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Abstract

The Time Domain Finite Element Method (TDFEM) has been used extensively to solve transient
electromagnetic radiation and scattering problems. But in most implementations so far, vector
basis functions have been used to discretize the field variables. In multiphysics simulations that
involve coupling the electromagnetic equations with structural or fluid flow equations, nodal finite
elements can provide a unified data structure for a monolithic coupled formulation. With such
multiphysics simulations in view, in this work we develop a time-stepping strategy to model
electromagnetic radiation and scattering within the nodal finite element framework. Although
conservation of energy is well-known, we show in this work that there are additional quantities
that are also conserved in the absence of loading. We then show that the developed time-stepping
strategy (which is closely related to the trapezoidal rule that is widely used for solving linear
hyperbolic problems) mimics these continuum conservation properties either exactly or to a very
good approximation. Thus, the developed numerical strategy can be said to be ‘unconditionally
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stable’ (from an energy perspective) allowing the use of arbitrarily large time-steps. The
developed method uses standard elements with Lagrange interpolation functions and standard
Gaussian quadrature. We demonstrate the high accuracy and robustness of the developed
method for solving both interior and exterior domain radiation problems, and for finding the
scattered field from conducting and dielectric bodies.

Keywords: FElectromagnetic radiation and scattering; Time domain; Trapezoidal rule; Nodal finite
elements.

1 Introduction

One of the most popular methods for conducting transient electromagnetic analysis is the Finite
Difference Time Domain (FDTD) method introduced by Yee [1]. The most important reasons for its
popularity are its programming simplicity, its minimum bookkeeping complexity, and the simplicity
of its numerical integration algorithm [2]. The Time Domain Finite Element Method (TDFEM) [3]-
[17] offers some advantages over the standard FDTD method, the most obvious one being its ability
to deal with unstructured grids, allowing versatility in modeling complex geometries. There are two
different approaches that are followed within TDFEM. In the first approach [3]-[11], one of the field
variables is eliminated from the set of Maxwell equations resulting in a second-order vector wave
equation, which is subsequently used to develop the variational formulation. Thus, either the electric
or magnetic field is the only unknown field-variable that is discretized and solved for. The other
field is obtained through postprocessing. In the other approach [11]-[17], two coupled first-order
Maxwell equations are simultaneously used to develop the variational formulation. Mixed set of basis
functions are used to discretize and solve for both the electric and magnetic fields simultaneously.
The transient analysis of electromagnetic radiation and scattering in two dimensions is modelled
assuming either z-polarized F field [18], [19] or z-polarized H field [20], [21].

For the solution of time domain electromagnetic radiation and scattering problems in unbounded
domains, yet another powerful method is the Finite Element Boundary Integral (FEBI) method [6]-
[19]. In this method, the infinite solution domain is divided into interior and exterior regions by an
artificial boundary. The boundary integral method is used to model the exterior field, whereas in
the interior domain a finite element method is used. On the artificial boundary, field continuity is
enforced to couple these two representations. For large scale transient electromagnetic problems,
the entire domain is divided in several subdomains, and subsequently, either the discontinuous
Galerkin [22]-[24] or the domain decomposition method [25]-[27] is used. Subdomains are related
to each other by equivalent surface currents.

In most of the TDFEM works [3]-[17], vector basis functions are used to discretize the field variable.
In [13], [14], [16], edge elements are used to discretize the electric field. There are relatively few
works [18], [28] within the TDFEM framework where nodal finite elements are used. In [18], two
first-order coupled equations are solved within a two-dimensional nodal framework. In [28], a second-
order equation is solved using integral lumping which allows the use of an explicit time integration
scheme with the time-step size required to be below the limiting value required for stability.

In [29] a family of unconditionally stable algorithm is presented within the FDTD framework
where the time evolution operator of the EM field is the exponential of a skewsymmetric matrix.
Orthogonal approximation of this operator leads to unconditional stability. In [30], two energy-
conserving methods are proposed within the FDTD framework. For time discretization, for the
coupled set of first order equations, a leapfrog strategy is used [15]-[17], while in the case of the
second-order TDFEM, central difference is used [6], [7], [10]. In order to suppress low frequency
spurious responses the Newmark formulation is modified in [9]. Rieben et. al. [17] have presented
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a strategy where energy is conserved in a time-averaged sense.

It is well known that in linear elastodynamics, the linear and angular momenta, and the total
energy (in an undamped system) are conserved in the absence of body forces and tractions on the
entire boundary. It was shown in [31] that the trapezoidal rule mimics these continuum conservation
properties, and is thus, in some sense an ‘optimal’ strategy for linear hyperbolic problems. Regarding
electromagnetic problems, it is well known that the total energy is conserved for interior domain
problems in the absence of any current or charge. In this work, we show (for perhaps the first time)
that, analogous to the linear and angular momenta in linear elastodynamics, there are additional
conservation laws that the electric and magnetic fields obey. Furthermore, we develop a time-
stepping strategy within a nodal finite element framework (that is similar to the trapezoidal rule in
the structural context) that mimics either exactly or to a very close approximation these continuum
conservation properties. Thus, the developed strategy can be said to be unconditionally stable (from
an energy perspective) [32], [33]. In Section 3, we demonstrate by means of a numerical example
also that the solution remains stable even with the use of a very large time step.

Although the implementation of the trapezoidal rule is relatively straightforward in the case of
structural or acoustic problems, it is not so in the case of electromagnetic problems, where material
discontinuities and sharp corners and edges pose severe problems of convergence to the correct
solution within the context of the nodal finite element method [11]. To account for material
discontinuities, we use a potential formulation along the same lines as in [34], [35].

The outline of the remainder of the article is as follows. In section 2, we derive the conservation
laws (including the energy conservation law) for the electric and magnetic fields followed by the
variational and finite element formulations. The additional considerations that are required to tackle
scattering from conducting and dielectric bodies are also presented. Section 3 presents examples
ranging from radiation in interior and exterior domains to scattering from conducting and dielectric
bodies in order to demonstrate the robustness of the proposed method.

2 Mathematical Formulation
We will often use the following vector identity. If @ and b are vectors, then
V-(axb)=(Vxa)-b—a-(VXxDb). (2.1)

The governing equations for transient electromagnetics (in the absence of charge) are given by

OH 1
W+;VXE70, (2.2)
oE .
V. (uH) =0, (2.4)
V. (cE) =0,

where E and H are the electric and magnetic fields, j is the current density, ¢ and p are the
electric permittivity and magnetic permeability, respectively, e = ¢/eo and pr = p/po are the
relative permittivity and relative permeability, where €y and po represent the permittivity and
permeability for vacuum, k = ko,/fir€, is the wave number of the medium, ko = w/co is the wave
number of vacuum, w is the frequency of excitation (in the special case of harmonic excitation) and
co = 1/,/€éofio is the wave speed in vacuum.
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2.1 Conservation properties of the Maxwell equations

Throughout the following discussion, we assume € and pu to be piecewise constant over the domain
(2, and the domain itself to be unchanging with respect to time. The surface I is assumed to be
the union I U I}, where E X n is prescribed on I'. and H X m is prescribed on I'},. Integrating
Eqn. (2.3) over the domain, we get

d

L eEdQ:—/de+/andF. (2.6)
dt Jo Ie) r

Assume that I" = I'},, and that H X n = 0 on [},. Also assume j = 0. Then from Eqn. (2.6) we
get

/ eE df2? = constant. (2.7)
fe)

i.e., in the absence of loading, fQ eE df? is conserved. In a similar fashion, if we integrate Eqn. (2.2)
over the domain, we get

4 quQ:/EXndF. (2.8)
a /., .

Now, if I' =T, and if E X n =0 on I, then from Eqn. (2.8), we get
/ uH df2 = constant. (2.9)
Q

Next take the dot product of Eqn. (2.3) with the position vector ® and integrate over the
domain. Using the vector identity given by Eqn. (2.1), and the fact that V X & = 0, we get

i/e(a:vE)d.Q:f/m~jd97/(w><H)~ndF
dt /g I?) r

:—/w-jd.Q—/(Hxn)‘wdF.
o r

Thus, if j = 0 and if H X n = 0 on the entire boundary, we get
/ e(x - E) df2 = constant. (2.10)
Q

ie., fQ e(x - E)df? is conserved. In a similar fashion, we take the dot product of Eqn. (2.2) with «
and integrate over the domain. Then we have,

— ,u(:c-H)dQ:/(Exn)-mdF
dt Jo r

Now, if '=1, and if E X n =0 on I, then
/ p(x - H) df2 = constant. (2.11)
Q

ie., [, pu(x- H)df? is conserved.
Now take the dot product of Eqn. (2.3) with E, integrate over the domain and again use
Eqn. (2.1) to get

4 E(E-E)dQ:—/E-jd!?—i—/(VxE)-HdQ—/(ExH)-ndF
dt 92 22 22 r

:_/QE.de_%/ﬂg(H.H)dQJr/F(HXn).[(EXn)><n] dr.
(2.12)
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Thus, in the absence of loading j, and if E X n =0 on [, and H X n =0 on [}, then we get

/ L (B B) + pu(H - H)| 2 = constant. (2.13)

ie., [, 3[c(E-E)+ p(H - H)| df is conserved.

To summarize, in the absence of loading j, the following quantities are conserved:

D= /Q eE df2, (H X n = 0 on the entire boundary) (2.14a)

B= /“(2 wH df2, (E X n = 0 on the entire boundary) (2.14b)

o= /Q e(x- E)df, (H X n = 0 on the entire boundary) (2.14c¢)

8= / w(x - H)dS2, (E X n = 0 on the entire boundary) (2.14d)
7

E‘:/%[e(E-E)—f—u(H-H)]dQ7 (Exn=0onl.and HXn=0o0n1Iy), (2.14e)
e}

with the field E also satisfying the constraint V - E = 0. Although the conservation of E in
Eqn. (2.14e) is well-known, the conservation of the other quantities in Eqns. (2.14) appears not to
have been noted before.

2.2 Variational and FEM formulations

Our goal is to devise a numerical strategy that mimics the (continuum) conservation properties
listed in Eqns. (2.14) within the context of the A-1 potential formulation. Let v := 0.A/dt and
w := 9(V)/0t. In the A-¢p formulation, we take

E=—-w-—wv, (2.15)

H= iv X A. (2.16)

Thus, since V4 - n is discontinuous while Vi X m is continuous at the interface, we get the desired
tangential continuity of the E field at a material interface. We use the gage condition V - A = 0.
Using Eqns. (2.15) and (2.16), we see that Eqns. (2.2) and (2.4) are automatically satisfied, while
Eqns. (2.3) and (2.5) reduce to

A %Y 1 .
e[atz+V<8t2>]+Vx(;VxA>_g, (2.17)

v. [e(wb n A)} -0, (2.18)

where superposed dots indicate time derivatives. Using Eqn. (2.1), the variational formulation is
given by

/QEA5~ [82‘4 + 82(%”)] dQ—I—/Qi(V X As) - (V X A)dR2

ot ot
1 . _
+/Q;(V-A5)(V-A)d9_/nAg.gd9+ FhAg-HdF, (2.19)
/e(vwé). [AJFVﬂ drz:/wse[(AJrV;z})-n] dr, (2.20)
2 r
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where we have added a penalty term in the above variational form to enforce the gage constraint
on A [34], [36]. The quantity H = H X n is prescribed on I%.

It is well known that the above formulation fails to capture the singular fields in non-convex domains
with sharp corners and edges. Costabel et. al. [37] suggest a strategy where the penalty factor
associated with the regularization term varies with the distance from the corner or edge, while
Otin [38], [39] uses a zero penalty in the layers adjacent to corners and edges. We modify the latter
strategy as in [36], whereby we surround the entire nonconvex radiator/scatterer by a thin layer of
elements with zero penalty, and use a nonzero penalty in the remaining domain.

2.3 Time-stepping strategy
We propose the following time-stepping strategy over a time interval [t,, tn41] with ta := tny1 —tn:

Un + Un+1 An+1 - An

. _ L 7 (2.21)
Wn +Wni1 _ Vi — Vb (2.22)
2 ta ’ .
/ cAs - {”“*1*”" - “’”*1”"”] d9+/ L(v x 45)- {V X Ant VX Anit] g
o ta ta oM 2
+/ l(v-A(;) [V.An+V~An+1] 40
oM 2

1 1
:/QA(;- (% /_lj(ﬂd§> d(z+/rh A5~(% _IH(i)dg> ar, (2.23)
[ T (A + Vnin) a2+ [ dse(An+ Vi) mdl
2 r
= / e(Vis) - (An + Vi) d2 —|—/ Ys€ (An+1 + Vippt1) -ndl, (2.24)
(] r

where t = (%) tn + (%) tn+1. The loading terms in Eqn. (2.23) have been formulated in a way
consistent with the linear time finite element method as presented in [40].

We now prove that the above time-stepping strategy conserves the quantities in Eqn. (2.14) in the
absence of loading. Choose A; = ¢, where ¢ is a vector dependent only on time. Then Eqn. (2.23)
in the absence of loading reduces to

c-/ €[Vnt1 — Vn + Wni1 — wn] d2 =0.
I7)
Since c¢ is arbitrary, we get
/ € ['Un+1 —+ wn_‘_ﬂ a2 = / € [’Un —+ wn] d.Q,
7] I?)

or, alternatively, fn eE,+1df2 = fg eE, df2. Thus, the quantity in Eqn. (2.14a) is conserved.
Next, choose As = ®. Then, since V X & = 0, Eqn. (2.23) in the absence of loading reduces to

1
/ ET - [’l}n+1 — Vn + Wn+1 — wn] ds? =+ 3tA/ —V . (An -+ An+1)d.Q =0.
o} o 2p
Although it is possible for fQ V - A,+1df2 to be nonzero, we find that it turns out to be zero in

all the examples, so that fn ex - B, 1d02 = fQ ex - E, df2. Thus, the quantity in Eqn. (2.14c) is
conserved.
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The energy is not conserved exactly by the above algorithm (due to the presence of the penalty
term), but nevertheless find that energy conservation is satisfied almost perfectly as we show by
means of various numerical examples in Section 3.

For exterior domain problems, the first-order absorbing boundary condition on the spherical truncation
surface [« is given by

E
n X (V X E) + \/eun X (n X aa—t) =0. (2.25)
Assuming zero initial conditions, this can be written as
n X (VX A)+ /eun X [n X (w+v)] =0.

If R denotes the radius of I'», then n X (n X v) is O(1/R), while n X (n X w) is O(1/R?), and,
hence, can be neglected. For the scaler field 1) we impose following far-field condition:

Vw-n:—%.

Thus, for unbounded domain-problems, Eqns. (2.23)—(2.24) get modified to

/6A5' {vn+1—vn+(V¢)n+1*(V’¢))n] d(2+/ Livx Ay |:VXAn—|—V><An+1:| 40
Q ta ta oW 2

+/Qi(v_Aé)((v.A)n +2(V.A)n+1) dQ:/QAé. (%/_11]'({)(15) an

+/FA5« (% _11 ﬂ(ﬂdé) drf/Foc \/g(n X As) - {n X (A"%A_A")] ar, (2.26)

/ e(Vs5) - (Ant1 — An + V1 — Vo) d2 +/ [%W (Ynt1 — Yn) — €s (Ant1 — An) n] dI' =
2

oo

/ Vo€ (Anys — Ap + Vibnyy — Vib,) - ndl, (2.27)
r

where I' now represents all surfaces barring I'«.

Let the fields and their variations in Eqns. (2.26)—(2.27) be interpolated as

A=NA, As = NAs,

V x A= BA, V X As = BAs,
V.A=B,A, V- A; = B,As,
P =Ny, Vs = Ny,

Vi = By, Vs = Byis,

where A and {p denote the nodal values of A and 1, As and 12)5 denote their respective variations
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and
[Ny 0 0 N 0 0
N=|0 N 0 0 N2 O ,
L 0 0 N1 O 0 N
r 0 _ ON1 ON1 0 _ ON> ON>
0z y 0z Oy
0Ny 0N, ON, ONy
B = - - -
Oz 0 Ox 0z 0 Ox ’
_ONy ON; 0 _ONy ON, 0
L Oy oz oy ox
B _ [ON1 ON1 ON1 ON2 ON2> ONa
P oz Oy 0z ox oy 0z ’
Ny = [Nl N2 N ] ,
TON; ON2 ONs T
ox ox ox
ON1  ONy ONs3
B, = 0Nz OIV3
oy Oy Oy
ON1  ONy ON3
L Oz 0z 0z
Using the arbitrariness of the variations, we get
Kaa KAw] _An+1:| |:fA:|
5 - , 2.28
{KwA Kyy] [, £y (2:28)

where, with nmat denoting the skew-symmetric matrix whose axial vector is n,

Kas = / |:&NTN + i.BTB + iB;H-Bp:| df? +/ i ENTnmatngatNdF,
I7) 2p 2p re taV p

tA

K,y = %NTBIP dn,
tA

2

KwA:/ eBﬁNdQ—/ eNinTNdF—/ eNyn' Ndr,
2 r

oo

Koy :/QeBiBw d(z—/FeNﬁnTBw dF+/ %NTNdF,
T 1 L. T 0<D]. ! . 2e
fA:/N (5 H(E)dg) dF+/N [(5/ g(ﬂd§)+t7An+
r —1 (9] —1 A
7/ = [BT(V x A,) +B§(V-An)] d9+/ L JENTnpanl A, dr,
2 Ioo AV 1

2p
fw:/ eBz(An—Fvwn)dQ—/eNinT(An—kvwn)dF—k/ eNi [%_
0 r I'c

2¢
—v
ta

2¢

2e
n 7V n T n
+ 7 Yn + v

nTAn] dr.

2.4 Axisymmetric formulation

An axisymmetric formulation in a cylindrical coordinate system (r, 6, z) can be given if the excitation
and geometry in a radiation problem are axisymmetric. Let the excitation and geometry be such
that £, = E. = 0 and Ey = Ey(r, z). Corresponding to this, we have Hy = 0, and H, and H, are
functions of r and z. Under these assumptions, V X E has the following simple expression in the
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r—0—z system:

0Fy . E 0FEy \ .

VXE=-—""e + (=2 +=)e.

0z r ar
Since the only nonzero component of E is tangential to the mesh in the r-z plane (in the out-
of-plane direction), there is no discontinuity in the normal component of E at the surface of an
inhomogeneity. Hence, there is no need to work with potentials, and we can work directly with E
even for inhomogeneous domains. Furthermore, since V- E = 0 we do not even need to include the
regularization term. Hence, the only equation that we need to consider is

(2.29)

9°E
ot2

+Vx(leE>+a—J:0.
I ot

€

The variational form can be written as

2
/eE(;-aEd(H—/i(Van)-(VxE)dQ—s—/ i(E(;xn)-(a—EXn) dr =
(9] 2

ot? r. Cl ot
05 OH
— | Es - =d2— Es - ——dI, 2.30
/Q * ot T (2:30)

where H = H X m is prescribed on I',, and on I's, we have the radiation condition given by (2.25).
We propose the following time-stepping strategy for Eqn. (2.30):

Un + Un+1 — En+1 - -En7 (231&)
2 ta
/6E5~(u)d!2+/7(VXE5)-{VX TV X H}dﬂ-&-
o) ta QM 2
1 En - En "n. - 'n Hn - Hn
/ ~(Esxn)- (Lx@ dF:—/ Es- <M> dQ—/ E(;(L> dr.
e CH ta 0 ta Iy tA
(2.31b)
We discretize the different terms as
Ey = NEy, H=NH,
VXE:BEG, EXn:ﬁNEe,
with similar interpolations for the variations, where
N = [N1 N> ] ,
nl = [nz fnT] ,
_ [Ny 0 N2 0
N = ,
0 N1 0 Ny (2.32)
i _8N1 _8]\72
B=1y 82N N agN
1 1 2 2
T T e

For points on the axis r = 0, instead of the B matrix in Eqn. (2.32), we use the following matrix [36]

ANy

B= a?vz
1

2 or

ON>

0z

ON>
or

(2.33)
2
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After substituting the above discretizations into Eqns. (2.31) and eliminating ¥n+1, we get
KaXiE9n+1 = faxis

where

2 1 1
Koxi = 7/ erNTNdrdz—l—f/ ZBTBdrdz—l——/ L NTN ds,
tA Jo 2o H ta Jr, cp

faxi:_/NT Int1 —JIn drdz—/ NT Hni — Hn ds+%/erNTE97LdeZ
0 ta r, ta ta Jao

_1/ ZBT(VxEn)drdz—i—i/ LNTEGW ds—l—i/ erNTvndrdz,
2/ o1 ia Jp cp ta Jo

where ds = v/dr? + dz2. After solving for E, we can obtain H, 11 using

n41)

t
H,=H, - i(v X En+V X Eni1).

2.5 Scattering from conducting and dielectric bodies

Consider an incident wave Finc that impinges on a conducting or dielectric body. The total field is
given by the sum of the incident and the scattered field, i.e., E = Escat + Finc. In place of E, the
scattered field Egcar should satisfy Eqn. (2.25) on I, i.e., on [so:

n X (V X E) + \/eun X (n X 88—?) = —pun X 81;;“ + \/epm X (n X 6?:") . (2.34)

Hence, for scattering from conducting and dielectric bodies, f, in Eqn. (2.28) should be replaced
by f 4 given by

1 1
}.A = .fA _/ {NTnmat <% /;1 Hmc(t_)d£> + \/ENTnmatngat (% [1 Einc(t_)dg)} dF:

where t = (12;5) tn + (%ﬁ) tnil.

For scattering from conducting bodies, in addition to satisfying the Maxwell equations, on the
conducting surface we have to satisfy
E xn=0. (2.35)

We enforce this constraint using a Lagrange multiplier technique. We follow the same time-stepping
strategy as in Eqns. (2.22)—(2.24). Thus, for scattering from conducting bodies, Eqn. (2.28) gets
modified to

-~ I 1 1 T,T N
Kaqa Kay 5/ 2 NTtT Ny dedn Ay Fa—3 1 2 NTET N A dedn
11 fg/)AT Koy 0 Yni1| = Lol NT
i J2y S NYtNdgdn o 0 Ani1 T /21 J2 NJtNApdedn

(2.36)
where t is a 2 X 3 matrix containing along its rows two linearly independent vectors t; and t»
that are both perpendicular to the (unnormalized) normal 7, (§,7) are natural coordinates that
parameterize the surface of the element, and

ﬁ—ajxﬁj
9T oy’
N, = N1 0 Ny 0

0 N1 0 N2

10
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Note that the surface Jacobian in Eqn. (2.36) gets canceled and hence does not appear in the
expressions. Since the Lagrange multiplier technique cannot handle abrupt changes in slope of the
continuum (e.g., edges of a cube), the entire A vector along edges with a discontinuous normal n
is set to zero, and the corresponding Lagrange multipliers are also suppressed.

For scattering from dielectric bodies, the material discontinuity leads to a discontinuity in E - n
although E X m is continuous at the dielectric interface. This physical requirement is automatically
taken care of by the assumed A — 1 form of E as in Eqn. (2.15).

3 Numerical Examples

In all the examples, we take ¢ = 3 X 108/\/@;” m/s.

3.1 Electromagnetic radiation inside a cube with conducting walls

Consider a cube of side-length 7 with conducting walls. The following solution (which is the
transient counterpart of the harmonic problem described in [35]) exactly satisfies the governing
equations and boundary conditions:
E. = 2cos(z) sin(y) sin(z) [cos(wt) — sin(wt)],
) [sin(wt) — cos(wt)],
E. = sin(z) sin(y) cos(z) [sin(wt) — cos(wt)],
H, =0, (3.1)

E, = sin(z) cos(y) sin(z

H, ;—3 cos(z) sin(y) cos(z) [cos(wt) + sin(wt)],

H, = H% cos(z) cos(y) sin(z) [cos(wt) + sin(wt)] .

Ar = o cos(z) sin(y) sin(z) [sin(wt) + cos(wt)],

Ay = sin() cos(y) sin(2) feos(wt) + sinw)]
A = % sin(z) sin(y) cos(z) [cos(wt) + sin(wt)]
¥ =0, (3.2)
fo= (26‘”“ =) cos(a)siny) sin(e) eos(t) + sin(ut)]
e ) sin(z) cos(y) sin(z) [cos(wt) + sin(wt)]

= (%) sin(z) sin(y) cos(z) [cos(wt) + sin(wt)] .

The problem is solved with w = 3 x 10® rad/s, applying j throughout the domain, and with initial
A consistent with that in the solution given by Eqns. (3.1) and (3.2). We model the domain with
a 4 X 4 x 4 mesh of 27 node hexahedral elements. The time-step ta is chosen to be 107° sec,
and the time of simulation to be 4 x 1078 sec. Fig. 1 shows the almost perfect match between
the analytical (A) and FEM (F) time responses for the electric field components at two points
(z,y,2) = (n/4,7/8,3n/4) and (37/4,7/4,7/8). Since E X n = 0 on the entire boundary, the
quantities B and § should be conserved as per Eqns. (2.9) and (2.11). Fig. 2 shows that the
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-08 I I I I I I I 08 I I I I I I I
0 0

05 1 15 2 25 3 35 4 05 1 15 2 25 3 35
time x10° time x10°
(a) (z,y,2) = (7/4,7/8,3m/4) (b) (z,y,2) = (3n/4,7/4,7/8)

Fig. 1. Time variation of the electric field for the cube with conducting
walls example

proposed time-stepping strategy exactly mimics these conservation properties. Furthermore, after
4 x 1078 sec, we set j to zero, i.e., after this time there is no external loading, and hence, as per
Eqn. (2.13), E should be conserved. Fig. 2 shows that our numerical strategy conserves F after
4 x 1078 sec, thus mimicking the continuum requirement.

3.2 Radiation problem inside a cube with prescribed H on the
boundary

This problem is based on [41]. The analytical solution is given by

E, = sin(wt — kz), E, = sin(wt — kx), E. = sin(wt — ky),
H, = L sin(wt — ky), H, = L sin(wt — kz), H, = LA sin(wt — kx),
Hw W w
k2 k2 k2
o = (— - we) cos(wt — kz), Jy = <— - we) cos(wt — k), = (— - we) cos(wt — ky),
LW Hw Hw
Az = 1 cos(wt — kz) Ay = 1 cos(wt — kx) A, = 1 cos(wt — ky)
T — w ) y - w ’ z w Y),
W =0.

The problem is modelled with w = 2, k = 3, u = 30/8 and ¢ = 0.2. A cube of dimension 2 is
modelled with a mesh of 6 X 6 X 6 elements of 27 node brick elements. The time-step is taken as
0.1 sec. Fig. 3 shows the almost perfect match between our FEM results (F) and the analytical
solution (A). The result is shown upto 10 sec at two different points of the domain. After 10 sec
H X n is set to zero and after 15 sec j is set to zero. From Fig. 4, we see that after 15 sec, D and
a are conserved exactly in accordance with Eqns. (2.14a) and (2.14c), while (due to the presence
of the penalty term) conservation of E as per Eqn. (2.14e) is satisfied approximately. In order
to demonstrate the stability of the algorithm, we use a time step that is twenty times that used
previously, namely, 2 s, and also run the simulation for a much larger period, namely 100 s. Fig.

12
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Fig. 2. Conservation of various quantities in the cube with conducting
walls example

() (z,0.2) = (1/2,7/6,3/2) (b) (,v.2) = (1/3,1/2.1/6)

Fig. 3. Time variation of the electric field for the cube with
boundary-prescribed H problem

5 shows the conservation of different quantities and the bounded nature of the solution. This is a
numerical verification of the unconditionally stable nature of the proposed algorithm.
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Fig. 4. Conservation of different quantities for the cube with prescribed
H X n example

hi lf"‘fﬂ?

time

time
(a) E at (z,y,2) = (1/2,7/6,3/2) (b) Conservation of different quantities

Fig. 5. Bounded nature of the solution and conservation of various

quantities with a very large time step for the cube with
boundary-prescribed H problem
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3.3 An axisymmetric radiation problem

An axisymmetric analytical solution to the transient Maxwell equations on an unbounded domain
expressed in terms of spherical coordinates r-6-¢ is

E.=FEy=0,
Ey = P (cos 0) [jn (kr) cos(wt) + yn (kr) sin(wt)],
Hg =0,
__ " (pW o p) ) . ~ \s
fr e sin 6 (P" (cos @) cos@ — P, (cos 9)) [n (kr)sin(wt) — yn (kr) cos(wt)], (3.3)
PV (cos0)
Hy = = 2 (g (kr) — eln -+ yn (k)] cos(w)

— [wrjnsa (kr) — c(n + 1)jn (kr)] sin(wt) },

where n is any integer, j, and y, denote the spherical Bessel functions of the first and second kind,
and P{™ denote the associated Legendre polynomials. In the limit as 6 tends to 0 or 7, we have
E¢ = Hg =0 and

éii% H, = % [Jn (kr) sin(wt) — yn (kr) cos(wt)],
e}iir:r H, = % [Jn (kr) sin(wt) — yn (kr) cos(wt)] .

The domain that we choose for our simulation is a hollow sphere of inner and outer radii ¢ and
R, respectively (see Fig. 6). We have used a mesh of n, X ng = 1 x 6 elements for the FEM
discretization. We prescribe an absorbing boundary condition on the boundary at R, and prescribe
H on the inner boundary as per Eqns. (3.3). We have used n = 1, pr = 1, ¢, = 1, ka = 10 and
kRo = 10.5. Fig. 7 shows the almost perfect match obtained between the analytical (A) and
FEM (F) solutions at two points.

3.4 Transverse Magnetic (TM) solution of the Maxwell equations

A transverse magnetic (along r) solution of the Maxwell equations, which is derived from the
harmonic solution given in [36], is given by

E,. = wn(n+1) sin(me) P™ (cos 0) [jn (kr)sin(wt) — yn (kr) cos(wt)] (3.4a)
Eg = t1ts [ts cos(wt) — t5sin(wt)], (3.4b)
Eg = —t3 [t4 cos(wt) — t5 sin(wt)], (3.4c)
H, =0, (3.4d)
Hy — “’Z/f jn (kr) cos(wt) + yn (kr) sin(wt)] , (3.4e)
H,— “”Z;t? jn (kr) cos(wt) + yn (kr) sin(wt)] , (3.4f)
Ap = W sin(me)P{™ (cos 0) [jn (kr) cos(wt) + yn (kr) sin(wt)] (3.4g)
Ayp = —% [t5 cos(wt) + ta sin(wt)], (3.4h)
Ay = %3 [t5 cos(wt) + ta sin(wt)], (3.41)

Y =0, (3.4j)
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— /
noof H prescribed

Absorbing boundary

Fig. 6. Mesh for the axi-symmetric radiation problem

where m and n are any integers, and

sin(me)
th=——.%,
rsin 6
ty = (n+ 1) cos OP™ (cos ) 4+ (m —n — 1)P7(::; (cos ),
m cos(meo) pim (cos )
rsin 6
b4 = c(n+ yn (br) — wrgns1 (kr),

ts = c(n + 1)jn (k1) — wrjns1 (k7).

tz3 =

I

We have the following limiting values for m = n = 1:

Eglo—o = [te cos(wt) — t7 sin(wt)] w sin ¢, Eylo—o = [te cos(wt) — t7 sin(wt)] w cos ¢,
Hylo—o = [ts cos(wt) + tg sin(wt)] t10 cos ¢, Hylg—o = — [ts cos(wt) + tg sin(wt)] t10 sin ¢,
Aglo—o = — [te sin(wt) + t7 cos(wt)] sin ¢, Aglo—o = — [te sin(wt) + t7 cos(wt)] cos ¢,
Es|lg—» = —FEglo—o, E4lo—r = Eglo—o,

Aplo—r = —Aglo—o, Aglomn = Aglo—o,

Holo—~ = Hylo—o, Hylo—r = —Hglo—o,
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time x107

Fig. 7. Time variation of electric field at Point 1 with (r,6) = (10.25,45°),
and Point 2 with (r,6) = (10.25,165°) in the axisymmetric radiation

problem
where
to = — g1 (kr) — ys (kr) tr = 2 v (kr) — o (kr)
6= U Y2 ; 7= J2 ;
ts = krcos(kr) — sin(kr), tg = krsin(kr) + cos(kr),
w
th — W

We again choose the domain to be a hollow sphere with inner radius a and outer radius R.,. We
enforce the absorbing boundary condition at the outer radius, while at the inner radius we prescribe
the magnetic field H as per Eqn. (3.4). We choose ka = 5, kRoo = 15, pir =1, ¢, =1, m =1 and
n = 1 for our simulations. The domain is modelled with a 4 x 6 x 12 (in the r-0-¢ directions) mesh of
27-node brick elements. Fig. 8 shows the results upto 2 x 10™® sec obtained using ta = 2x 107 sec.
We again see an almost perfect correspondence between the analytical (A) and FEM (F) solutions
for both the near- and far-field points.

3.5 Scattering from an empty box

Consider a wave incident on an empty box with u, = 1,6, = 1 [10]. The incident wave is given by

Eine =2{t —to— k- (r—ro)/c}exp |— {t—to—k- gr —ro)/c}’ E, (3.5)

T

where the parameters to,r7o and 7 define a temporal reference point, a spatial reference point
and the pulse shape, respectively. The domain is the empty box with dimensions (in meters) of
1.0 x 0.5 x 0.75. An H field consistent with Ei,. is applied on the entire boundary of the domain.
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(a) kr = 6.25, 0 = 15°, ¢ = 120° (b) kr = 13.75, 6 = 105°, ¢ = 165°

Fig. 8. Time variation of the electric field for the transverse magnetic
field problem

The values of the parameters are chosen to be the same as in [10], namely, k= v, E=3%¢ =1,
wr =1, zo = 0.5, yo = 0.5, zo0 = 0.375, to = 25.99 ns and 7 = 5.25 ns. The domain is modelled
with a 4 x 2 x 3 (along the x, y and z directions) mesh of 27-node brick elements, and the time-step
is taken as 1 ns. The time variation of the E field upto 5 x 10~ sec obtained using the proposed

-9

x 10
5 ‘
' Pt. 1 (A)
al ) o PL1(F)|
o - = PtL2(A)
) \ o PL2(F)

Fig. 9. Time variation of the electric field at Points 1 (0.17,0.4,0.16) and
2 (0.8,0.1,0.6) in the scattering from an empty box problem.

method (F) is plotted along with the analytical results (A) for two points with coordinates (z,y, )

given by (0.17,0.4,0.16) and (0.8,0.1,0.6) in Fig. 9. Again, the good correspondence between the
proposed method and the analytical solution is evident.
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3.6 Scattering from a conducting sphere

1
! : : : — Fdge
: : : : O Nodal

dE, /0t

05 i i i i ;
0 0.2 0.4 0.6 0.8 1 1.2
time x 107

Fig. 10. Time variation of JFE,/0t at (0.33,—1.03, —0.45) for the scattering
from a conducting sphere example

An incident wave of the form (3.5) impinges on a conducting sphere of radius 0.8 m with pulse
parameters given by k = 2, E = &, to = 25.99 ns, 7o = —1.22 m and 7 = 5.25 ns [6]. The
computational domain is truncated at Roo = 3.8 m, and modelled with a 8 x 8 x 10 (r-6-¢) mesh of
27-node brick and 18-node wedge elements. The total number of nodes in the domain is 4794. The
time step is taken to be 5 x 107'° sec. For the time variation of OE, /9t at (0.33, —1.03, —0.45), the
almost perfect match between the result obtained using edge elements in [6], and our conserving
strategy is evident from Fig. 10.

3.7 Scattering from a dielectric sphere

Consider a Neumann pulse as given in Eqn. (3.5) incident on a dielectric sphere of radius 0.5 m
having pu» = 1 and €, = 6.0 [5]. The parameters in the Neumann pulse are chosen to be E = z,
k= z, to = 25.9 ns, ro = —1.32 and 7 = 5.25 ns. The computational domain is truncated at
Roo = 2 m and is modeled with 10 node tetrahedral elements. In order to show that our strategy
converges with respect to mesh refinement, we use two meshes. The coarse and fine meshes used
have 10696 elements/14798 nodes and 24342 elements/33832 nodes, respectively. The respective
time-steps used for the coarse and the fine meshes are 0.5 ns and 0.2 ns. The plot of the time
variation of E -t at (—0.04,—0.07, —0.72) with t = 0.96& + 0.26y + 0.132 and at (0.05, 0.05, —0.96)
with ¢ = —0.89& — 0.08y + 0.44% is depicted in Fig. 11 which again shows the excellent match
between the coarse and fine mesh results, and the results obtained using edge elements in [5].

3.8 Scattering from a coated dielectric sphere

An incident Neumann pulse with the same parameters as in the previous example impinges on a
conducting sphere of radius 0.3 m with a coating of dielectric material having thickness of 0.2 m,
and pur = 1 and e, = 8 [5]. The computational domain is again taken to be a sphere with Roo = 2
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0 01 02 03 04 05 06 07 08 09 1
time x107
(a) E - t at (—0.04, —0.07, —0.72) with ¢ = 0.96 + 0.263 + 0.132

; ; ; ; ;
0 01 02 03 04 05 06 07 08 09 1
time x107

I S S N

(b) E -t at (0.05,0.05, —0.96) with = —0.893 — 0.08y + 0.44%

Fig. 11. Time variation of E -t for the scattering from a dielectric
sphere example

m. A coarse mesh with 13313 nodes/9414 elements and 0.5 ns time-step and a fine mesh with 32243
nodes/22849 elements and 0.25 ns time-step are used to conduct the analysis. The time variation
of E; at (0.077,0.076,—0.85) and E -t at (0.02,—0.088,—0.76) with ¢ = 0.94& + 0.32y + 0.12 is
shown in Fig. 12. Once again the extremely good match between our coarse and fine mesh results,
and the results obtained using edge elements in [5] is evident from the figure.
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0 01 02 03 04 05 06 07 08 09 1
time X107
(a) E at (0.077,0.076, —0.85)

time x107
(b) E - t at (0.02, —0.088, —0.76) with t = 0,943 + 0.32¢ + 0.12

Fig. 12. Time variation of the electric field for the scattering from a
coated dielectric sphere example

3.9 Scattering from a conducting L shape domain

An incident Neumann pulse as given by Eqn. (3.5) with parameters E = cos(135°)& + sin(135°)#,
k= cos(225°)& + sin(225°)y, to = 25.9 ns, ro = 0.6 + 1.49 and 7 = 5.25 ns impinges on an
L-shaped domain as shown in Fig. 13. The computational domain is a sphere of radius Re = 2.5
m. The problem is modeled with 10-node tetrahedral elements. The center point of the left-bottom
edge of the L-shape is chosen as the origin of the domain. Coarse and fine meshes with 16419 and
35947 nodes, and time-steps of 0.5 ns and 0.2 ns, respectively, are used to model this problem.
Fig. 14 shows the variation of E, at (0.55,0.89,0.25) for both the coarse and fine meshes. The
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Fig. 13. Geometry of the L shape domain

x 10
1.5 T

T
‘ Fine At = 0.2 ns
O  Coarse At = 0.5 ns

0 05 1 15 2 2.5 3
time x10°°

Fig. 14. The variation of E, with time at (0.55,0.89,0.25) for the
conducting L-shaped domain problem.

convergence of the result with respect to mesh and time refinement is evident.

3.10 Scattering from a set of conducting spheres

An incident pulse as given by Eqn. (3.6) with parameters E=% k=2t = 13.66 ns, ro = 0,
f = 500 x 10° and 7 = 2.6 ns impinges on a set of three conducting spheres of radius 0.1 with
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Fine

0.6

0.4

-1 I I I I
[¢] 0.5 1 1.5 2 25

time x107°

Fig. 15. Scattered FE, at origin for the set of conducting spheres

centers at (0.2,0,0), (—=0.1,0.173,0) and (—0.1,—0.173,0) [22].

{t—to— k- (r—mo)/c}? . (3.6)

Ei,. = cos [27rf{t —to—k-(r— ro)/c}} exp {

The computational domain is chosen to be a sphere with radius Ro, = 0.6. Coarse and fine meshes
with 20335 and 30091 nodes, respectively are used for conducting the analysis. The time-step is
chosen to be 0.2 ns. Fig. 15 shows the convergence of the result with mesh refinement and the
good match of the converged result with that obtained in [22] using a discontinuous Galerkin (DG)
method.

4 Conclusion

Just as linear and angular momentum and total energy are conserved in the absence of loading
and dissipation in structural mechanics problems, we have derived a set of parameters that are
conserved in the absence of electromagnetic loading (see Eqns. (2.14)). Next, using a potential
formulation under a nodal finite element framework, we have formulated a time-stepping strategy
that mimics these continuum conservation properties. The strategy has been formulated for both
electromagnetic radiation and scattering problems for interior and exterior domain problems. It is,
in general, difficult to model sharp edges and corners within the context of nodal finite elements.
We have shown how the strategy can be suitably modified in the presence of sharp edges and corners
so that singularities can be captured. Numerous problems involving both radiation and scattering
from conducting bodies and dielectrics, and bodies with sharp corners and edges such as an L-
shaped domain have been solved, and the solutions compared against either analytical solutions or
numerical solutions obtained using other strategies in the literature in order to demonstrate the
robustness and efficiency of the proposed strategy.
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