulated in three different ways using the equiva-
lence principle, namely, the electric field integral equation
(EFIE) formulation, the magnetic field integral equation
(HFIE) formulation, and the combined field integral equa-
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tion (CFIE) formulation [Kishk and Shafai, 1986]. It is also
known, from the experience in frequency domain solutions,
that both the EFIE and HFIE exhibit nonuniqueness at
certain frequencies of the incident wave whereas the CFIE
generates a unique solution at all frequencies [Mautz and
Harrington, 1978]. However, as presented in the following,
when attempted in the time domain, all the three formu-
lations exhibit late-time oscillations suggesting that these
oscillations are not entirely due to the internal resonances
alone.

2. INTEGRAL EQUATION FORMULATION

Consider an arbitrary shaped dielectric cylinder infinite
in length along the z axis. Let the cross section be denoted
by some contour C. At each point on C let &, represent
an outward-directed unit vector normal to the contour.
The circumferential vector, &, is then obtained by & =
a, x 8. The cylinder has material parameters of p4 and
€4, while exterior to the cylinder is a homogeneous medium
with parameters p, and .. The total fields exterior to the
cylinder are designated by £, and ,, while interior to the
cylinder the fields are given by £; and H,;. The incident
field is a plane wave with its electric field polarized in the
z direction (transverse magnetic (TM) incidence). The
transverse electric (TE) solution may be obtained through
the use of duality.

The equivalence principle will be employed to split the
original problem into two separate problems. One is where
the fields are equivalent external to the body, and the other
is where the fields are equivalent internal to the body. The
original problem is shown in Figure la and the equivalent
exterior problem in Figure 1b. In this case, we restrict
that only the fields exterior to the body remain the same.
Then, we are free to choose what the interior fields are to
be. For simplicity, the interior fields will be set to zero, and
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Fig. 1. Application of the equivalence principle. (a)
Original problem, (b) exterior equivalent problem, and (c)
Interior equivalent problem.

the interior material parameters will be set to be the same
as those external to the body. Since the tangential fields
are no longer continuous (i.e., some finite value outside and
zero inside), equivalent electric currents, J, and magnetic
currents, M, are required along the contour C to make
up for this discontinuity. For TM incidence, the electric
currents are only in the &,, direction while the magnetic
currents are in the a; direction. These currents are now
radiating in a homogeneous unbounded medium so that we
may use the free space Green’s function for the vector and

scalar potentials. If we take any point inside C, we require
that the sum of the incident field and the scattered field
(due to the currents) combine to zero. Let C~ designate
points just inside the contour C, then

[e:lT M)+ £, (] onC-, (1)
[®[T M]+H™], = 0 onC-. (2)

Similarly, we can form an equivalent interior problem (see
Figure 1c), where the external fields have been set to zero
and the exterior material parameters are set to the interior
parameters. As before, equivalent currents along C are
set up to satisfy the discontinuity in the fields. It turns
out that these equivalent currents are just the negative of
the currents for the exterior equivalent problem. Here we
require that the fields radiated by these currents are zero
for any point exterior to the body. Specifically, for points
just outside C (C*), we have

[T ,— Ml = 0= [£3[T Ml];,, = 0 on C*(3)
(Hi[-T ,— M}, = 0=> [H3[T ,M]],,, =0 on C*(4)

We now have four equations with which to solve for the
two unknowns J and M. The EFIE formulation is ob-
tained by using equations (1) and (3) since only the electric
field is involved. Similarly, the HFIE is formed by using
equations (2) and (4). The CFIE may be obtained by using
[o(1) + @n x 7.(1 - @)(2)] and [a(3) + @n x 7.(1 - a)(4)],
where 0 < a < 1 and 7, is the wave impedance in the
external medium.

The scattered fields radiated by the equivalent electric
and magnetic currents may be written in terms of the elec-
tric and magnetic vector and scalar potentials. That is,

£1T,M] = —%"j—”—éVxﬂ, 5)
HT, M] = _a;, vq>;"+i”VxA,, ©6)
where
A (r,t) = Z—;/C/z:_wﬂ;;—gdz'dc', (7)
F,(rt) = Z—;L/z:_m%dz'dc',(s)
ey'(rt) = 4:”” / C/::_oowdz'da(g)

R = |r — r'|, the distance from the field point r to the
source point ' and v = e or d. The magnetic surface
charge density p]* may be related to the magnetic surface
current density by the continuity equation

op7
5
It may be noted that in general there is an electric scalar
potential, V®¢, in equation (5). However, for TM inci-
dence, the electric current density only has a z component,

V-M=-—

(10)
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and we are assuming that all derivatives with respect to z
are zero; therefore V&¢ = 0.
3. NUMERICAL SOLUTION PROCEDURE

In this section the numerical implementation of the
EFIE, HFIE, and CFIE formulations using the method of
moments is described to obtain a set of coupled marching-
on-in-time equations.

3.1. Grid scheme and definition of basis functions

The grid scheme that is used is similar to that shown
in Figure 2, and the actual cylinder is closed for pene-
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trable objects. The body may be divided into rectangu-
lar patches. The mth zone has a width of Af,, and that
whole column (—co < z < 00) is divided into zones with
Az = A£,,. Therefore the patch heights from one column
to another are generally different. For simplicity, we will
restrict ourselves to observing the current at z = 0 due to
the invariance with respect to z.

We define a set of basis functions for expansion purposes
as follows
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Fig. 2. The grid scheme used for dividing up the cylinder.
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The m, £th patch is located between p,,_,/, and p,41/2
along the contour and z; — Az, /2 and z, + Az, /2 along
the z axis, where z; = £Az,,. The patch centers are lo-
cated at (p,,,fAz;). These expansion functions are just
the standard pulse functions on a rectangular patch. The
testing functions will also be pulse functions, but since we
are restricting ourselves to the z = 0 plane, they are de-
fined along the contour to be

13, pEPy_3 10 Puyy

9m(P) = { 0 otherwise. (12)
The inner product will be defined as
(a,b) = / a-bds'. (13)
s

3.2. EFIE formulation

The EFIE formulation is obtained by using equations (1)
and (3). Rewriting the scattered electric field in terms of
the potential functions, taking an extra derivative with
respect to time, and applying the testing procedure, gives

PA, 1_ dF\ _ <g,,,,$>
<gm,W+;Vx 3t>_{0 (14)

for v = e or d. Even though it is not needed in this formu-
lation, the extra derivative is introduced here so that when
the fields are combined for the CFIE formulation, it may
be of the same form as the magnetic field equation. Ap-
proximating the time derivatives of the potential functions
by finite differences, we get

6€m°(t )
<gm,L5[J,M1>={ S"'"’—> . (15)

where
tat1) —2A4,(p,tn) + A, (P tn-
tn - ]:y ,tn
+ V ['1'- (pv +1)At (p )] (16)

Note that the derivative 8F,/8t is approximated by us-
ing a forward difference scheme. This approximation is
required in order to obtain a pair of linearly independent
equations for J and M. The incident field is assumed to
be known so that its derivative may be evaluated analyti-
cally. Let

N

T(pt) = 8 Y Lt)fe(p) (17)
k=1
N

M(pt) = &Y MeD)fi(p), (18)
k=1

where N is the number of linear segments along the contour
C. Let us now look at the evaluation of A,(p,t,) and
F,(p,ta), at a time ¢,, and an observation point p located
in the mth patch. Combining equations (17) and (7) gives

N
az ZI}. (tn -

Aot = b [[" =

) (o)

dz' dC’

(19)

ke N
YKk, 85,

where

Kkt

[ %
"L ‘Patch R
R le_ﬂlz'l'z,z’

Rppe = [om — Pxl? + 22

For nonself terms, that is, where r and ' do not be-
long to the same patch, the 1/R integral may be approx-
imated by the patch area multiplied by the distance be-
tween the patch centers. For self terms, the integration
is carried out analytically [Damaskos et al., 1985). The
infinite summation on ¢ in equation (19) can actually be
truncated t0 —fmsx < £ < fmax. Because of the retarded
nature of the currents, we only need to extend the £ sum-
mation to a point where ¢, — R,x¢/c, becomes negative.
When ¢, — Rpke/cy < 0, it implies that the solution has
not yet progressed out far enough in time for those cur-
rents to have an effect at the observation point (assuming
a causal system).

If At is chosen appropriately, then there is only one
current in equation (19) which is unknown, namely, when
k = m and £ = 0 which implies Rz, = 0. All the other
currents are assumed known because they occur at some
carlier time step. We may rewrite equation (19) as

A’v(p! tn) = %'Ezm(tn) a,
Z E Ik(tn )"lc e a,
k=1 i=—0c0
k#Em and 230
K ~
= l‘;wm Im(tn) @, +'%v(P» tn) (20)

where the £ = 0 subscripts have been omitted a.nd.%,(p, tn)

represents A, (p, t,) with the self term (i.e., m = k and £ =
0) deleted.

Next, let’s consider the evaluation of the curl of the
electric vector potential, 1V x F,. Using equation (8),
taking the curl operator inside the integral, which is al-
lowed as long as R # 0, and using the vector identity
V x (wAd) = wV x A — A x Vuw gives
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1 V x M(p’ i, — —v
ZVx;f,(p,tn) = 4—,, A =

1
—M(p'tn — cﬁ) x V—E ds’.(21)
1 4

Note that -
1 p—1 R

—=- == 22

VR R3 R? (22)

where R. is a unit vector in the direction of p—»’. Letting
tr =ty — %, we have

V x M(pta = 25) = ¥ x (6,1 )3;
v
= [M(9 )V x & — & x VM(p',1,)].

The V opera.tor is operating on unprimed coordinates,
so V x & = 0. Using the vector identity Vf(c(t,)) =
8f/dc(t,) - Vi,, we get

oM
vV x M(p, t,.——)--—a£ o,
R R 1 1=
Vi, = V(t, — ;) = Vi, — VE: = —;VR =-c R.
Thus
oM
Vv x M(p/, t"_—)_c.,(('}t exR) (23)
Combining equations (21)—(23) then gives
1 1 M@ tn-8) , o
E:V X fy(p,t") = E T‘:aé xR
1 aM(p' tr)A,
P g x Rds'. (24
+Rc., o, xRds'. (24)

Now combining equations (18) and (24) results in
1
2V xFulotn) =
N -~ B
1 R a, xR
o E Mi(tn - “)k// ~ s’
k=1 im—oc Cv (1 Patch
k#tm and &30

R
4“" 2 z 3/\/;:r(t,) // aex ds’. (25)

t==o00 £ patch
k#m and £3#£0

Even though there are three components from the cross
product, only the &, component “survives” because of the
symmetry. As before, the nonself term integrals may be
approximated by the patch area times the integrand eval-
uated at the patch centers. The dM;/0t, term is approx-
imated by a first-order backward difference

OMu(t,)  Mi(tn — Bmkt) — My(tn_1 — fare)
at, At )

Finally, the curl of the vector potential may be written as

Lo ot =225 1 2v st (pta). (20)
Note that the +.M,, /2 is obtained by extracting the Cauchy
principal value from the curl term. The plus sign is for
v = e, and the minus sign is for v = d.

Finally, if we replace n => n— 1, combine equations (15),
(20), and (26), take all known quantities (n—1,n—2,...) to
the right side, and use a 1-point integration for the testing
procedure, we get the following pair of equations:

B e 7 (1) + 32"; 2 Min(tn) = (g YE), (20)
e ™ Tn(ta) = G Mntta) = (00, ¥ 3, (29)
where
s _ aginc(tn_ ) -
v: = =l frgml ()
Y: = -}tg[J)M]) (30)
Lrg . m)=
‘%v(pmvtﬂ) -2A,(Pmstn-1) + A, (Pmrtn-2)
At?
fv(pm’tﬂ) _}-y(pm:tn—l)
= .(31)

By examining equations (27) and (28) it is evident that
the left-hand side only involves terms at ¢t = t¢,, while
the right-hand side contains the terms retarded in time.
Therefore, the currents may be obtained by the marching-
on-in-time procedure. Once the currents at ¢, are found
for all 1 < m < N, the time step is incremented, and
the currents at £,4) can then be found in the same man-
ner since all of the previous currents are known. Thus,
the numerical procedure starts at n = 2, assuming every-
thing zero at n = 0 and n = 1, and then marches on in
time for n = 3,4,5,.... An important factor to note in
deriving equations (27) and (28) is that the time step At
should be less than Rpmin/ max{c.,cq}, where Rpmip is the
minimum distance between patch centers. This allows the
currents to be solved for explicitly without the need for
matrix inversion. However, Courant’s stability condition
dictates that in order to generate a stable numerical result
At < Rpin/(max{c,., ca}/2) [Rynne and Smith, 1990], and
in the present work we chose At = 0.5Rmin/ max{e.,cq}.

3.3. HFIE Formulation !

The HFIE formulation’is obtained by using equations (2)
and (4). Rewriting the scattered magnetic field in terms
of the potentials, taking an extra derivative with respect
to time, and applying the testing procedure, gives
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L [0*F, e  1_  0A]\ _
<gm;anx[at2 +V7—,‘—vi at ]>_

{ (omaex %) ()

0
The extra derivative is taken so that the continuity equa-

tion (10) may be used. Following similar steps as in the
EFIE, we obtain

R . Gy Bn X o1t
(Fm>8n x L)[T , M]) = ot )

0
(33)
where
t" - 2.1'-,, ,tn ?y ’tﬂ—
m 1 A, (0, tny1) — A, (o, tn)]
VD (orta) = -7 x | ) (34)
and
m _ 090
o= S (35)

Next, the current expansions of equations (17) and (18)
will be used to expand the operator Ly [7, M]. The eval-
uation of JF, is very similar to the determination of A, in
the EFIE. The only difference is that the currents are in
the circumnferential direction. Therefore

£ e S Rkt
fv(pxtn) = 4_;2: 2 Mk(tn" P )"k,tsf
k=1t=-c0 v
Evk ~
= ZEMalt)dc+Fo(oitn).  (36)
Likewise,
1
Z"v X%,,(p,in) =
N 00 ~ =
1 le:t a, xR
E Z E Ik(t,. - c, ) sz ds’

k=1 I=—c0
k#¥m and 230

N oo ~ =
1 0T (t,) axR ,
+41rc,, Z Z ot, / R ds

k=1 t=—co £ Patch
k3#m and 230

k,l patch

1 _ _In(ta)
l‘”Vx A, =7F 3

8 + ”ivv <A (pta).  (37)

We now turn our attention to the evaluation of
V¥ (p,ts). By changing the order of the scalar prod-
uct and using the fact that the line integral of the gradient
of a potential function is the function evaluated at its end-
points, we can rewrite the gradient term as

(O 8 X VT (0,10)) = [ VU (py1a) 90 x B
s

= ‘I’T(Pm+§’tn) - ‘I'T(Pm—g:tn)' (38)

Combining equations (9), (10), and (35) gives
© —dM(p',tn—2)/0
1 / / (s ta= )0 el
47”"!1 CJz'=—00 R
(39)

where R = (|ppnyy — ' + 2’2)1/2. Note that in equa-
tion (39) the derivative is with respect to the first argu-

ment only. Using equation (18) for the expansion of M in
(39) results in

\Il","(pm_’_%,tn):

N oo
L > —Mk(tn—%)x

41”‘" k=1t=-00
[] 2%

kYL patch

‘I';"(Pm+§’tn) =

Since pulse basis functions are being used, 3 /9¢ results
in two delta functions; one at py,,;, and one at p;_; /2
We can spread the “effect” of these delta functions across
the contour from p,_; to p,,,. This basically amounts
to approximating the derivative by a finite difference. We
can now express equation (40) as

N 00
U Omap =) D U Py po t) =0 (Pyyrtn)s

k=lt=-o00
(41)
where

-1 Mk(tn - E;::“)
AE,':'

P, 23 ! /
/ * / dt' dz , (42)
k-1 Y21 \/lpm-g.;. _pll2+212

—1 Myt — Zan)
Ag

‘I,:l'l+(pm+§’t”) _41rl-‘ll

m— —
¥ (Pmegrtn) “4np,

Pryr [*2 ' dz'
/ z , (43)
P Jo \flomey — 0P + 27
with
Riw = \/|Pm+§ - Pir-g* +22,
mkt = \/le+§ — oy P+ 27,
Ag} lpx — Pr_1ls
ALy = peyr — ol
2 = zg— Az
1 = 74 9 ]
5 = 4 Az
2 = at——

While calculating ¥{'(ppm41/2,tn), some computational
time may be saved by observing that the integral for ¥7*~
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is the same as that for ¥7*+. The currents, however, are
not the same so an interpolation still needs to be done.
The calculation of ¥}*(pm—1/2,tn) proceeds exactly the
same as ¥ (Pm+1/2,tn) except that pp, 4,/ is replaced
with p,,_,;,. Computational time can also be decreased
when we move to the next field point by observing the fact
that ¥ (p41/2:t0) = ¥ (Pmi—1/2:tn) when m' = m+1.

By combining equations (34)—(37) and equations (41)-
(43), replacing n => n — 1, taking all the known quantities
(those involving currents prior to and including t,._;) to
the right, and using a 1-point integration for the testing
procedure, gives

Aém €ekmAlm _ I~ Wy (44
Mg 1) + B M (1) = (g B X Y2 (40)
A{m EdﬁmAem _ ~ H
2At m(tn) + 47rAt2_Mm(t") = (gm,aﬂxyd)v(45)
where .
_— af’.‘mc(t"_ ) .
Ye = —mLo g, mM], (46)
Y] = -LiT, M), (47)

LELT M) = VO (o, ta-1)+
fv(pm:tﬂ) - 2Tv(pmvtﬂ-l)+fv(pm)tn—2)
At?

A (Omsta) = Ay(Pasta-1)
T At

. (48)

Equations (44) and (45) can then be used with the
marching-on-in-time technique to solve for the currents

In(tn) and Mu(tn).
3.4. CFIE formulation

The equations for the CFIE will follow quickly since
most of the work has been done in the EFIE and HFIE
formulations. The CFIE is obtained by forming two new
equations by taking a(1) + a, x 7.(1 — «)(2) and «(3) +
A, X 1e(1—a)(4), where 0 < o < 1. Taking a(14) +1.(1 -
«)(32) and using the field operators from equations (16)
and (34), we obtain

(9, 2 L3[T, M] + 80 x q,(l —a)Ly[T, M]) =

[ oo

+a,. x 7e(1 - a)—5—> . (49)
0

Replacing n = n — 1 and taking all known quantities to
the right gives
a1 Zm(tn) + a12Mm(ts) =

(gm, @Y7 +8n x 7.(1 — )Y7), (50)
amIm(tn) + 022Mm(tn) =

(9m> Y3 +8n x 1.(1 - )Y3), (51)

where
o = oBESEARO-aE (D)
on = aganl-IE 6
an = % —ne(1- 0)%, (54)
= aTpn(l- )T (55)
where /t,‘,’[.‘f ,M] and f:,' [T, M] are defined by equations

(31), and (48), while Y%, Y3, Y!, and Y are given by
equations (29), (30), (46), and (47), respectively.

3.5. Stabilization of the late-time oscillations

The numerical solution procedure, discussed so far, has
the tendency to become unstable at late-times even af-
ter satisfying the Courant stability condition. This phe-
nomenon is common to most of the time-marching meth-
ods, and a number of different causes were attributed such
as insufficient sampling, possibility of internal resonances,
and/or errors caused while evaluating various intermedi-
ate quantities. Furthermore, there are a number of differ-
ent techniques that are proposed to overcome this problem
[Mieras, 1984; Tijhuis, 1984; Rynne, 1986; Rynne, 1991].
In the present work, we propose an averaging scheme which
is simple, accurate, and involves a negligible amount of ex-
tra computation.

First, the currents were found to sometimes grow quite
quickly, even before the peak of the incident pulse had
arrived. This was believed to be attributed to numerical
problems with the relative difference in the magnitude of
the electric and magnetic currents. The magnetic currents
generally being approximately a factor of n larger. There-
fore, if we scale M by the constant 7., (i.e., let M = . M’)
and solve for 7 and M/, the currents will be of the same
order. When scaling was used, better results were ob-
tained. However, late-time oscillations were still present
which may be eliminated by the following averaging pro-
cedure. Let Z,, ; and My, ; be the current coefficients at
the mth zone at a time instant jAt. In the present sta-
bilization scheme, we calculate Z,, ;11 and M, j4; using
equations (27) and (28) for the EFIE, (44) and (45) for the
HFIE, or (50) and (51) for the CFIE, and simply approxi-

mate the averaged values of Z,, j and M, by

~ 1 ~
Imj = zU@Emj-1+2Lm;+Imjs) (56)

—_ 1 —
Mmj = 7Mmj-1+2Mm; + Mmjs1). (57)
Thus, in the present method, we need to add an extra step
to the normal marching-on-in-time algorithm, and obvi-
ously, this step involves very little processing time. More-

over, it should be noted that this averaging scheme would
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Fig. 3.
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Time (Im)

10.0

Equivalent (a) electric and (b) magnetic currents at point A on a dielectric circular

cylinder illuminated by a Gaussian plane-wave. The cylinder was divided into 28 segments along

its perimeter, and no averaging was performed.

be the same as the one presented by Rynne [1991], if we
recompute I, j41 and Mg, j41 after computing In j and
M ; using equations (56) and (57). However, we ob-
served that the recomputation of Zp, j41 and M, ;41 was
not necessary and in some instances led to unstable results.

4. NUMERICAL RESULTS

In this section, we present numerical results for the
equivalent currents on circular and square dielectric cylin-
ders illuminated by a Gaussian plane-wave. The results are
compared with data obtained in the frequency domain and
transformed into the time domain by using inverse discrete
Fourier transform techniques (IDFT). The method of mo-
ments was employed for calculating the frequency domain
solutions.

The incident electric field is a Gaussian plane-wave of
the form

£n(p,1) = E,——e"" &,

4
TVr
with 4

7= T(Cet —cCelo—p- i)’

where c. is the velocity of propagation in the external
medium, k is a unit vector in the direction of propagation
of the incident wave, T' is the pulse width of the Gaus-
sian impulse, and at ¢ = ¢, the Gaussian pulse reaches its
maximum value. The pulse width T is defined such that
for ¢t — cet, — p-k = £T/2 the exponential has fallen
to about 2% of its peak value. The results in this work
were obtained with £, = 1.0, k = —a, T = 2.0 Im (light-
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meter), and ¢,t, = 3.0 Im. Note that 1 Im is the unit of
time taken by the electromagnetic wave to propagate a dis-
tance of 1.0 m in free space. The external parameters were
&r = 1.0 and y, = 1.0, while the internal parameters were
& = 2.0 and g, = 1.0. The CFIE results were obtained
with o = 0.2

We first consider a circular cylinder with a radius of
0.25 m and centered about the origin. The contour was di-
vided into 28 zones, and the time step was ¢, At = 0.02764
Im. The frequency domain solution was obtained by cal-
culating the currents for a range of frequencies and then
using a discrete inverse Fourier transform. At a specific
frequency, the incident field was weighted by an amount
proportional to the magnitude of the frequency compo-
nent of the incident pulse at that frequency. The range of
frequencies for this problem was from 0 to 1.0 GHz with

256 sample points. Figure 3 shows the equivalent electric
and magnetic currents at ¢ = 0° obtained by the vari-
ous formulations discussed earlier. All three formulations
agree very well with the frequency domain solution. The
averaging algorithm was not employed here, and as can
be seen, late-time instabilities have set in. The CFIE also
suffers from a late-time instability. This suggests that the
instabilities are not solely due to internal resonances. The
same currents are shown in Figure 4 with the averaging
process included. Again, the agreement is very good and
the late-time instabilities have been removed.

Next, a square cylinder is considered. This geometry
is 1.0 m on a side and is centered about the origin. The
time domain solution used a total of 40 zones while the
frequency domain solution used 80 zones. This allowed
the currents to be obtained at the same locations due to
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Fig. 4.

Equivalent (a) electric and (b) magnetic currents at point A on a dielectric circular

cylinder illuminated by a Gaussian plane-wave. The cylinder was divided into 28 segments along
its perimeter and averaging was performed on the currents.



620 Vechinski and Rao: Transient Scattering From Dielectric Cylinders

4.0

| (a)

3.0

7 2.0

E)

G 1.0
0.0;

6.0 9.0

Time (Im)

0.0 3.0

6.0 9.0 12.

Time (im)

Fig. 5. Equivalent (a) electric and (b) magnetic currents at point A on a dielectric square cylinder
illuminated by a Gaussian plane-wave. The cylinder was divided into 40 zones (80 zones for the

IDFT), and no averaging was performed.

a slight difference in the way the two results were com-
puted which results in a half zone shift in the discretized
contours. The time step was ¢, At = 0.3536 Im. The fre-
quency domain solution considered frequencies between 0
and 1.0 GHz with 256 sample points. The unaveraged elec-
tric and scaled magnetic currents at the center of the lit
side are shown in Figure 5. The time domain solutions
compare very well with the frequency solution in the early
time. After the main pulse passes the differences are larger
for the EFIE and the HFIE. Again, late-time instabilities
arise in the three formulations. Figure 6 shows the electric

and magnetic currents when the averaging process is used.
The currents agree very well during the main pulse, and
the instabilities have been removed. The CFIE appears to
agree better than the EFIE and HFIE.

5. SUMMARY AND CONCLUSIONS

In this work the marching-on-in-time technique has been
used to solve the transient scattering problem of two-
dimensional homogeneous dielectric cylinders of arbitrary
shape. Using the surface equivalence principle, a set of cou-
pled integral equations were derived. The objective was to
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Fig. 6. Equivalent (a) electric and (b) magnetic currents at point A on a dielectric square cylinder
illuminated by a Gaussian plane-wave. The cylinder was divided into 40 zones (80 zones for the
IDFT), and averaging was performed on the currents.

develop alternate formulations to see if the late-time insta-
bilities are due to the nonuniqueness of the solution of the
integral equation. Three formulations, namely, the EFIE,
HFIE, and CFIE were derived. The solution procedure
was based on the method of moments, and the numeri-
cal results were in good agreement with those obtained by
inverse discrete Fourier transform techniques. However,
late-time instabilities were present in all three formulations
suggesting that the oscillations are not entirely due to the
internal resonances alone. A simple and efficient averaging
scheme was also presented which removed the late-time in-
stabilities. The stable results were also in good agreement
with alternate methods.

Acknowledgments. This work was sponsored by the
NASA Langley Research Center, Hampton Virginia.

REFERENCES

Bennett, Jr., C. L., A technique for computing approx-
imate electromagnetic impulse response of conduct-
ing bodies, Ph.D. dissertation, Purdue Univ., West
Lafayette, Ind., 1968.

Bennett, Jr., C. L., and G. F. Ross, Time-domain electro-

magnetics and its applications, Proc. IEEE, 66, 299-
318, 1978.



622 Vechinski and Rao: Transient Scattering From Dielectric Cylinders

Damaskos, N. J., R. T. Brown, J. R. Jameson, and P. L.
E. Uslenghi, Transient scattering by resistive cylinders,
IEEE Trans. Antennas Propag., AP-33, 21-25, 1985.

Kishk, A. A., and L. Shafai, Different formulations for nu-
merical solution of single and multibodies of revolution
with mixed boundary conditions, IEEE Trans. Anten-
nas Propag., AP-34, 666-673, 1986.

Mautz, J. R., and R. F. Harrington, H-Field, E-field, and
combined-field solutions for conducting bodies of rev-
olution, Arch. Elektron. Uebentraegungstech. (in Ger-
man), 32(4), 157-164, 1978.

Mieras, H., Local influence technique in time domain scat-
tering, Ph.D. dissertation, Northeastern Univ., Boston,
Mass., 1984.

Miller, E. K., A. J. Poggio, and G. J. Burke, An integro-
differential equation technique for the time-domain anal-
ysis of thin-wire structures, Part I, The numerical
method, J. Comp. Phys., 12(1-2), 1973.

Rao, S. M., and D. R. Wilton, Transient scattering by con-
ducting surfaces of arbitrary shape, IEEE Trans. Anten-

nas Propag., AP-39, 56-61, 1991.

Rynne, B. P., Instabilities in time marching methods for
scattering problems, Electromagnetics, 6, 129-144, 1986.

Rynne, B. P., Time domain scattering from arbitrary sur-
faces using the electric field integral equation, J. Elec-
tromagn. Waves Appl., 5, 93-112, 1991.

Rynne, B. P, and P. D. Smith, Stability of time march-
ing algorithms for the electric field integral equation, J.
Electromagn. Waves Appl., 4, 1181-1205, 1990.

Smith, P. D., Instabilities in time marching methods for
scattering: cause and rectification, Electromagnetics, 10,
439-451, 1990.

Tijhuis, A. G., Towards a stable marching-on-in-time
method for two dimensional transient electromagnetic
scattering problems, Radio Sci., 19, 1311-1317, 1984.

S. M. Rao, Department of Electrical Engineering, 200
Broun Hall, Auburn University, Auburn, AL 36849-5201.

D. A. Vechinski, Lockheed Advanced Development Com-
pany, P.O. Box 250, Sunland, CA 91041



