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An Effective Algorithm for Implementing Perfectly
Matched Layers in Time-Domain Finite-Element
Simulation of Open-Region EM Problems

Dan Jiag Member, IEEEand Jian-Ming JinFellow, IEEE

Abstract—An algorithm is presented to implement perfectly Recently, a considerable amount of effort has been devoted
matched layers (PMLs) for the time-domain finite-element to the development of time-domain numerical techniques,
(TDFE) simulation of two-dimensional open-region electromag- ,q thege techniques permit the generation of broadband data

netic scattering and radiation problems. The proposed algorithm . . . .
is based on the TDFE solution of a special vector wave equation @1d the modeling of nonlinear devices. A variety of TDFEM

similar to the one in an anisotropic and dispersive medium. The approaches have been proposed [14]-{30]. One class of ap-
impact of the PML on the stability of the resultant TDFE solution  proaches directly solves Maxwell's equations [14]-[22]. These
:f i:“;ﬂfxnﬂi{] aat ‘t’r?e”e?’o O(f)st:gnz(l)rslritdr:rsncrfitrizii:iolg njgt‘ﬁnmesﬁ N‘";‘Cd approaches usually operate in a leapfrog fashion similar to the
can support uncondit[i)onglly stablg TDFE schempes. Both t%e total- FDTD method, which do.es. n_ot leverage our extensive knowl-
and the scattered-field formulations are described, and numerical €dge of frequency-domain finite-element solvers. Another class
simulations of radiation and scattering problems are presented to of TDFEM approaches tackles the second-order vector wave
validate the pro_posed PML algorithm for the mesh truncation of equation [23]_[29] These approaches have a disadvantage in
the TDFE solution. that they require the solution of a matrix equation at each time
Index Terms—Electromagnetic ~ scattering, finite-element step. However, this problem can be eliminated by employing
method (FEM), numerical analysis, numerical stability, time orthogonal vector basis functions [28], [31], which render a
domain analysis. diagonal mass matrix, and hence a purely explicit scheme.
The problem can also be mitigated by adopting higher order
I. INTRODUCTION vector basis functions [32] to expedite the TDFEM numerical
convergence.
An important issue in the finite-element solution of open-re-

solvers usually require an absorbing boundary condition (AB 30n problems is the treatment of the artificial truncation

to properly truncate the computational domain. Among a variegundary. One approach is to represent the exterior field using

of ABCs developed in the past decades, the perfectly matct oundary integral (B) expression. This Ieaqs to the FE-BI
layer (PML) [1]-[13] is a popular choice since it allows fofmethod (see [33] and references therein). This approach was

the absorption of outgoing waves with any polarizations and

UMERICAL simulations of open-region wave propaga
tion problems based on partial differential equation (PDE)

|5{'tially developed within the context of frequency domain

any frequencies and angles of incidence. The PML can be f8F1'VerS- It has been regently extgnded to the time. domain [32],
mulated by using field splitting [1]-[3], coordinate stretchinégd']' The BI approach is numerically exact, and it allows the
[4]-[7], or by constructing anisotropic permittivity and perme_ru.ncatlon boundary to t{:lke on any shape and to b(_a placed to the
ability tensors [8]-[11]. These formulations are shown to b%bJeCt as clgse as pos&blg. However, the'evaluatlop of the Bls
equivalent. The PML was utilized for the grid truncation of° computatlonglly EXpensive. A!though this evalugtlon can pe
the finite-difference time-domain (FDTD) method [1][4], [9]1accelerated by invoking the multilevel plane-wave time-domain

[12]. In particular, Roden and Gedney [13] proposed recently §pVV TP) algorithm [32], [35] its efficiency benefits mostly the
approach to implement PML in the FDTD based on a recursi gly3|s of electrically large and concave objects. For convex
convolution. The PML was also used for the mesh truncatiGeCts: Fh.e local ABCs SUCh, as the P,ML’, oftgn prove to be
in the frequency-domain finite-element method (FDFEM) [5[1°"€ efficient. However, unlike the situation in the FDTD
[8], [10], [11]. To the best of the authors’ knowledge, the I:,N”[nethod, the developmgnt of ABCs, es.pemally the PMLS- for
has not been applied to the time-domain finite-element methdBFEMS, has not received much attention. To date, only first-

(TDFEM) because of difficulties associated with the modelinﬁnOI secon.d-orgle.r ABC,S havg been implemented [36]__[38]'
of both dispersive and anisotropic medium. The major difficulty in the implementation of PMLs in the

framework of TDFEM lies in the modeling of both disper-
sive and anisotropic medium. A recent work [39] provides a
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vector-wave equation similar to the one in an anisotropic afif: 2~ Magnetic fieldff, atp = —0.23% +0.002y m radiated by a fine

dispersive medium. The approach to handle both dispersive and

anisotropic medium is addressed. The impact of the PML on the he PML aF,. Inside the PML, the field& and
stability of the entire TDFEM procedure is analyzed. It is showl terminate the nside the the fie an

that the proposed algorithm can support unconditionally stab% satisfy the following modified Maxwell's equations [1]

TDFEM schemes. Since the proposed PML implementation is €0eEy(p,t) + 0By (p.t) = — 9. H.(p, 1)

similar to that for an anisotropic and dispersive medium, it can 0,E, ¢ ' _o.H.

readily be incorporated into the existing TDFEMs. Numerical O Ly (p,t) + Z“J =(p,1) =0, H(p.t)

results are presented to demonstrate its validity. 1O Ho1(p,t) + oppe Hoa(p,t) = — 02 Ey(p,t)
Inthis paper, the proposed algorithm for PML implementation 49, H.2(p, t) + oypue ™  H.2(p, t) =0, E.(p,t) (1)

in the TDFEM is described in Section Il. Both the total- and

scattered-field formulations are presented. Section Il examiri@svhich H. = H.; + H.». Obviously, inside;, (1) reduces
the stability of the resulting TDFEM-PML numerical schemel0 the original Maxwell's equations. Hence, (1) is valid for both
Section IV demonstrates the capabilities and accuracy of teand the PML region. By eliminating/., and ., from (1),

proposed TDFEM-PML through a host of examples. Finallgnd assuming, 0., ando, are constant within each element,
Section V relates our conclusions. we obtain the second-order vector wave equation

eaisz(pt)+6f‘lat (p7 )+v><lu’ IVX[LQ*E(p7 )]:
[l. FORMULATION -0 J(p,t) (2)

This section describes the TDFEM-PML formulation fotyherex stands for the convolutiodl;; andL, are tensors given
analyzing two-dimensional (2-D) open-region radiation a
scattering problems. Throughout, all fields are assumed to be
TEz polarized; the proposed scheme, however, also applies to L. — [e o, } 3)
TMz problems with minor modifications. Although the 2-D ! e lo,
problem can be solved more easily using the axial component
of the magnetic field as the unknown variable, the formulatio’
and implementation are carried out here using the transverse 5(15)_6—1%6—%75/6@(15)
components of the electric field so that the method can ez = 6(t)—e_1crze_"’t/%(t)l
extended to three-dimensional (3-D) vector problems. 4)
Consider the problem of modeling the electric fieEl In (4),6(¢) andu(t) denote the Kronecker delta function and the
generated by an internal sourdép,t) in the presence of unitstep function, respectively. Equation (2) can also be derived
an object residing in a regioft;. To formulate a FE schemebased on the coordinate stretching [4] or the modeling of the
that permits the computation @&, we introduce a perfectly PML as an anisotropic medium characterized by frequency-de-
matched layer outside of2; to truncate the computationalpendent permittivity and permeability tensors [8], [9]. However,
domain (Fig. 1). In the PML region bounded by andl',, a despite a certain similarity, it is not identical to the wave equa-
conductivity o, is specified for the PML walls perpendiculartion in an anisotropic medium.
to thex axis; similarly, a conductivity, is specified for the  To seek the TDFEM solution of (2), we employ Galerkin's
PML walls perpendicular to thg axis. A perfectly electric or method. Assuming a Dirichlet-type boundary conditionlgn
magnetic conducting wall or any type of ABCs can be usetle obtain a weak-form solution shown in (5), shown at the
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bottom of the page, wher@, denotes the whole simulationl = [1,1,...,1]", and¥, and¥, are matrices whose elements

domain consisting of botk; and the PML region, ant¥;(p)

denotes the vector basis function. Expanding the electric fieldn

as

E(p,t) = Y _ u;(t)N;(p) (6)

Jj=1

can be recursively evaluated as

= eiap’ijAt/Eij\I/;L;jl~|—(1—670p’ijAt/E"j)u;-L./ p=1x,y
(15)
if (12) is used, or
N e*Up,i]At/Eij\I}n—l

pyij P,ij

with N denoting the total number of expansion functions, and, 5.1, AU + e—ap.a_yAt/e7_juf;fl) p=x,y (16)
substituting (6) into (5), we obtain an ordinary differential equa- R / I /

tion as
M
€d2u Sdu e e e e
; (T g + T + 8 u+ 85 + Sy + f ) -0

(7)
whereM denotes the total number of FEES, T¢, S¢, S¢, and
S; are square matrices whose elements are given by

T3, =e(N;,N,)qe
¢ :E<Ni,L1 . Nj)Qe

0,17

(8)

and
S5, =~V x N;, V x Nj)oe
¢ =" UV x Ni, =V x (3 - Nj§))o
S¢ ;= HV x Nj, =V x (% - Nj%)) g )
In the above{-). denotes the integral over elementAlso, u
is the unknown vector given by = [uy,us,...,un]T, f€is

the excitation vector given by

fo=(N;,0:J(p,t))ae (10)

if (13) is employed. In (15) and (16), permittivity;; and
conductivity o,, ;; are defined on the triangular element that
contains bothith and jth edge basis functions; permittivity
€;; and conductivitys,, ;; comprise those of the two triangular
elements associated with thih edge basis function. The self
terms in matrice$, andS, consist of two parts contributed by
the two-triangular elements associated with the corresponding
edge basis function. Heré,, and¥,, are considered as matrices
rather than vectors, since the conductivity and o, vary
from element to element in the PML region. The separation of
temporal signatur# .y from spatial signaturs,, ., facilitates

the efficient simulation of dispersion. Otherwise, the matrices
relating to the spatial signature require them to be refilled at
each time step.

The formulation described above is for the radiation case.
When the scattering problem is considered, the scattered field
should be employed as the working variable in the PML region,
as the PML is designed for the absorption of outgoing waves.
One approach is to separate the entire computational domain
into two regions. In the interior region, the total field formula-
tion is used; whereas in the exterior region, the scattered field
formulation is employed. By using this approach, the tangential

andy); andy, are vectors whose elements can be expresseqigfj continuity can be naturally satisfied at the dielectric inter-

Pp.i(t) = e_lope_apt/sﬂ(t) * u;(t), p=umx,y. (11)

In (11), the convolution can be recursively evaluated as

1/)“ _ e—apAt/E,L/]]r)l—l +(1—€_UpAt/E)un, p=2x,y (12)

p

face. However, the total-field and the scattered-field data must
be exchanged with each other at the separation boundary, which
is computationally cumbersome. In this work, we propose an
efficient scattered-field formulation in the entire computational
domain.

in which the field is assumed to be constant within each time 1he Scattered-electric field* in the entire computational do-

Step, or
,l/}n — e—apAt/e,l/}g—l + 0.56_10pAt(u" 4 e—apAt/fun—l)

P
p=mzy (13)

main, which includes both solution domdd; and the PML re-

gion, satisfies

e&fES(p, t)+eLq - HE®(p,t)+V x pmV x [La x E*(p, t)]
=—e0iE™(p,1) -V x p~'V x E™(p, 1) (17)

in which a linear variation of the field is assumed for better

accuracy.

whereE"® denotes the incident field, and the permittivityat

Once the summation is carried out, (7) can be written as  the right-hand side reverts to its free-space vajie the PML

d?u
dt?

d
;L+su+(sm KW +(Sy x U,)[+f =0 (14)

T,—
+ d

region so that the incident source vanishes therein.
Assuming a Dirichlet-type boundary condition By, we ob-
tain a weak-form solution as in (18), shown at the bottom of the

where thex sign denotes a matrix operator which scales theext page. Apparently, the area integrals related to the incident
element in the first matrix by the element residing at the sarfield in (18) require to be recalculated at each time step, which is
location in the second matrix, is a constant vector given by computationally expensive. Certainly, we can simplify (18) and

[ [ AN(0) - 025050+ Ni(p) - L - 0B (pu1) + ¥ x Nilp) - 41V  [La# Blp. )] + N;- 0.3(p. 0} dS =0 (5)
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reduce the support of these area integrals from the entire domaiBy performing theZ transform on (20), we obtain

to the dielectric-only region. However, the recalculation is inef- o 5 _

ficient even if the dielectric region is small. This problem can b — D Tu(2) + 0.5A8(z" — 1)Tyu(z)

solved efficiently using the approach proposed as follows: We ~ +A#*[8z% + (1 — 28)z + (] [Su(z) + §(2)] = 0 (21)
expand the incident fiellL'" using the same vector basis func- N
tions as those used to expand the unknown scatteredHigld whereu(2)
thus the spatial signature can be decoupled from the temporal . ~ ~ .

signature. The matriceé¥ andS, which are generated for the 9(z) = [Sx X Wa(z) + 8y x \Ily(z)] (z) (22)
use of the scattered field, thereby can be directly applied to the,hich

incident field. Hence, the resultant ordinary differential equa-

tion becomes i l—e

represents th& transform ofu, and

—O'P_ijAt/Ei]‘

p,ij — 2 _ e—0opiiAt/e pP=,Y. (23)
d*u® du® s s R
T +Tom +8u” + (Se x Vo) I +(Sy x W)l = Since matrixT,, is positive definite, its contribution in (14) is
d2uine equivalent to introducing a loss into the system. As shown in

T - Su™  (19) [41], the introduction of loss does not affect the stability crite-
_ _ rion of the TDFEM procedure. Hence, in the following stability
where the vecton'€ is the projection of the incident fielB'™¢ analysis, we ignore the term related¥g.
along the tangential direction of each edge, which is known andafter removing the second term from (21), we obtain
can be efficiently updated at each time step.
It now remains to choose proper spatial and temporal disz — 1)°Tii(z) + At*[82% + (1 — 28)z + ]
cretization schemes. For the spatial discretization, the unknown % [S +8, x U, (2)+ S, x \f/y(z)} i(z)=0. (24)
fields can be expanded using the linear edge elements [15],
higher order edge elements [40], or orthogonal vector basistead of analyzing the stability of the above equation, we con-
functions [28], [34]. For the temporal discretization, we casider the following one
employ the central difference scheme, the backward difference e Atfe
scheme, and the Newmark method [27], [38]. The forward , _ 1)%i(z) = A*T™'S [1 — 1_6—‘]
difference is not used since it leads to definite instability [25], z — emomaxAt/e
[41]. x[B22 + (1 —28)z + Blu(z) (25)

which is obtained by filling the PML region with the maximum
conductivityo,,.«. If the stability of the time-marching process
This section analyzes the stability behavior of thgy (25) s satisfied, the stability of the process for (24) is gur-
TDFEM-PML scheme. Since the stability depends on th@nteed to be satisfied, since the former requires a smaller time
temporal discretization, its analysis is addressed for tRespto ensure stability. This is because the terms associated with
Newmark method, the backward difference, and the centl andS,,, when they are combined with mati$x increase the
difference, respectively. eigenvalue of the resultant matrix and thereby decrease the max-
imum allowed time step [41].
A. Newmark Method Clearly, (25) corresponds to an eigenvalue problem. Denoting
Applying the Newmark method [27], [38] with = 0.5 to the eigenvalue of matrix systetyt>T 'S as ), (25) can be
discretize (14) and discarding the contribution from the sourasritten as
we obtain

IIl. STABILITY ANALYSIS

1 — g~ OmaxAt/e

2—1)2 4+ A [l - —M
(T+0.5AtT, +BAL*S) u T =[2T — (1-28)At*S] u™ (= 1) z — e OmaxAt/e
+(-T+0.5AtT, X [B22+(1—-2B)z+ 3] =0 (26)
—BALS) u" ! which is termed as the characteristic equation of (25). Since ma-
—At? [ﬂg"'H +(1-208)g™  trix T is positive definite, and matri8 is semipositive definite,
+/3gn—1] (20 the eigenvalue\ is nonnegative. By changing, we trace the

roots of (26) in the complex plane. It can be shown that when
whereg = (S, x U,)I 4+ (S, x ¥,)I, andAt represents the 3 > 0.25, the roots are never outside the unit circle. Hence, the
time step. maximum value ofA can reach infinity. As a result, there is no

//Q {eNi(p) -07E*(p,t) + eN;(p) - L1 - ,E*(p,t) + V x N;(p) - 'V x [Lo xE*(p, t)] } dS

=" //Q {GNZ(p) ’ 8752Einc(p-/ t) +V x Nz(p) . M_IV X Eim"(p_/ f)} ds. (]_8)
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constraint onAt. In other words, using the Newmark methoc  x 10 , ,
with v = 0.5 andg > 0.25, the TDFEM procedure together EXACT
with the PML can be made unconditionally stable. This is ver L TREE oL |
fied by our numerical experiments.

[$,]

B. Backward Difference

Applying the backward difference to discretize (14), wi _
obtain S

(T + 0.5A¢T, + A*S) u™ ! =2Tu"H0.5AtT, — T)u"~!
—A (S, x U — A (S, x UI)I. (27)

The pertinentZ transform becomes

T(z — 1)%i(2) + 0.5AtT (22 — 1)a(z) = —At?Sz%0(z) - Y 1

_AR2 [sm X \i/m(z)} I— AR [sy x ﬁ/y(z)] I (28) ' "~ Time (s) 107
~ ~ (CY
with matrices¥,(z) and ¥, (z) defined by
— TDFEM+PML
- 1 — e~ opiiAt/e EXACT
Wpij = P — vy P uj(z), p=uz,y (29) --- TDFEM without PML

in which the value of. at time step: + 1 is used.
Removing the term related @, in (28), we obtain

—(z = 1)%u(z) = APT!

X [s +8, x Ta(z) + 8, X ﬁzy(z)] 22a(z). (30) VY N
Instead of investigating the above equation to analyze the < |
bility, we consider the following one:
1 — ¢ TmaxAt/e . s
z — e7 Tmax /e Time (s) 107
(31) X
in which o,,.x represents the maximum conductivity. The char- (b)
acteristic equation of (31) can be identified as Fig. 3. Electric field scattered by a perfectly conducting cylinder of radius

0.2m. (a)E, atp = —0.23%+0.002y m. (0)E, atp = —0.356%—0.08y m.

1— e—O'maxAt/E
(z=1)"+A [1 N m} 2 =0. (32) For a discrete system described by (33), the pole flees from
the unit circle atz = —1. Following the stability analysis pro-
Obviously, the roots of (32) can never go beyond the unibsed in [41], we deduce the stability criterion
circle in the complexz plane. Hence, using the backward

difference, the TDFEM procedure in conjunction with the PML 9
is unconditionally stable. This is also verified by our numerical At <
experiments. \/p {T—l [S +8, x U, (~1)+8, x \I/y(—l)]}
: (34)
C. Central Difference where p(-) denotes the spectral radius of matfiy. Denote

The central difference scheme is a special case of the Neve maximum time step allowed by the TDFEM in free space
mark method withy = 0.5 and3 = 0. Hence, by settingg in  asA¢max, Which is equal t@//p(T~1S)[41]. Obviously, the
(24) to zero, we obtain current time step\¢ is smaller tham\¢,,,.,.. Hence, in the PML
region, the TDFEM numerical scheme requires a smaller time
—(z = 1)%a(z) = AT step to ensure stability. However, in the general case that the

. . PML region only accounts for a small fraction in the entire com-
X [S +8s x Uu(z) + 8y X ‘I’y(z)} zu(z). (33)  putational domain, the matr& is slightly perturbed b, and
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b Fig. 5. Electric field scattered by a dielectric cylinder with radius 0.2 m and
(®) e, = 16. (@ E* - tatp = —0.11% + 0.054y m with t = —0.81% + 0.587.
Fig. 4. Electric fieldE* - t at p = —0.22% — 0.015y m with (b) Normalized global rms error versus time.
t = —0.74x — 0.67y scattered by a dielectric cylinder of radius 0.2 m and a

relative permittivitye,.. (@), = 4. (b) e, = 16. since matrice&, T, andS are time independent.

i ) ) The first example is the radiation from an infinitely long elec-
Sy As aresult, the introduction of PML into the TDFEM sOluxic_cyrrent line source with the electric current is given by

tion does not affect the stability significantly.

IV. NUMERICAL EXAMPLES T2 T2

1.(t) :2(t_t0) exp {_(t_to)Z] (35)

To validate the proposed PML implementation for the meshherety = 25.9 ns andr = 5.25 ns. The line source is
truncation of the TDFEM, we examine several numerical exlaced atthe center of the computational domain having a size of
amples here. For all of these examples, the zeroth-order e@gm x 2 m, which is discretized into 3686 triangular elements,
element is used to expand the unknown field, and the Newmatiklding 5609 unknowns. The average edge length is 0.05 m.
method withs = 0.25 is chosen for the temporal discretizationThe PML has a thickness of 0.5 m and is terminated by a per-
over the backward difference for its better accuracy and ovecctly magnetic wall. The conductivity in the PML is assumed to
the central difference for its unconditional stability. The multihave a quadratic profile, with the maximum conductivity.
frontal method [42]-[44] is used to solve the sparse FEM matrohosen to b6.1,At~! or 0.0385 s/m in this example. The pro-
equation, which is a sparse LU decompostion technique. Ndite of this PML and its parameters are also used in the other ex-
that the factorization is performed only once and that only foamples. The magnetic field observegat —0.23x+0.002y m
ward and backward substitutions are needed in each time stepshown in Fig. 2. Clearly, the simulation results agree very well
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1.5%10 , , has a thickness of 0.5 m and is placed 0.5 m away from the
center of the conducting cylinder. A vanished scattered field is
T ML enforced at the outer boundaFy, to terminate the PML. The

simulation is carried out by using the scattered field formula-
tion. The calculated electric fields at= —0.23x + 0.002y m
andp = —0.356x — 0.08y m are shown in Fig. 3. Again, the
numerical result is in good agreement with the exact data. The
slightly worse agreement in Fig. 3(b) is due to the smaller dis-
tance between the observation point and the PML, and thereby,
the stronger evanescent waves which cannot be effectively ab-
1 sorbed. The numerical results simulated without using the PML
are also shown for comparison in Fig. 3.

Next, to examine the capability of the proposed method to
handle materials, we simulate a dielectric cylinder having a
radius of 0.2 m and a relative permittivity 4. The computational
domain, having a same size as in the previous example, is
Time (s) «10~7 divided into 3606 elements, yielding 5489 unknowns. The
@ cylinder is illuminated by the same TE-polarized Neumann
pulse as specified in (36). Fig. 4(a) shows the calculated scat-
tered electric field ap = —0.22x — 0.015y m, together with
the exact data and the numerical result generated without using
PML. Fig. 4(b) shows the calculated scattered electric field at
1 the same location with the relative permittivity of the cylinder
increased to 16. Again, the simulation result agrees very
well with the theoretical data. Fig. 5(a) shows the calculated
1 scattered electric field at another observation point, simulated
over a longer period. To investigate the global accuracy of the
proposed PML implementation, we plot the normalized global
{1 rms error with respect to time in Fig. 5(b). The global error was
obtained for the calculated field at each edge on the surface of
the cylinder.

1 Finally, we simulate a conducting cylinder of radius 0.1 m,
coated with a 0.1-m thick dielectric with a relative permit-
tivity equal to 12. The computational region is subdivided

-5 w w w into 3564 triangular elements, yielding 5432 unknowns. The

0 0.5 Time 23) 15 _, incident Neumann pulse is specified in (36). The calculated
x10° glectric field atp = —0.196x + 0.1y m and magnetic field at
(®) p = 0.066x + 0.168y m are shown in Fig. 6. Next, we change
Fig. 6. Scattering from acoated'cylinsderwith radius 0.1m, coa}ing thicknegise incident pulse parameterstip= 7.8 ns andr = 1.58 ns,
?'inl’oégg;_‘&%é‘t"%é%ttglrfndafg'ﬂgic'ﬁzl‘}tfs atp i‘%?ﬁé‘&?_‘éﬁ&? "™ which increase the maximum incident frequency to 1 GHz.
The mesh is correspondingly refined, which yields 22086

] ) ] _elements and 33345 unknowns. The maximum conductivity
with the exact data. It should be noted that during the simulatign = is chosen to be 0.11 s/m. Fig. 7 shows the calculated

time, the wave has already traveled 15 times between the SOWR& tric field atp = 0.13% + 0.07y m and magnetic field at
and the truncation boundary. Hence, the PML effectively emy- _  g6x + 0.13y m. Clearly, the proposed TDFEM-PML

lates an unbounded space. scheme correctly characterizes the multiple interaction among

The second example is the scattering from a conductifige multiply reflected and creeping waves. The simulation
cylinder having a radius of 0.2 m, which is illuminated by gagts agree very well with the theoretical data.
TE-polarized Neumann pulse

— TDFEM+PML
--- EXACT

H»(p,t) =272t —tg — 'k (p — py)] V. CONCLUSION

% exp {_ [t—to—c k- (p—py))? } (36) This paper presented an algorithm for implementing PMLs
T2 for the TDFEM simulation of 2-D open-region electromagnetic
scattering and radiation problems. The proposed algorithm is
whose parameters are given ky= x, t, = 25.9 ns,p, = based on seeking the TDFEM solution of a special vector wave
—1.0xm, andr = 5.25 ns. The computational domain is subdiequation similar to thatin an anisotropic and dispersive medium.
vided into 3500 elements, generating 5342 unknowns. The PMhe specific modeling of the PML was described in detail for
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x 10°

- - EXACT
—— TDFEM+PML

ES -t (V/m)

-6 L I L I I L
0 0.2 0.4 0.6 0.8 1 1.2

Time (s) x 10~

@

2.5 T T :

- - EXACT
ol —— TDFEM+PML ||

0 0.2 0.4 0.6 0.8 1 1.2
Time (s) x 10~

(b)

(2]

(3]

(4]

(5]

(6]

(71

(8]

[9]

(10]

(11]

(12]

(23]

(14]

[15]

[16]

Fig. 7. Scattering from a coated cylinder with radius 0.1 m, coating thicknes$17]

0.1 m, and:,. = 12, with the incident Neumann pulse specifiedtgy= 7.8 ns
andr = 1.58 ns. (a) Scattered electric fiekd* - t atp = 0.13x+0.07y m with
t = 0.22x—0.97y. (b) Scattered magnetic field atp = 0.06x+0.13y m.

(18]

both total and scattered fields. The impact of the PML on thd19]
stability of the resultant TDFEM was analyzed. It was shown
that by adopting the backward differencing or the Newmark,
method for temporal discretization, the proposed PML imple-

mentation leads to an implicit, unconditionally stable TDFEM.

If the central differencing is employed, the resulting TDFEM [21]

is conditionally stable. Numerical simulations of radiation and

scattering problems were presented to demonstrate the validit82]
of the proposed PML algorithm for the mesh truncation of the

TDFEM solution.
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